Atmos. Meas. Tech., 3, 83851, 2010

www.atmos-meas-tech.net/3/839/2010/ GG\ Atm OSPhe ric

doi:10.5194/amt-3-839-2010 Measurement
© Author(s) 2010. CC Attribution 3.0 License. Techniques

Capalbility of multi-viewing-angle photo-polarimetric measurements
for the simultaneous retrieval of aerosol and cloud properties

O. P. Hasekamp
SRON, Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands

Received: 26 February 2010 — Published in Atmos. Meas. Tech. Discuss.: 25 March 2010
Revised: 10 June 2010 — Accepted: 22 June 2010 — Published: 6 July 2010

Abstract. An important new challenge in the field of multi- (Solomon 2007). This uncertainty severely hampers future
angle photo-polarimetric satellite remote sensing is the repredictions of climate change. Strong aerosol cooling in the
trieval of aerosol properties under cloudy conditions. In this past and present would imply that future global warming may
paper the possibility has been explored to perform a simulproceed at or even above the upper extreme of the range pro-
taneous retrieval of aerosol and cloud properties for partlyjected by the IPCCAndrea et al.2009. Aerosols can affect
cloudy scenes and for fully cloudy scenes where the aerosdhe climate system via several mechanisms: 1) the reflection
layer is located above the cloud, using multi-angle photo-of solar radiation back to space (direct effect), 2) the absorp-
polarimetric measurements. Also, for clear sky conditionstion of solar radiation by soot and mineral dust to warm the
a review is given of the capabilities of multi-angle photo- atmospheric aerosol layer, which could hinder cloud forma-
polarimetric measurements in comparison with other meation and cause cloud droplets to evaporate (semi-direct ef-
surement types. It is shown that already for clear sky condifect, Koren et al, 2004, and 3) the capability to act as con-
tions polarization measurements are highly important for thedensation nuclei for clouds (indirect effects). The latter (in-
retrieval of aerosol optical and microphysical properties overdirect) effect can be distinguished into a cloud albedo effect
land surfaces with unknown reflection properties. Further-(Twomey, 1959 and a cloud lifetime effeclbrecht 1989.
more, it is shown that multi-angle photo-polarimetric mea- The aerosol effects related to clouds (semi-direct and indi-
surements have the capability to distinguish between aerosol®ct) are considered as the largest yet most uncertain aerosol
and clouds, and thus facilitate a simultaneous retrieval ofeffects Lohmann and Feichte2005.

aerosol and cloud properties. High accuracy (0.002—-0.004)

of the polarimetric measurements plays an essential role The large uncertainty on the aerosol effects on clouds and
here. climate is reflected in considerable discrepancies between
different model simulations of the radiative forcing caused by
these effects. Also, there exist large differences between val-
ues for radiative forcing calculated by models and those es-
timated from satellite measurements, and model calculations

Anthropogenic aerosols are believed to cause the secongPnstrained by satellite- measuremertisepn et al. 2002
most important anthropogenic forcing of climate change af-Quaas and Bouchg2005 Quaas et al200§. Relationships
ter greenhouse gases. In contrast to the climate effect dpetween aerosols and clouds derived from satellite measure-

greenhouse gases, which is understood relatively well, thénents are subject to a number of important limitations. First
of all, with current satellite aerosol products it is hard to de-

negative forcing (cooling effect) caused by aerosols rep- i X i s ,
resents the largest reported uncertainty in the most recerffMine which fraction of the aerosols is anthropogenic and

assessment of the International Panel on Climate Changlé\’hiCh 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,

Correspondence tcO. P. Hasekamp which means that in an environment with high relative hu-
BY

