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Abstract

An important new challenge in the field of multi-angle photopolarimetric satellite re-
mote sensing is the retrieval of aerosol properties under cloudy conditions. In this
paper the possibility has been explored to perform a simultaneous retrieval of aerosol
and cloud properties for partly cloudy scenes and for fully cloudy scenes where the5

aerosol layer is located above the cloud, using multi-angle photo-polarimetric mea-
surements. Also, for clear sky conditions a review is given of the capabilities of multi-
angle photo-polarimetric measurements in comparison with other measurement types.
It is shown that already for clear sky conditions polarization measurements are highly
important for the retrieval of aerosol optical and microphysical properties over land10

surfaces with unknown reflection properties. Furthermore, it is shown that multi-angle
photo-polarimetric measurements have the capability to distinguish between aerosols
and clouds, and thus facilitate a simultaneous retrieval of aerosol and cloud properties.
High accuracy (0.002–0.004) of the polarimetric measurements plays an essential role
here.15

1 Introduction

Anthropogenic aerosols are believed to cause the second most important anthropogenic
forcing of climate change after greenhouse gases. In contrast to the climate effect of
greenhouse gases, which is understood relatively well, the negative forcing (cooling
effect) caused by aerosols represents the largest reported uncertainty in the most re-20

cent assessment of the International Panel on Climate Change (Solomon, 2007). This
uncertainty severely hampers future predictions of climate change. Strong aerosol
cooling in the past and present would imply that future global warming may proceed at
or even above the upper extreme of the range projected by the IPCC (Andrea et al.,
2005). Aerosols can affect the climate system via several mechanisms: 1) the reflec-25

tion of solar radiation back to space (direct effect), 2) the absorption of solar radiation
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by soot and mineral dust to warm the atmospheric aerosol layer, which could hinder
cloud formation and cause cloud droplets to evaporate (semi-direct effect) (Koren et al.,
2004), and 3) the capability to act as condensation nuclei for clouds (indirect effects).
The latter (indirect) effect can be distinguished into a cloud albedo effect (Twomey,
1959) and a cloud lifetime effect (Albrecht, 1989). The aerosol effects related to clouds5

(semi-direct and indirect) are considered as the largest yet most uncertain aerosol ef-
fects (Lohmann and Feichter, 2005).

The large uncertainty on the aerosol effects on clouds and climate is reflected in
considerable discrepancies between different model simulations of the radiative forcing
caused by these effects. Also, there exist large differences between values for radiative10

forcing calculated by models and those estimated from satellites, and model calcula-
tions constrained by satellite measurements (Bréon et al., 2002; Quaas and Boucher,
2005; Quaas et al., 2008). Relationships between aerosols and clouds derived from
satellite measurements are subject to a number of important limitations. First of all, with
current satellite aerosol products it is hard to determine which fraction of the aerosols is15

anthropogenic and which fraction is natural. Often the rather crude assumption is used
that the fine mode contribution is fully anthropogenic. Furthermore, most aerosol types
are strongly hygroscopic, which means that in an environment with high relative humid-
ity (in the neighbourhood of clouds) the particle size increases considerably leading in
turn to an increase in optical thickness (Kotchenruther et al., 1999). This effect may be20

misinterpreted as an apparent relation between aerosol concentration and cloud cover.
Also meteorology effects can be misinterpreted as apparent aerosol-cloud relation-
ships. Accurate information on aerosol size and refractive index (related to chemical
composition of aerosols and absorption) is needed to distinguish between natural and
anthropogenic aerosols and to distinguish between aerosol effects on cloud formation25

and apparent relationships due to humidity and meteorology effects. Another problem
with current satellite aerosol products is that they are affected by residual cloud contam-
ination due to imperfect cloud screening. Therefore, a type of satellite measurements is
needed that allows to distinguish between aerosols and residual cloud contamination.
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Related to that, also aerosol measurements above low clouds are needed to quantify
the semi-direct effect.

Many satellite instruments that are used for aerosol retrieval are multiple-wavelength
single-viewing-angle instruments. Among these instruments are the Advanced Very
High Resolution Radiometer (AVHRR), the Moderate Resolution Imaging Spectrora-5

diometer (MODIS), the Total Ozone Mapping Spectrometer (TOMS), the Global Ozone
Monitoring Experiment (GOME) and the Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCIAMACHY). Although it has been shown that the
aerosol optical thickness may be retrieved from these instruments (Tanré et al., 1999;
Mishchenko et al., 1999; Torres et al., 2001; Remer et al., 2005; Veefkind et al., 2000),10

the results depend critically on the assumed values of the other aerosol parameters
(size distribution, refractive index). The aerosol information content of intensity mea-
surements is significantly larger for instruments that perform measurements at multi-
ple viewing angles, such as the Multiangle Imaging Spectro-Radiometer (MISR, Diner
et al., 2005), and the Advanced Along-Track Scanning Radiometer (AATSR). How-15

ever, the combined use of intensity and polarization measurements at multiple viewing
angles have been shown to be by far the most powerful for the purpose of aerosol
retrieval (Mishchenko and Travis, 1997a,b; Chowdhary et al., 2001; Hasekamp and
Landgraf, 2007; Waquet et al., 2009a). The reason for this is the high sensitivity of
polarization properties of light to aerosol micro-physics (Hansen and Travis, 1974).20

Satellite measurements of intensity and polarization at 14 viewing angles in the spec-
tral range 443–865 nm have been performed by the Polarization and Directionality of
Earth’s Reflectances-1 and -2 instruments (POLDER-1 and -2). Both instruments were
active for about 8 months in 1996/1997 and 2002, respectively. Since the end of
2004 the PARASOL instrument, which is a somewhat adjusted version of POLDER,25

is in orbit. Aerosol retrievals from POLDER have been reported, among others, by
Deuzé et al. (2000, 2001) and Herman et al. (2005). The Aerosol Polarimetry Sensor
(APS) (Mishchenko et al., 2004) to be launched 2010 will perform multiple-viewing-
angle measurements of intensity and polarization at a higher accuracy (0.002 instead
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of 0.01–0.02) in a broader spectral range (410–2250 nm instead of 443–1013 nm),and
at more viewing angles (260 instead of 14) than POLDER/PARASOL. The capabilities
of APS for the retrieval of aerosol properties have been demonstrated using airborne
measurements of the Research Scanning Polarimeter (RSP), which is functionally sim-
ilar to APS, by e.g. Chowdhary et al. (2001, 2002, 2005); Waquet et al. (2009a).5

A new challenge in the field of multi-angle photopolarimetric satellite remote sensing
is the retrieval of aerosol properties under cloudy conditions. This includes scenes with
an aerosol layer located below a broken cloud field and scenes that are fully covered by
a low level homogeneous cloud field. Waquet et al. (2009b) demonstrated the capability
of PARASOL polarimetric measurements to retrieve Aerosol Optical Thickness (AOT)10

under the latter condition. Their retrieval is based on a number of pre-described aerosol
size distributions and a fixed refractive index representative for their specific case study.
Important next steps to be taken by retrieval schemes for APS (with higher polarimetric
accuracy, extended spectral range, improved angular resolution) are to simultaneously
retrieve aerosol and cloud properties, extend the retrieval to partly clouded conditions,15

and to extend the retrieval to microphysical properties such as size and refractive index.
The aim of this paper is to explore the possibilities to perform a simultaneous re-

trieval of aerosol and cloud properties for situations with an aerosol layer located below
a broken cloud field, and for situations with an elevated aerosol layer above a homoge-
neous low level cloud field. Furthermore, for clear sky conditions a review is given of20

the capabilities of multi-angle photopolarimetric measurements in comparison to other
instrument types, extending the analysis of Hasekamp and Landgraf (2007). Section 2
discusses scattering properties of aerosols and clouds, and Sect. 3 describes the re-
trieval method and forward model. The capabilities of different measurement types with
respect to aerosol retrieval under clear sky conditions are described in Sect. 4, whereas25

in Sect. 5 the possibilities of simultaneously retrieving aerosol and cloud properties
from multi-angle photopolarimetric measurements are investigated. Finally, Sect. 6
concludes the paper.
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2 Theory

The radiance and state of polarization of light at a given wavelength can be described
by an intensity vector I which has the Stokes parameters as its components (Chan-
drasekhar, 1960):

I = [I,Q,U,V ]T , (1)5

where T indicates the transposed vector, and the Stokes parameters are defined with
respect to a certain reference plane. The angular dependence of single scattering of
polarized light can be described by means of the scattering phase matrix P. We will
restrict ourselves to scattering phase matrices of the form

P(θ)=


p1(θ) p5(θ) 0 0
p5(θ) p2(θ) 0 0

0 0 p3(θ) p6(θ)
0 0 −p6(θ) p4(θ)

. (2)10

where p1,p2,...,p6 are certain functions of scattering angle θ and the scattering plane
is the plane of reference. This type of scattering matrix is valid for (van de Hulst, 1957)
(i) scattering by an assembly of randomly oriented particles each having a plane of
symmetry, (ii) scattering by an assembly containing particles and their mirror particles
in equal numbers and with random orientations, (iii) Rayleigh scattering with or without15

depolarization effects.
Figure 1shows phase function (element p1) and the signed degree of linear polar-

ization (−p5/p1) for a biomass burning aerosol type, a dust aerosol type, and cloud
droplets. (see Table 1), calculated using Mie theory. It can be seen that both the spec-
tral dependence and the angular dependence of the phase function and signed degree20

of linear polarization are very different for the two aerosol types. Also, if we compare
the scattering characteristics of cloud droplets with aerosols, it can be seen that ele-
ment p1 of cloud droplets is very different to p1 of biomass aerosols. The difference
in p1 between cloud droplets and dust aerosols is still present but less pronounced.
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The signed degree of linear polarization of cloud droplets is very distinct from that of
either aerosol type. Figure 1 indicates that the spectral- and angular behavior of the
total intensity and polarization of backscattered light contains important information on
aerosol properties. Furthermore, in particular the angular dependence of the signed
degree of polarization may be expected to provide the information to distinguish be-5

tween aerosols and clouds. For a detailed discussion on the physical background of
the sensitivity of intensity and polarization to particle characteristics we refer to the
work of Hansen and Travis (1974) and Mishchenko et al. (2006).