(0.hasekamp@sron.nl) midity (in the neighborhood of clouds) the particle size
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increases considerably leading in turn to an increase in optimultiple-viewing-angle measurements of intensity and po-
cal thicknessKotchenruther et al1999. This effect may be larization at a higher accuracy (0.002 instead of 0.01-0.02)
misinterpreted as an apparent relation between aerosol cotin a broader spectral range (410-2250 nm instead of 443—
centration and cloud cover. Also meteorology effects can bel013 nm), and at more viewing angles (260 instead of 14)
misinterpreted as apparent aerosol-cloud relationships. Acthan POLDER/PARASOL. The capabilities of APS for the
curate information on aerosol size and refractive index (re-retrieval of aerosol properties have been demonstrated us-
lated to chemical composition of aerosols and absorptionjng airborne measurements of the Research Scanning Po-
is needed to distinguish between natural and anthropogenitarimeter (RSP), which is functionally similar to APS, by
aerosols and to distinguish between aerosol effects on cloud.g. Chowdhary et al. (2001 2002 2009; Waquet et al.
formation and apparent relationships due to humidity and(20093.
meteorology effects. Another problem with current satellite A new challenge in the field of multi-angle photopolari-
aerosol products is that they are affected by residual cloudnetric satellite remote sensing is the retrieval of aerosol
contamination due to imperfect cloud screening. Thereforeproperties under cloudy conditions. This includes scenes
a type of satellite measurements is needed that allows to disyith an aerosol layer located below a broken cloud field and
tinguish between aerosols and residual cloud contaminationscenes with an aerosol layer above a low level homogeneous
Related to that, also aerosol measurements above low cloudgoud field. Waquet et al(2009) demonstrated the capa-
are needed to quantify the semi-direct effect. bility of PARASOL polarimetric measurements to retrieve
Many satellite instruments that are used for aerosol re-Aerosol Optical Thickness (AOT) under the latter condition.
trieval are multiple-wavelength single-viewing-angle instru- Their retrieval is based on a number of pre-described aerosol
ments. Among these instruments are the Advanced Vergize distributions and a fixed refractive index representative
High Resolution Radiometer (AVHRR), the Moderate Res- for their specific case study. Important next steps to be taken
olution Imaging Spectroradiometer (MODIS), the Total py retrieval schemes for APS (with higher polarimetric accu-
Ozone Mapping Spectrometer (TOMS), the Global Ozoneracy, extended spectral range, improved angular resolution)
Monitoring Experiment (GOME) and the Scanning Imag- are to simultaneously retrieve aerosol and cloud properties,
ing Absorption Spectrometer for Atmospheric Chartographyextend the retrieval to partly clouded conditions, and to ex-
(SCIAMACHY). Although it has been shown that the aerosol tend the retrieval to microphysical properties such as size and
optical thickness may be retrieved from these instrumentgefractive index.
(Tane et al, 1999 Mishchenko et a).1999 Torres et al. The aim of this paper is to explore the possibilities to per-

2001 Remer et a]. 2005 Veefkind et al, 2000, the re- oy g simultaneous retrieval of aerosol and cloud proper-
sults depend critically on the assumed values of the othefies for situations with an aerosol layer located below a bro-
aerosol parameters (size distribution, refractive index). Thgan cloud field, and for situations with an elevated aerosol
aerosol information content of intensity measurements is 5i91ayer above a homogeneous low level cloud field. Further-
nificantlly Iarger.for instruments that perform.measuremgnt%ore, for clear sky conditions a review is given of the ca-
at multiple viewing angles, such as the Multiangle Imaging papilities of multi-angle photopolarimetric measurements in
Spectro-Radiometer (MISRiner et al, 2005, and the Ad- comparison to other instrument types, extending the analy-
vanced Along-Track Scanning Radiometer (AATSR). How- ¢jq of Hasekamp and Landgré2007. Section2 discusses
ever, the combineq use of_intensity and polarization Meaxcattering properties of aerosols and clouds, and Sets:
surements at multiple viewing angles have been shown Qcripes the retrieval method and forward model. The capabil-

be by far the most powerful for the purpose of aerosol re-jiies of different measurement types with respect to aerosol
trieval (Mishchenko and Travjsl997ab; Chowdhary et al.  yetrieval under clear sky conditions are described in Sect.

2001, Hasekamp and Landgré#007 Waquet et al.20093.  \yhereas in Sech the possibilities of simultaneously retriev-

The reason for this is the high sensitivity of polarization ing aerosol and cloud properties from multi-angle photopo-

properties of light to aerosol micro-physicklgnsen and |arimetric measurements are investigated. Finally, Sect.
Travis 1974. Satellite measurements of intensity and po- concjudes the paper.

larization at 14 viewing angles in the spectral range 443—

865nm have been performed by two versions of the Po-

larization and Directionality of Earth’'s Reflectances instru-

ments (POLDER). Both instruments were active for about2 Theory

8 months in 1996/1997 and 2002, respectively. Since the

end of 2004 the POLDER-2 instrument, which is a some-The radiance and state of polarization of light at a given
what adjusted version of POLDER, is in orbit on the PARA- wavelength can be described by an intensity ve£tarich
SOL satellite. Aerosol retrievals from POLDER have beenhas the Stokes parameters as its compon@ftar{drasekhar
reported, among others, yeuz et al.(200Q 200) and  1960:

Herman et al(2009. The Aerosol Polarimetry Sensor (APS)

(Mishchenko et a).2004) to be launched 2010 will perform I =[1,Q,U, V]T, D
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Table 1. Aerosol/cloud types used to create synthetic measurements of intensity and polarization. The aerosol types “European Background”
and “European Polluted” are taken from a model run of the ECHAM5-HAM aerosol m8del gt al, 2005. The “Biomass Burning” and

“Coarse spherical” aerosol types are taken froonres et al(2001) (where “Coarse spherical” is called “Dust’}j refers to effective
radius,veff, to effective variancenr andm; to the real and imaginary part of the refractive index, respectivel to the aerosol optical
thickness at 550 nm. Further, the superscripts “s” and “|” refer to the small and large mode, respectively.