3 Retrieval method

3.1 Aerosol, cloud, and surface properties10

For all simulations in this paper it is assumed that the aerosol size distribution is bi-
modal, where the size distribution n for each mode is given by a log-normal function

n(r)=
1

√
2π σg r

exp
[
−(lnr− lnrg)2/(2σ2

g)
]
, (3)

where r describes particle radius,

lnrg =

∞∫
0

lnr n(r)dr, (4)15

and

σ2
g =

∞∫
0

(lnr− lnrg)2 n(r)dr. (5)

As shown by Hansen and Travis (1974) it is useful to characterize (a mode of) the
size distribution by the effective radius reff and effective variance veff, because these
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parameters are relatively independent from the actual shape of the distribution. Here,

reff =
1
G

∞∫
0

rπr2n(r)dr, (6)

and

veff =
1

Gr2
eff

∞∫
0

(r−reff)
2πr2n(r)dr, (7)

where G is the geometrical cross section. In what follows the superscripts l and s5

are used to refer to the small- and large mode of the size distribution, respectively.
In addition to the reff, veff, and the column integrated aerosol number concentration of
each mode, als the complex refractive index m=mr + imi is needed to characterize
aerosols. In this paper we assume that the spectral dependence of the refractive index
in the 350–2250 nm spectral range can be sufficiently described by a linear combina-10

tion of the contribution of four aerosol types (mineral dust, sulfate, water-soluble, soot).
The refractive inidices for these types describe the most important spectral features
of all types discussed by d’Almeida et al. (1991). Coefficients for these aerosol types
are considered as unknown parameters. Thus, in this case there are 22 aerosol (mi-
crophysical) fit parameters, i.e. 6 for the size distribution and 4 for both the real- and15

imaginary part of the refractive index of each mode.
For retrieval simulations that involve clouds we assume a homogeneous cloud layer

with a cloud particle size distribution that is described by a mono-modal lognormal dis-
tribution. This leads to 3 additional unknown parameters: cloud effective radius, cloud
effective variance and cloud droplet number concentration. It is assumed that informa-20

tion on cloud height is provided through external information, e.g. measurements in the
thermal infrared or measurements in the Oxygen A absorption band. For retrievals in
partly clouded scenes it is assumed that the intensity vector I of a partly cloudy scene
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can be described by the independent pixel approximation:

I = f Icloud+ (1− f ) Iclear, (8)

where f is the cloud fraction, and Icloud and Iclear are the intensity vector for a fully cloudy
atmosphere and a clear atmosphere, respectively. So, for retrievals in partly cloudes
scenes another parameter, the cloud fraction, is added to the retrieval problem.5

To account for surface reflection in our retrieval simulations, we the same approach
is used as described by Hasekamp and Landgraf (2007). Here, we the reflection matrix
Rs of the surface is described by a Lambertian term A and a combination of 2 kernels
Ri that describe the directional and polarization properties of the surface,

Rs(λ,ϑin,ϑout,∆ϕ)=A(λ)+
2∑

i=1

fi Ri (ϑin,ϑout,∆ϕ) (9)10

where ϑin and ϑout are the incoming and outgoing zenith angles, respectively, ∆ϕ is
the relative azimuth angle, and the fi are coefficients for the two kernels. For the two
kernels we use the model for bare soils of Bréon et al. (1995) and the vegetation model
of Rondeaux and Herman (1991). For both kernels we include the coefficients fi as
unknown parameters in our retrieval. Additionally, we include the Lambertian term as15

unknown parameter for each wavelength band at which a measurement is performed,
unless explicitly stated otherwise.

3.2 Forward model and inversion

Let us now define a state vector x that contains the parameters to be retrieved. Fur-
thermore, let us consider a measurement vector y that contains the measurements20

of the instrument type under consideration, e.g. multiple-wavelength multiple viewing-
angle measurements of intensity and polarization. The retrieval of state vector x from
measurement vector y requires a forward model F that describes how y and x are
related,

y =F(x)+ey , (10)25
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where ey is an error term. The forward model consists of two parts. The first part
relates the physical aerosol and cloud properties (size distribution, refractive index)
to their optical properties (optical thickness, single scattering albedo, phase matrix).
This relation can be described by Mie theory for spherical particles (van de Hulst,
1957) or alternative theories for particles with other shapes (see e.g. Dubovik et al.,5

2006; Kokhanovsky, 2003; Wiscombe and Grams, 1988; Koepke and Hess, 1988;
Mishchenko and Travis, 1994; Mishchenko et al., 1995). In this paper we only consider
spherical aerosols which allows the use of Mie theory. The second part of the forward
model is an atmospheric radiative transfer model that simulates the intensity vector at
the top of the atmosphere for given optical input parameters. Here, we use the vec-10

tor radiative transfer model described by Hasekamp and Landgraf (2002); Hasekamp
and Landgraf (2005), to model the transport of radiation in the atmosphere This model
solves the radiative transfer equation using the Gauss-Seidel iterative method.