Type e (Um) 3y g (MM) v Thsg/Tadg  mP my my m|
European 0.222 0.246 1.592 0.616 0.4 1.350.0022 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

Coarse spherical 0.105 0.323 1.605 0.418 0.74 1.530.0055 1.53 -0.0055
Cloud n/a n/a 6.0 0.11 1.0 n/a n/a 1.33 .00

where T indicates the transposed vector, and the Stokes p&al background of the sensitivity of intensity and polarization
rameters are defined with respect to a certain reference plané particle characteristics the reader is referred to the work of
The angular dependence of single scattering of polarizedHansen and Travigl974 andMishchenko et al(2006.

light can be described by means of the scattering phase ma-

trix P. Here, only scattering phase matrices of the following

form are considered: 3 Retrieval method

p1®) ps@) O 0 3.1 Aerosol, cloud, and surface properties
P®©) = ps(©) p2(6) 0 0 . B _ - N
0 0 p3®) ps®) For all simulations in this paper it is assumed that the aerosol

0 0 —ps0) pa(®) size distribution is bi-modal, where the size distributiofor

wherep1, p2, ..., pg are certain functions of scattering angle each mode is given by a log-normal function

0 and the scattering plane is the plane of reference. This typg—:z(r) _ 1 exp[—(lnr _ |nrg)2/(202)], ?)

of scattering matrix is valid fordan de Hulst1957) (i) scat- 2m ogr &

tering by an assembly of randomly oriented particles eachynere » describes particle radius (or radius of a volume

having a plane of symmetry, (ii) scattering by an assemblyequivalent sphere),

containing particles and their mirror particles in equal num- -~

bers and with random orientations, (iii) Rayleigh scattering

with or without depolarization effects. Inrg :/ Inrn(rydr, (4)
Figurel shows phase function (elemeant) and the signed 0

degree of linear polarizationps/p1) for a biomass burn-  and

ing aerosol type, a coarse spherical aerosol type, and cloud 00

droplets (see Tablg), calculated using Mie theory. It can ;2 _ (|nr—|nrg)2n(r)dr. (5)

be seen that both the spectral dependence and the angula‘?

dependence of the phase function and signed degree of lin- ) o
ear polarization are very different for the two aerosol types.*S Shown byHansen and Traviil 974 itis useful to charac-

Also, if we compare the scattering characteristics of clougterize (& modg of) thg size distribution by the effective radius
droplets with aerosols, it can be seen that elerpentf cloud  "eff @nd effective varianceer;, because these parameters are
droplets is very different tp; of biomass aerosols. The dif- relatively independent from the actual shape of the distribu-

ference inp; between cloud droplets and coarse sphericalt©n- Here,

aerosols is still present but less pronounced. The signed de- ® .,
. . . . frrrr n(r)dr
gree of linear polarization of cloud droplets is very distinct
from that of either aerosol type. Figulteindicates that the 'eff= (6)
spectral- and angular behavior of the total intensity and polar- [r2n(rydr
ization of backscattered light contains important information 0

on aerosol properties. Furthermore, in particular the anguand

lar dependence of the signed degree of polarization may be 1 o

expected to provide the information to distinguish betweenves = ——- / (r —re) 2 rn(r)dr. (7)
aerosols and clouds. For a detailed discussion on the physi- TTr™ Pt o
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—p,/p,[%], biomoss burning

microphysical aerosol fit parameters, i.e. 6 for the size distri-
bution and 16 for the refractive index. Aerosol layer height
is included as an additional fit parameter because fixing this
parameter potentially results in biases of the retrieved other
aerosol parameters. Here, it should be noted that by far the
most accurate information on aerosol height distribution can
be obtained from active sensoWifker et al, 2009.

For retrieval simulations that involve clouds a homoge-
neous cloud layer is assumed with a cloud particle size dis-
tribution that is described by a mono-modal log-normal 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-
tion on cloud height is provided through external informa-
tion, e.g. measurements in the thermal infrared or measure-
ments in the Oxygen A absorption band. For retrievals in
partly clouded scenes it is assumed that the intensity véctor
of a partly cloudy scene can be described by the independent
pixel approximation (which ignores 3-dimensional radiative
transfer effects):

I=fIcoud+A—f)Igean (8)

where f is the cloud fraction of the pixel, anflgjoug and

Ieqr are the intensity vector for a fully cloudy atmosphere

and a clear atmosphere, respectively. So, for retrievals in

partly cloudy scenes another parameter, the cloud fraction, is

added to the retrieval problem.
. : A To account for surface reflection in the retrieval simula-
00 to0 lso0 2000 200 oo sn 2000 tions, the same approach is used as Qescrlbe}ffldsyekamp

and Landgraf2007. Here, the reflection matriR; of the
surface is described by a Lambertian teknand a combina-

Fig. 1. Elementp; (left panels) and signed degree of linear po- tion of 2 kernelsR; that describe the directional and polar-

larization — p5/ p1 (right panels) of the scattering phase matrix as ization properties of the surface,

a function of wavelength and scattering angle for biomass burning

2
aerosols (upper panels), coarse spherical aerosols (middle panelsﬁ,s r, Dins Douts A@) =A()»)+Zfi R; (Fin, Dout, A@) )
and cloud particles (lower panel). O ~ B

wheredi, anddy are the incoming and outgoing zenith an-
i gles, respectivelyAg is the relative azimuth angle, and the
In what follows the superscriptsand! are used to refer o . 5o coefficients for the two kernels, for which the model
t_he small- aqq large mode of the size d|str|but.|on, 'eSPECo; hare soils oBréon et al(1995 and the vegetation model
tively. In addition to thever, Veff, and the column integrated of Rondeaux and Hermagii991) are used. For both kernels
aleroso]! numbgrgoncentratpn Of eachdm(;)de, ﬁlso the CoMy e coefficientsf; are included as unknown parameters in
plex refractive indexn = m, +imi 1S needed to characterize .o retrieval. Additionally, the Lambertian term is included
aerosols. In this paper it is assumed that the spectral depergl-s an unknown parameter for each wavelength band at which

dence of the refrgc_tive index i_n the 350__2250 nm s.pecFraIa measurement is performed, unless explicitly stated other-
range can be sufficiently described by a linear comblnatlor\N-

of the refractive index spectra of four aerosol types (min- o€

eral dust, sulfate, water-soluble, SOOt). The refractive IndICGS_J,Z Forward model and inversion

for these types describe the most important spectral features

of all types discussed bg'Almeida et al.(1991). Coeffi- Let us now define a state vecterthat contains the param-
cients for the spectra of the real- and imaginary part of theeters to be retrieved. Furthermore, let us consider a mea-
refractive index are considered as unknown parameters. Thisurement vectoy that contains the measurements of the in-
means that per mode there are 8 unknown parameters relatestrument type under consideration, e.g. multiple-wavelength
to refractive index (4 for the real part and 4 for the imagi- multiple viewing-angle measurements of intensity and polar-
nary part). Thus, for a bimodal size distribution there are 22ization. The retrieval of state vectar from measurement
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vector y requires a forward moddt that describes howy can be used to calculate the retrieval error covariance matrix
andx are related, S, in the final iteration step:

y=F(x)+ey’ (10) Sx:<KT S;lK) 1. (14)
wheree, is an error term. The forward model consists of two . ) ]
parts. The first part relates the physical aerosol and cloud©" comparisons that involve measurement types for which
properties (size distribution, refractive index) to their optical the retrieval represents an ill posed problem, the Phillips
properties (optical thickness, single scattering albedo, phas&knonov regularization method is used which introduces a
matrix). This relation can be described by Mie theory for side constraint in _addltlon to the minimization of the least
spherical particles/an de Hulst1957) or alternative theories  Squares cost function:
for particles with other shapes (see égbovik et al, 2006 1
Kokhanovsky 2003 Wiscombe and Gramd4988 Koepke >‘<reg=min(||Syz(F(x)—y)||
and Hess1988 Mishchenko and Travjsl994 Mishchenko *
etal, 1999. In this paper only spherical aerosols are con-wherex, is an a priori state vectoB, is the measurement
sidered which allows the use of Mie theory. The seconderror covariance matriX is a diagonal matrix that contains
part of the forward model is an atmospheric radiative trans-weighting factors for the different state vector elements in the
fer model that simulates the intensity vector at the top ofside constraint, and the regularization parametéalances
the atmosphere for given optical input parameters. Here, théhe two minimizations in Eq.15). An appropriate value for
vector radiative transfer model describeditgsekamp and  y is found using the L-curveHansen 1992 Hansen and
Landgraf(2002; Hasekamp and Landgrg20053 is used,  O’Leary, 1993. For applications of the L-curve method see
to model the transport of radiation in the atmosphere Thise g. the papers ¢lasekamp and LandgréZ001); Hasekamp
model solves the radiative transfer equation using the Gaussand Landgraf2005b; van Diedenhoven et a[2007).
Seidel iterative method. The state vector retrieved using E45)( combines infor-
The aim of an inversion algorithm is to find a state vec- mation retrieved from the measurement with a priori infor-
tor x for which forward modeF(x) and measurementare mation:
in optimal agreement. Since the forward model is not lin-
ear in the unknown parameters the solution of the inversiorXreg=Axtrue+ (I —A)x, + €, (16)
problem has to be found iteratively. Here, for each iteration
stepn the forward model in Eq.10) is replaced by its linear
approximation,

2
+y||r(x—xa>||2), (15)

whereA is the averaging kerneRpdgers2000, ande, rep-
resents the error in the state vector caused by measurement
and forward model errors.