The aim of an inversion algorithm is to find a state vector x̂ for which forward model
F(x̂) and measurement y are in optimal agreement. Since the forward model is not15

linear in the unknown parameters the solution of the inversion problem has to be found
iteratively. Here, we replace for each iteration step n the forward model in (10) by its
linear approximation,

F(xn+1)≈F(xn)+K [xn+1−xn] (11)

where xn is the state vector for the iteration step under consideration and K is the20

Jacobian matrix containing the derivatives of the forward model with respect to the
elements of xn, where element Ki j of K is defined by:

Ki j =
∂Fi
∂xj

(xn). (12)

In this paper, two inversion methods are employed to retrieve the state vector x

with unknown aerosol, cloud, and surface parameters from measurement vector y.25

Retrievals from Multi-angle photo-polarimetric measurements do not require a priori
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information and thus can be performed using the least squares method, that yield a
retrieved state vector x̂lsq given by

x̂lsq =min
x

||S− 1
2

y (F(x)−y)||
2

. (13)

Assuming a linear dependence of the forward model within the range of the measure-
ment error, the Jacobian matrix K can be used to calculate the retrieval error covariance5

matrix Sx in the final iteration step:

Sx =
(

KT S−1
y K
)−1

. (14)

For comparisons that involve measurement types for which the retrieval represents
an ill posed problem, we use the Phillips Tikhonov regularization which introduces a
side constraint in addition to the minimization of the least squares cost function:10

x̂reg =min
x

(
||S− 1

2
y (F(x)− ỹ)||

2

+γ ||Γx−xa||2
)
, (15)

where xa is an a priori state vector, Sy is the measurement error covariance matrix, Γ is
a diagonal matrix that contains weighting factors for the different state vector elements
in the side constraint, and the regularization parameter γ balances the two minimiza-
tions in Eq. (15). An appropriate value for γ is found using the L-curve (Hansen, 1992;15

Hansen and O’Leary, 1993).
The state vector retrieved using Eq. 15 is combines information retrieved from the

measurement with a priori information:

x̂reg =Axtrue+ (I−A)xa+ex, (16)

where A is the averaging kernel (Rodgers, 2000), and ex represents the error in the20

state vector caused by measurement and forward model errors.
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For inversions based on Eq. (15), the covariance matrix Sx of the retrieved state
vector is given by

Sx =Sr +Se, (17)

where Sr is the regularization error covariance matrix which describes the effect of the
a priori error covariance matrix Sa on x,5

Sr = (I−A) Sa (I−A)T , (18)

and Se is the retrieval error covariance matrix that describes the effect of measurement-
and forward model errors on x,

Se =D Sy DT , (19)

where D is the contribution- or gain matrix (Rodgers, 2000).10

For the investigation of retrieval errors using synthetic measurements, Eqs. (14) and
(17) can be used without doing a full iterative retrieval. The retrieval errors given by Sx
can be evaluated for any given measurement error covariance matrix Sy . The validity
of a linear error mapping procedure as used in this paper has been demonstrated by
Hasekamp and Landgraf (2005) for aerosol retrieval from synthetic GOME-2 measure-15

ments. The 1-σ (standard deviation) errors on the different aerosol parameters are
given by the square root of the diagonal elements of Sx. Optical aerosol properties
such as the Aerosol Optical Thickness (AOT) can be derived from the aerosol micro-
physical parameters contained in the state vector x. The standard deviation στ on the
AOT can be obtained from the retrieval error covariance matrix Sx via20

στ =

√√√√ N∑
i=1

N∑
j=1

Si ,j
∂τ
∂xi

∂τ
∂xj

(20)

where Si ,j denotes element (i,j) of Sx. A similar expression holds for the single scatter-
ing albedo ω.
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4 Capabilities of different measurement types under clear sky conditions

In this section, the aerosol retrieval capabilities under clear sky conditions are com-
pared for the following 5 generic measurement types:

1. Multiple-viewing-angle multiple-wavelength measurements of intensity and polar-
ization.5

2. Multiple-viewing-angle multiple wavelength measurements of only intensity.

3. Dual-viewing-angle multiple wavelength measurements of only intensity.

4. Single-viewing-angle measurements of intensity and polarization.

5. Single viewing-viewing-angle measurements of only intensity.

For the multiple-viewing-angle measurements 17 viewing angles are used between10

−60–60◦ (equally spaced). For the dual-view measurements viewing angles of 0 and
60 are used, whereas for the single-view measurements a viewing angle of 0◦ (nadir)
is used.

All simulations are performed for 10 wavelength bands with central wavelengths at:
350 nm, 440 nm, 530 nm, 620 nm, 710 nm, 800 nm, 890 nm, 1600 nm, and 2200 nm. A15

Gaussian spectral response function with a Full Width at Half Maximum (FWHM) of
10 nm. Concerning the instrument noise, we assume a Signal to Noise Ratio (SNR)
of 500 for a Lambertian equivalent reflectance of 0.4. The noise for other elements of
the measurement vector is related to this value assuming that the noise is proportional
to the square root of the signal. In addition to the instrument noise a noise floor is20

added to account for biases in measurement and forward model. For the retrieval
simulations relative Stokes parameters q=Q/I and u=U/I are used because they are
less sensitive to calibration errors. The noise floor on the intensity is denoted as eint
and referred to as the radiometric accuracy. The noise floor on Stokes fractions q and
u is denoted as epol and referred to as the polarimetric accuracy.25
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The aerosol properties used for the retrieval simulations of this paper are shown in
Table 1. Wavelength dependent properties such as optical thickness and refractive
index are in this paper given for a wavelength of 550 nm, unless specifically stated
otherwise. The surface reflection matrix is simulated for a scene covered for 50% by
vegetation and 50% by soil. This means that the coefficients corresponding to the5

2 kernels in Eq. (9) are both 1
2 . The Lambertian term in Eq. (9) is calculated using

the albedos corresponding to “deciduous” and “Gray silty clay” of the ASTER Spectral
Library.

The comparisons presented in this section involve measurement types for which the
retrieval problem as formulated here is an ill-posed problem. Therefore, we need to in-10

corporate a priori information in the retrieval process. The a priori information does not
effect the amount of regularization since this is determined from the L-curve. However,
for the calculation of the regularization error we need to assume an a priori covariance
matrix. For our simulations we assume a diagonal a priori covariance matrix with 1-
errors of 100% on the size distribution parameters and coefficients for the imaginary15

refractive index, 10% for the coefficients of the real refractive index, and 50% for the
surface parameters.

4.1 Comparison of single-view and multiple view measurement types

For single-viewing-angle intensity measurements, the simultaneous retrieval of aerosol
and surface parameters is not possible, because the measurements can be fitted per-20

fectly by the surface albedo at each wavelength. Therefore, the comparison of multi-
view measurements with single-view measurements is performed using fixed surface
properties.

Figure 2 shows the comparison between measurement types 1–5 for the case with
fixed surface properties. Errors are shown for the aerosol optical thickness and single25

scattering albedo at 550 nm, the effective radius of both modes and the real part of the
refractive index of both modes. The shaded areas indicate the accuracy requirements
on aerosol parameters for climate research, formulated by Mishchenko et al. (2004). It
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can be seen that single-viewing angle intensity measurements yield even for this case
large errors on the aerosol parameters, leading to errors > 0.1 on the aerosol opti-
cal thickness. This means that retrievals from single-viewing-angle intensity measure-
ments rely strongly on aerosol information on the aerosol microphysical properties. For
accurate optical thickness retrievals from such measurements the a priori errors should5

be much smaller than the errors used in this study. This result basically confirms what
can be found in the scientific literature (see e.g. Tanré et al., 1996, Mishchenko and
Travis, 1997a, Hasekamp and Landgraf, 2007). Single-viewing angle measurements
of intensity and polarization yield errors on the aerosol parameters that are a factor
2–4 smaller than those of single viewing intensity only measurements. However, the10

retrieval errors are in most cases still larger than the requirements. The dual-view in-
tensity retrievals yield similar retrieval errors as the single viewing intensity and polar-
ization measurements. Multi(17) viewwing angle intensity retrievals are about a factor
2–3 more accurate in AOT, leading to AOT errors within or just larger than the require-
ments. The errors on the refractive index are significantly larger than the requirement15

for this measurement type. The multiple-viewing-angle measurements of intensity and
polarization meet the requirement for all aerosol parameters in this comparison.

It should be noted that for aerosol retrievals over land surfaces it is essential to
accurately take into account the reflection properties of the Earth surface. MODIS
retrievals use an empirical relationship between the albedo retrieved at the 2.1 micron20

band (where the aerosol contribution is small), and the albedo for the bands in the
visible spectral range. OMI aerosol retrievals use external surface albedo information
from satellite based climatologies. Uncertainties in the used surface albedo’s represent
one of the largest error sources on retrieved aerosol properties from these instruments.
By far the most accurate way to account for surface reflection is to simultaneously25

retrieve aerosol and surface properties.
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4.2 Comparison of multiple viewing measurement types

Retrievals from Multiple-viewing-angle measurements can take advantage of the dif-
ferent angular reflectance signatures of the surface and the atmosphere to accomplish
the retrieval of aerosol optical thickness over land surfaces. Figure 2 compares re-
trieval errors from the multiple-viewing-angle measurement types for the simultaneous5

retrieval of aerosol and surface properties. This comparison has been performed for
the European Background scenario with and Aerosol Optical Thickness (AOT) of 0.2
( at 550 nm). It can be seen that for this case multi-view intensity only measurements
produce AOT errors that are just larger than the requirement. For, the single scatter-
ing albedo, large mode effective radius, and refractive index the error are significantly10

larger than the requirements. This means that for this measurement type more ac-
curate a priori information, than used in this study, is needed on aerosol and surface
properties in order to meet the requirements. The multiple-viewing-angle measure-
ments of intensity and polarization are by far most accurate with AOT errors below
0.015. Also the other aerosol parameters are much more accurately retrieved, and are15

able to meet the requirements. Clearly, an instrument dedicated to aerosol retrievals
should provide multiple-viewing-angle measurements of intensity and polarization.