F(xn41) ~F(xn) +K [xne1—xn] (11) For inversions based on Ed.5), the covariance matri®,

) ) ] of the retrieved state vector is given by
wherexp, is the state vector for the iteration step under con-

sideration and is the Jacobian matrix containing the deriva- S, =S+ Se, a7)
tives of the forward model with respect to the elements,of

where elemenk;; of K is defined by: where$; is the regularization error covariance matrix which

describes the effect of the a priori error covariance maix
0F; onx,

Kijzgl'(xn) (12)
! S=U-A)SI-A), (18)

The Jacobian matrix is calculated in an analytical way, si-
multaneously with the intensity vectdrgndgraf et al.2001, andS; is the retrieval error covariance matrix that describes
2002 Hasekamp and Landgraf0053. the effect of measurement- and forward model errors on

In this paper, two inversion methods are employed to re-Se: DS, D’ (19)
trieve the state vectotr with unknown aerosol, cloud, and S
surface parameters from measurement vegtoRetrievals  whereD is the contribution- or gain matrixRodgers2000.
from Multi-angle photo-polarimetric measurements do not  For the investigation of retrieval errors using synthetic
require a priori information and thus can be performed USingmeasurementsl Eqﬁzo and (]_7) can be used without do-
the least squares method, that yield a retrieved state vectqpg a full iterative retrieval. The retrieval errors given 8y

Xisq given by can be evaluated for any given measurement error covariance
L 2 matrix S,. The validity of a linear error mapping procedure
>“<|Sq:min||s\_,?(|:(x)_y)|| . (13) as used in this paper has been demonstrateHdsekamp
=)

and Landgraf(20053 for aerosol retrieval from synthetic
Assuming a linear dependence of the forward model withinGOME-2 measurements. Thesl{standard deviation) errors
the range of the measurement error, the Jacobian matrix on the different aerosol parameters are given by the square

www.atmos-meas-tech.net/3/839/2010/ Atmos. Meas. Tech., 388392010



844 O. P. Hasekamp: Simultaneous aerosol and cloud retrieval

root of the diagonal elements &;. Optical aerosol prop- The aerosol properties used for the retrieval simulations
erties such as the Aerosol Optical Thickness (AOT) can beof this paper are shown in Table Wavelength dependent
derived from the aerosol microphysical parameters containegroperties such as optical thickness and refractive index are
in the state vectar. The standard deviation, on the AOT  in this paper given for a wavelength of 550 nm, unless explic-
can be obtained from the retrieval error covariance m&yix itly stated otherwise. The surface reflection matrix is simu-

via lated for a scene covered for 50% by vegetation and 50% by
soil. This means that the coefficients corresponding to the 2
NN dt ot kernels in Eq.9) are bothi. The Lambertian term in Eq9J
Oc = ZZ Si.j ax; E (20) is calculated using the albedos corresponding to “deciduous”
=1j=1 and “Gray silty clay” of the ASTER Spectral Library.
wheres; ; denotes element (i,j) d8,. A similar expression The comparisons presented in this section involve mea-
holds for the single scattering albedo surement types for which the retrieval problem as formulated

here is an ill-posed problem. Therefore, it is needed to incor-

porate a priori information in the retrieval process. The a

4 Capabilities of different measurement types under  priori information does not effect the amount of regulariza-
clear sky conditions tion since this is determined from the L-curve. However, for

] ) ) o the calculation of the regularization error it is necessary to as-
In this section, the aerosol retrieval capabilities under cleary,me an a priori covariance matrix. For our simulations a di-

sky conditions are compared for the following 5 generic Mea-ag0nal a priori covariance matrix is assumed with-arrors
surement types: of 100% on the size distribution parameters and coefficients
for the imaginary refractive index, 10% for the coefficients of

1. Multiple-viewing-angle multiple-wavelength measure- L2
P g-ang b g the real refractive index, and 50% for the surface parameters.

ments of intensity and polarization.

2. Multiple-viewing-angle multiple wavelength measure- 4.1 Comparison of single-view and multiple view mea-
ments of only intensity. surement types

3. Dual-viewing-angle multiple wavelength measurementsFor single-viewing-angle intensity measurements, the simul-
of only intensity. taneous retrieval of aerosol and surface parameters is not pos-
. L . . sible, because the measurements can be fitted perfectly by the
4. Single-viewing-angle measurements of intensity andg,itace albedo at each wavelength. Therefore, the compari-
polarization. son of multi-view measurements with single-view measure-
ments is performed using fixed surface properties.

Figure 2 shows the comparison between measurement
For the multiple-viewing-angle measurements 17 viewingtypes 1-5 for the case with fixed surface properties. Er-
angles are used betweei60°—-60 (equally spaced). For the rors are shown for the aerosol optical thickness and sin-
dual-view measurements viewing angles 6fahd 60 are  gle scattering albedo at 550 nm, the effective radius of both
used, whereas for the single-view measurements a viewingnodes and the real part of the refractive index of both
angle of 0 (nadir) is used. modes. The shaded areas indicate the accuracy requirements