5 Aerosol retrieval for cloudy scenes

The results of the previous section, and those of Mishchenko and Travis (1997a) and
Hasekamp and Landgraf (2007) demonstrate the capabilities of multi-angle photo-20

polarimetric measurements under perfectly cloud free conditions. However, a very
important problem related to aerosol retrieval is to perform an adequate cloud screen-
ing. Here on the one hand, if the cloud screening procedure 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 screening procedure25

is too strict, too many clear sky cases will falsely be flagged cloudy, which may result
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in data gaps for areas with hydrated aerosols, the so called Twilight zone (Koren et al.,
2007), and for other areas with high aerosol loading. The problems noted above be-
come particularly relevant in regions close to clouds, where aerosol measurements are
extremely important to understand the aerosol indirect effects. Also, aerosol measure-
ments above clouds are important to understand the aerosol semi-direct effect. In this5

section the possibility is explored to perform a simultaneous retrieval of aerosol and
cloud properties for partly cloudy scenes and for fully cloudy scenes where the aerosol
layer is located above the cloud.

5.1 Partly cloudy scenes

Retrieval simulations have been performed for partly cloudy atmospheres with a water10

cloud located in a homogeneous layer between 1–2 km and a biomass burning aerosol
located below the cloud. Compared to the state vector for the clear sky retrievals of
the previous sections, the state vector of this retrieval problem consists additionally
of the following 4 cloud parameters: cloud effective radius, cloud effective variance,
cloud droplet number concentration, and cloud fraction. It is assumed that information15

on cloud height is provided through external information, e.g. measurements in the
thermal infrared or measurements in the Oxygen A absorption band.

Figures 4 and 5 shows the retrieval error on the aerosol optical thickness, single
scattering albedo, small mode effective radius, and small mode real part of refractive
index, as a function of polarimetric accuracy, for radiometric accuracies of 2% and 4%,20

respectively. Simulations have been performed for a cloud fraction f = 0.1. Errors on
the large mode parameters are not shown here because of the small contribution of this
mode. Results are shown for measurement type 1 described in Sect. 4, and also for the
same measurement types but with 64 viewing angles instead of 16. Again, the shaded
areas indicate the requirements as formulated by Mishchenko et al. (2004). Figure 425

corresponds to the case that the errors represented by eint and epol are uncorrelated,
whereas Figure 5 corresponds to the case that errors are correlated for different wave-
lengths and different viewing angles. Here, an exponentional decay is assumed of
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the correlation between different wavelengths and different viewing angles, where the
correlation is reduced to 1/e for wavelength differences of 100 nm and viewing angle
differences of 60◦. From Figs. 4 and 5 it follows that multi-angle photo-polarimetric
measurements indeed have the capability to distinguish between aerosols and clouds.
For the case with uncorrelated errors, the measurement type with 16 viewing angles5

allows to meet the required accuracy on optical thickness, single scattering albedo,
and fine mode effective radius if the polarimetric accuracy is better than about 0.005
and the radiometric accuracy is 2%. If the radiometric accuracy is 4%, a polarimetric
accuracy of better than 0.003 is needed to meet the requirements on the same param-
eters. For the case with correlated errors, the requirements on optical thickness, single10

scattering albedo, and fine mode effective radius are met if the polarimetric accuracy is
better than about 0.003 and the radiometric accuracy is 2%. If the radiometric accuracy
is reduced to 4% a polarimetric accuracy of 0.002 is needed to meet the requirements
on these parameters. The requirement on the fine mode refractive index is not met for
the 16 viewing angle measurements type, except for the unrealistic case that epol = 015

(i.e. the only error on q and u is measurement noise).
If the number of viewing angles is increased from 16 to 64 the retrieval errors on

all parameters decrease significantly for the case with uncorrelated errors, but not for
the case with correlated errors. This can be explained by the fact that for uncorrelated
errors increasing the number of measurements effectively increases the Signal to Noise20

Ratio (SNR). For correlated errors this is not the case, since they represent broad
spectral and angular structrures. In this case improving polarimetric and radiometric
accuracy leads to a larger error reduction for the aerosol parameters than an increase
of the number of viewing angles. Overall, the retrieval simulations of Figs. 4 and 5
confirm the importance of highly accurate polarimetric measurements, as was already25

known for clear sky retrievals (Mishchenko and Travis, 1997a; Hasekamp and Landgraf,
2007; Waquet et al., 2009a).

Figure 6 shows the same retrieval errors as in Figs. 4 and 5, but now as a function of
cloud fraction. For these simulations a radiometric accuracy of 2% and a polarimetric
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accuracy of 0.002 were used, for both uncorrelated and correlated errors. The mea-
surement type with 16 viewing angles allows to retrieve optical thickness and single
scattering albedo with the required accuracy for cloud fractions <0.25. A similar cloud
fraction threshold applies to the 64 viewing angle measurement type with correlated
errors, whereas if the errors are uncorrelated this value relaxes to 0.6. The effective5

radius of the small mode can even be retrieved for larger cloud fractions. The require-
ment on the refractive index is not met for the 16 viewing angles measurement type,
and neither for 64 viewing angle measurement type in case of correlated errors. Only
for the 64 viewing angle measurement type with uncorrelated errors the requirement
on the refractive index is met for cloud fractions < 0.20. The differences in accuracy of10

the refractive index between Fig. 6 for f = 0, and Fig. 3 can be explained by the fact
that the retrievals of Fig. 6 also have cloud properties as fit parameters. Furthermore,
the biomass burning aerosol type used for Fig. 6 has a much smaller fine mode effec-
tive radius than the European Background aerosol model used in Fig. 3, and for small
particles it is harder to retrieve the refractive index (Miecznik et al., 2005).15

5.2 Aerosol retrieval over uniform cloud cover

It has been demonstrated by Waquet et al. (2009b) that the multi-angle photo-polarimetric
measurements of PARASOL allow to retrieve aerosol optical thickness and size for sit-
uations with an aerosol layer located above a uniform cloud deck. In the current study,
the possibility is investigated to extend the retrieval of Waquet et al. (2009b) to the20

retrieval of all aerosol parameters of a bi-modal aerosol model and to retrieve addition-
ally the properties of the underlying cloud (effective radius, effective variance, droplet
number concentrations). Retrieval simulations have been performed for fully cloudy
atmospheres with a water cloud located in a homogeneous layer between 1–2 km and
a biomass burning aerosol located in a layer between 4–6 km.25

Figure 7 shows the retrieval error on the aerosol optical thickness, single scattering
albedo, small mode effective radius, and small mode real part of the refractive index
as a function of cloud optical thickness. For these simulations a radiometric accuracy
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of 2% and polarimetric accuracies of 0.002 has been used, where both correlated and
uncorrelated errors have been considered. Overall, the retrieval errors on all param-
eters are significantly smaller for this scenario than for the scenario with an aerosol
layer below a partly cloudy scene. Clearly, the reason for this is that for the latter sit-
uation part of the aerosol signal is shielded by the cloud and that one additonal cloud5

parameter (i.e. the cloud fraction) needs to be retrieved.
It follows from Fig. 7 that the retrieval errors on the aerosol optical thickness, single

scattering albedo, and small mode effective radius are well below the requirements
for both the 16 viewing-angle and 64 viewing-angle measurement types. The depen-
dence of the retrieval errors for these 3 parameters on cloud optical thickness (COT)10

is small for COT> 6. As for the situation with an aerosol layer below a partly cloudy
scene, it is also diffucult to retrieve the refractive index with the required accuarcy for
an aerosol layer over a uniform cloud field. In fact, the requirement is only met in case
of uncorrelated errors, indicating large sensitivity to systematic calibration errors.

6 Conclusions15

In this paper, the possibilities have been explored to simultaneously retrieve aerosol
and cloud properties from multi-angle photo-polarimetric measurements. Furthermore,
for clear sky conditions a review has been given of the capabilities of multi-angle pho-
topolarimetric measurements in comparison to other instrument types, demonstrating
that already for clear sky conditions polarization measurements are higly important for20

the retrieval of aerosol optical and microphysical properties over land surfaces with
unknown reflection properties.

An approach for the simultaneous retrieval of aerosol and cloud properties in partly
clouded scenes would circumvent the important problems that aerosol retrieval schemes
have with cloud screening, especially in areas in the neighbourhood of clouds. Fur-25

thermore, aerosol measurements above clouds are needed to estimate the aerosol
semi-direct effect. Retrieval simulations point out that multi-angle photo-polarimetric
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measurements indeed have the capability to distinguish between aerosols and clouds.
Namely, in addition to all aerosol parameters of a bi-modal aerosol model, also cloud
effective radius, effective variance, droplet number concentration, and cloud fraction
can be retrieved. Polarimetric measurements with high accuracy (0.002–0.004) play
an important role here. Such accuracies are expected from the new generation of5

photo-polarimetric satellite instruments, such as APS and the Multiangle SpectroPo-
larimetric Imager (MSPI, Diner et al., 2007).

For the simultaneous retrieval of aerosol and cloud properties the effect of increasing
the number of viewing angles has been investigated. It was found that if the number
of viewing angles is increased from 16 to 64 the retrieval accuracies on the aerosol10

parameters only improve substantially if the photometric and polarimetric measure-
ment errors are not correlated for different wavelengths and different viewing angles.
This means that the improvement is mainly caused by an increased effective Signal
to Noise Ratio (SNR). Nevertheless, having an instrument with more viewing angles
would provide more flexibility in selecting certain angular ranges in the retrieval.15

The simultaneous retrieval of aerosol and cloud properties for an elevated aerosol
layer over a uniform cloud deck results in smaller retrieval errors on the aerosol pa-
rameters than for the situation that the aerosols are located below a broken cloud field.
Clearly, the reason for this is that for the latter situation part of the aerosol signal is
shielded by the cloud and that one additonal cloud parameter (i.e. the cloud fraction)20

needs to be retrieved. In this case, the optical thickness, single scattering albedo, and
fine mode effective radius can be retrieved with the required accuracy using 16 viewing
angles.