All simulations are performed for 10 wavelength bands on aerosol parameters for climate research, formulated by
with central wavelengths at: 350nm, 440nm, 530nm,Mishchenko et al(2004). It can be seen that single-viewing
620 nm, 710 nm, 800 nm, 890 nm, 1600 nm, and 2200 nm. Aangle intensity measurements yield even for this case large
Gaussian spectral response function with a Full Width at Halferrors on the aerosol parameters, leading to ers0dsl on
Maximum (FWHM) of 10 nm has been used. Concerning thethe aerosol optical thickness. This means that retrievals from
instrument noise, a Signal to Noise Ratio (SNR) of 500 is as-single-viewing-angle intensity measurements rely strongly
sumed for a Lambertian equivalent reflectance of 0.4. Theon aerosol information on the aerosol microphysical proper-
noise for other elements of the measurement vector is relateties. For accurate optical thickness retrievals from such mea-
to this value assuming that the noise is proportional to thesurements the a priori errors should be much smaller than the
square root of the signal. In addition to the instrument noise aerrors used in this study. This result basically confirms what
noise floor is added to account for biases in measurement anchn be found in the scientific literature (see gani et al,
forward model. For the retrieval simulations relative Stokes1996 Mishchenko and Travjsl997a Hasekamp and Land-
parameterg = Q/I andu = U/I are used because they are graf, 2007). Single-viewing angle measurements of intensity
less sensitive to calibration errors. The noise floor on theand polarization yield errors on the aerosol parameters that
intensity is denoted agn: and referred to as the radiomet- are a factor 2—4 smaller than those of single viewing inten-
ric accuracy. The noise floor on Stokes fractignandu is sity only measurements. However, the retrieval errors are in
denoted aspo and referred to as the polarimetric accuracy. most cases still larger than the requirements. The dual-view

5. Single viewing-angle measurements of only intensity.
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Fig. 2. Retrieval error on the aerosol optical thickness (upper left Fig. 3. As in Fig. 2, but for retrievals with unknown surface proper-
panel), single scattering albedo (upper right panel), fine mode effecties, and only considering multiple-viewing-angle measurements.
tive 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 ofin the used surface albedos represent one of the largest er-
Solar Zenith Angle (SZA), for different measurements types. Forror sources on retrieved aerosol properties from these instru-
these retrievals it was assumed that the surface reflection propements. By far the most accurate way to account for surface

ties are known. Retrieval simulations have been performed for relyeflection is to simultaneously retrieve aerosol and surface
ative azimuth angleAg = 0°. For the simulations a radiometric properties

accuracyeint = 2% and a polarimetric accuraeyo = 0.002 have
been used, respectively. Simulations have been performed for thg 5 Comparison of multiple viewing measurement types
European Background aerosol type (see Table~or the surface,
the coefficients corresponding to the 2 kernels in Bj.afe both
%. The Lambertian term in Eq9) is calculated using the albedos
corresponding to “deciduous” and “Gray silty clay” of the ASTER
Spectral Library.

Retrievals from Multiple-viewing-angle measurements can
take advantage of the different angular reflectance signatures
of the surface and the atmosphere to accomplish the retrieval
of aerosol optical thickness over land surfaces. Figure 3 com-
pares retrieval errors from the multiple-viewing-angle mea-
surement types for the simultaneous retrieval of aerosol and
intensity retrievals yield similar retrieval errors as the single g rface properties. This comparison has been performed for
viewing intensity and polarization measurements. Multi (17) tpe European Background scenario with and Aerosol Opti-
viewing angle intensity retrievals are about a factor 2-3 morezg| Thickness (AOT) of 0.2 (at 550 nm). It can be seen that
accurate in AOT, leading to AOT errors within or just larger fqr this case multi-view intensity only measurements pro-
than the requirements. The errors on the refractive index argce AOT errors that are just larger than the requirement.
significantly larger than the requirement for this measure-por, the single scattering albedo, large mode effective ra-
ment type. The multiple-viewing-angle measurements of in-gj,s  and refractive index the error are significantly larger
tensity and polarization meet the requirement for all aerosoknan the requirements. This means that for this measurement
parameters in this comparison. type more accurate a priori information, than used in this

It should be noted that for aerosol retrievals over land sur-study, is needed on aerosol and surface properties in order
faces it is essential to accurately take into account the reto meet the requirements. The multiple-viewing-angle mea-
flection properties of the Earth surface. MODIS retrievals surements of intensity and polarization are by far most ac-
use an empirical relationship between the albedo retrievedurate with AOT errors below 0.015. Also the other aerosol
at the 2.1 micron band (where the aerosol contribution isparameters are much more accurately retrieved, and are able
small), and the albedo for the bands in the visible spectrato meet the requirements. Clearly, an instrument dedicated
range. OMI aerosol retrievals use external surface albedo into aerosol retrievals should provide multiple-viewing-angle
formation from satellite based climatologies. Uncertaintiesmeasurements of intensity and polarization.
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Fig. 4. Retrieval error on the aerosol optical thickness (upper left Fig. 5. Same as Figs but for errors that are correlated for different
panel), single scattering albedo (upper right panel), fine mode efwavelengths and different viewing angles. Here, an exponentional
fective radius (lower left panel), and fine mode real refractive indexdecay is assumed of the correlation with wavelength and viewing
(lower right panel), as a function of polarimetric accuracy, for a angle, where the correlation is reduced tefbt wavelength differ-
situation with a biomass burning aerosol layer with AOT=0.5 situ- ences of 100 nm and viewing angle differences ¢f.60

ated between 0-2 km, below a partially clouded scene (cloud frac-

tion=0.1) with a cloud layer between 2-3km. Simulations have

been performed for a relative azimuth angle = 0°. Multi-angle ¢4 properties for partly cloudy scenes and for fully cloudy