For both the situation of an aerosol layer below a broken cloud field, as well as for
an elevated layer above a broken cloud field, it is difficult to retrieve the real part of the25

refractive index with an accuracy of 0.02, which is the requirement set by Mishchenko
et al. (2004). In fact, retrieval errors on this parameters are more often in the range
0.03–0.05. It should be subject of future work to evaluate if such accuracies of the real
parat of the refractive index are still valuable for identifying aerosol chemical composition.
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Table 1. Aerosol/cloud types used to create synthetic measurements of intensity and polar-
ization. The aerosol types “European Background” and “European Polluted” are taken from a
model run of the ECHAM5-HAM aerosol model (Stier et al., 2005). The “Biomass Burning” and
“Dust” aerosol types are taken from Torres et al. (2001).

Type rseff(µm) vs
eff r leff(µm) v l

eff τl550/τ
tot
550 ms

r ms
i ml

r ml
i

European 0.222 0.246 1.592 0.616 0.4 1.35 −0.0022 1.38 −0.00022
Background
Biomass 0.119 0.174 2.671 0.704 0.078 1.50 −0.02 1.50 −0.02
Burning
Dust 0.105 0.323 1.605 0.418 0.74 1.53 −0.0055 1.53 −0.0055
Cloud n/a n/a 6.0 0.11 1.0 n/a n/a 1.33 0.0
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Interactive DiscussionFig. 1. Element p1 (left panels) and signed degree of linear polarization −p5/p1 (right panels)
of the scattering phase matrix as a function of wavelength and scattering angle for biomass
burning aerosols (upper panels), dust aerosols (middle panels), and cloud particles (lower
panel).
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Fig. 2. Retrieval error on the aerosol optical thickness (upper left panel), single scattering
albedo (upper right panel), fine mode effective radius (middle left panel), coarse mode effective
radius (middle right panel), fine mode real refractive index (lower left panel), and coarse mode
effective radius (lower right panel), as a function of Solar Zenith Angle (SZA), for different
measurements types. For these retrievals it was assumed that the surface reflection properties
are known. Retrieval simulations have been performed for relative azimuth angle ∆ϕ= 0◦. For
the simulations a radiometric accuracy eint = 2% and a polarimetric accuracy epol = 0.002 have
been used, respectively.
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Fig. 3. As in Fig. 2, but for retrievals with unknown surface properties, and only considering
multiple-viewing-angle measurements.
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Fig. 4. Retrieval error on the aerosol optical thickness (upper left panel), single scattering
albedo (upper right panel), fine mode effective radius (middle left panel), coarse mode effective
radius (middle right panel), fine mode real refractive index (lower left panel), and coarse mode
effective radius (lower right panel), as a function of polarimetric accuracy, for a situation with
a biomass burning aerosol layer with AOT=0.5 situated between 0–2 km, situated below a
partially clouded scene (cloud fraction=0.1) with a cloud layer between 2–3 km. Simulations
have been performed for a relative azimuth angle ∆ϕ= 0◦. Simulations have been performed
for multi-angle photo-polarimetric measuremenst with respectively 16 and 160 viewing angles.
Radiometric accuracies have been considered of respectively 2% and 4%. Errors are assumed
to be uncorrelated.
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Fig. 5. Same as Fig. 4 but for errors that are correlated for different wavelengths and different
viewing angles. Here, an exponentional decay is assumed of the correlation with wavelength
and viewing angle, where the correlation is reduced to 1/e for wavelength differences of 100 nm
and viewing angle differences of 60◦.
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Fig. 6. Retrieval error on the aerosol optical thickness (upper left panel), single scattering
albedo (upper right panel), fine mode effective radius (middle left panel), coarse mode effective
radius (middle right panel), fine mode real refractive index (lower left panel), and coarse mode
effective radius (lower right panel), as a function of cloud fraction for a situation with a biomass
burning aerosol layer with AOT=0.5 situated between 0–2 km, situated below a partially clouded
scene with a cloud layer between 2–3 km. Simulations have been performed for a relative
azimuth angle ∆ϕ= 0◦. Simulations have been performed for multi-angle photo-polarimetric
measuremenst with respectively 16 and 64 viewing angles, and for polarimetric accuracy of
0.002 and a radiometric accuracy of 2%. Both uncorrelated and correlated errors have been
considered.
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Fig. 7. Retrieval error on the aerosol optical thickness (upper left panel), single scattering
albedo (upper right panel), fine mode effective radius (middle left panel), coarse mode effective
radius (middle right panel), fine mode real refractive index (lower left panel), and coarse mode
effective radius (lower right panel), as a function of cloud optical thickness (COT) for a situation
with a biomass burning aerosol layer with AOT=0.5 situated between 4–6 km over a fully cloudy
scene with a cloud layer between 2–3 km. Simulations have been performed for multi-angle
photo-polarimetric measuremenst with respectively 16 and 160 viewing angles. Polarimetric
accuracies of 0.002 and 0.005 have been considered and a radiometric accuracy of 2%.
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