Phom'pma“memc measuremenst W'th.reSpe(.:t'Vely 16 ?“d 64 view-genes where the aerosol layer is located above the cloud.
ing angles have been considered. Radiometric accuracies have been

considered of respectively 2% and 4%. Errors are assumed to be
uncorrelated. 5.1 Partly cloudy scenes

Retrieval simulations have been performed for partly cloudy
5 Aerosol retrieval for cloudy scenes atmospheres with a liquid water cloud located in a homoge-

neous layer between 2—-3 km and a biomass burning aerosol
The results of the previous section, and those oflocated below the cloud. Compared to the state vector for the
Mishchenko and Travigl 9973 andHasekamp and Landgraf clear sky retrievals of the previous sections, the state vector
(2007 demonstrate the capabilities of multi-angle photo- Of this retrieval problem consists additionally of the follow-
polarimetric measurements under perfectly cloud free condiing 4 cloud parameters: cloud effective radius, cloud effec-
tions. However, a very important problem related to aerosoltive variance, cloud droplet number concentration, and cloud
retrieval is to perform an adequate cloud screening. Herdraction. It is assumed that information on cloud height is
on the one hand, if the cloud screening procedure is not stricprovided through external information, e.g. measurements in
enough the ground scene has the probability of residual cloud¢he thermal infrared or measurements in the Oxygen A ab-
cover which causes large errors on the retrieved aerosol pssorption band.
rameters. On the other hand, if the cloud screening procedure Figures4 and5 shows the retrieval error on the aerosol
is too strict, too many clear sky cases will falsely be flaggedoptical thickness, single scattering albedo, small mode ef-
cloudy, which may result in data gaps for areas with hydratediective radius, and small mode real part of refractive index,
aerosols, the so called Twilight zonKqren et al, 2007), as a function of polarimetric accuracy, for radiometric accu-
and for other areas with high aerosol loading. The problemgacies of 2% and 4%, respectively. Simulations have been
noted above become particularly relevant in regions close tgerformed for a cloud fractiof =0.1. Since the Biomass
clouds, where aerosol measurements are extremely impoBurning aerosol type is dominated by the small mode, the
tant to understand the aerosol indirect effects. Also, aerosdiarge mode only has a small contribution to the total aerosol
measurements above clouds are important to understand tragptical thickness. This implies that the microphysical proper-
aerosol semi-direct effect. In this section the possibility is ties of the large mode cannot be retrieved accurately, but also
explored to perform a simultaneous retrieval of aerosol andhat for this case these parameters are of minor importance.
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Therefore, only results for microphysical properties of the o4 Ne vzA, worr 0.10

small mode are shown here. Results are shown for mea- S e oosl 7
surement type 1 described in Segtand also for the same 03F g4 vza uncorr ] ' 7,
measurement types but with 64 viewing angles instead of 16. ) _o06] /]
Again, the shaded areas indicate the requirements as formu- %} 14 Jr 7
lated byMishchenko et al(2004). Figure4 corresponds to h ~ ooaf g s
the case that the errors representeckihyandepq are un- = - /,/
correlated, whereas Fig.corresponds to the case that errors , 002 == T

are correlated for different wavelengths and different view- — E==wmres == Mo ‘

ing angles. Here, an exponentional decay is assumed of ob R i Y A
the correlation between different wavelengths and different | s
viewing angles, where the correlation is reduced tofar o )i
wavelength differences of 100 nm and viewing angle differ- & o.os} i /
ences of 60. From Figs.4 and5 it follows that multi-angle 5 8 otor
photo-polarimetric measurements indeed have the capability= °°2 5 7 !
to distinguish between aerosols and clouds. For the case with oosf == . J

uncorrelated errors, the measurement type with 16 viewing o
angles allows to meet the required accuracy on optical thick- .00 ; ; ; 000 ;
ness, single scattering albedo, and fine mode effective radius ~ °° %%, % o6 08 00 02 04 Wt o8
if the polarimetric accuracy is better than about 0.005 and the

radiometric accuracy is 2%. If the radiometric accuracy isFig. 6. Retrieval error on the aerosol optical thickness (upper left
4%, a polarimetric accuracy of better than 0.003 is needed t@anel), single scattering albedo (upper right panel), fine mode effec-
meet the requirements on the same parameters. For the cati¢e radius (lower left panel), fine mode real refractive index (lower
with correlated errors, the requirements on optical thicknesstight panel), as a function of cloud fraction for a situation with a
single scattering albedo, and fine mode effective radius ar(Qlomass burning aerosol layer with AOT=0.5 situated between 0—

met if the polarimetric accuracy is better than about 0_0032 km, below a partially clouded scene with a cloud layer between 2—

. . - - . 3 km. Simulations have been performed for a relative azimuth angle
and the radiometric accuracy is 2%. If the radiometric ac- o ) . .
Agp = 0°. Multi-angle photo-polarimetric measuremenst have been

curacy is reduced to 4% a polarimetric accuracy of 0.002 iSconsidered with respectively 16 and 64 viewing angles, and with a

needed to meet the requirements on these parameters. Thg|arimetric accuracy of 0.002 and a radiometric accuracy of 2%.
requirement on the fine mode refractive index is not met forggth uncorrelated and correlated errors have been considered.

the 16 viewing angle measurements type, except for the un-

realistic case thatyo =0 (i.e. the only error oy andu is

measurement noise). fraction threshold applies to the 64 viewing angle measure-
If the number of viewing angles is increased from 16 to 64 ment type with correlated errors, whereas if the errors are

the retrieval errors on all parameters decrease significantlyincorrelated this value relaxes to 0.6. The effective radius of

for the case with uncorrelated errors, but not for the case witithe small mode can even be retrieved for larger cloud frac-

correlated errors. This can be explained by the fact that fotions. The requirement on the refractive index is not met for

uncorrelated errors increasing the number of measurementbe 16 viewing angles measurement type, and neither for 64

effectively increases the Signal to Noise Ratio (SNR). Forviewing angle measurement type in case of correlated errors.

correlated errors this is not the case, since they represer®nly for the 64 viewing angle measurement type with uncor-

broad spectral and angular structures. In this case improvingelated errors the requirement on the refractive index is met

polarimetric and radiometric accuracy leads to a larger erroffor cloud fractions< 0.20. The differences in accuracy of

reduction for the aerosol parameters than an increase of thine refractive index between Fi§for f =0, and Fig.3 can

number of viewing angles. Overall, the retrieval simulations be explained by the fact that the retrievals of Eglso have

of Figs.4 and5 confirm the importance of highly accurate cloud properties as fit parameters. Furthermore, the biomass

polarimetric measurements, as was already known for cleaburning aerosol type used for Fighas a much smaller fine

sky retrievals ishchenko and Travjs1997a Hasekamp  mode effective radius than the European Background aerosol

and Landgraf2007 Waquet et a].20093. model used in Fig3, and for small particles it is harder to re-
Figure6 shows the same retrieval errors as in Fgand5, trieve the refractive index\iecznik et al, 2005.

but now as a function of cloud fraction. For these simulations

a radiometric accuracy of 2% and a polarimetric accuracy of5.2 Aerosol retrieval over uniform cloud cover

0.002 were used, for both uncorrelated and correlated errors.

The measurement type with 16 viewing angles allows to re-lt has been demonstrated bwaquet et al. (20098

trieve optical thickness and single scattering albedo with thethat the multi-angle photo-polarimetric measurements of

required accuracy for cloud fractiors0.25. A similarcloud = POLDER/PARASOL allow to retrieve aerosol optical
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0.08 "6 vza corr | 0.04 the cloud and that one additional cloud parameter (i.e. the
AR cloud fraction) needs to be retrieved.
0.06 == B4 VZA uncorr 1 003f ] 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 dependence of the retrieval errors for these 3 parameters
on cloud optical thickness (COT) is small for C&B. As

for the situation with an aerosol layer below a partly cloudy
scene, it is also difficult to retrieve the refractive index with
0oi b 1 the required accuracy for an aerosol layer over a uniform
ooer ] cloud field. In fact, the requirement is only met in case of
uncorrelated errors, indicating large sensitivity to systematic
calibration errors.

A msr(550 nm)

6 Conclusions

0.00

6 2 4 & 8 10 In this paper, the possibilities have been explored to simul-

taneously retrieve aerosol and cloud properties from multi-
Fig. 7. Retrieval error on the aerosol optical thickness (upper leftangle photo-polarimetric measurements. Furthermore, for
panel), single scattering albedo (upper right panel), fine mode effecclear sky conditions a review has been given of the capa-
tive radius (middle left panel), coarse mode effective radius (middlebilities of multi-angle photopolarimetric measurements in
right panel), fine mode real refractive index (lower left panel), and comparison to other instrument types, demonstrating that al-
coarse mode effective radius (lower right panel), as a function ofready for clear sky conditions polarization measurements are
_cloud optical thickne_ss (COT) for a situation with a biomass burn- highly important for the retrieval of aerosol optical and mi-
ing aerosol layer with AOT=0.5 situated between 4-6km over a.qnnysical properties over land surfaces with unknown re-
fully cloudy scene with a cloud layer between 2—-3 km. Simulations flection properties.

have been performed for multi-angle photo-polarimetric measure- A h for the simult tri  of | and
menst with respectively 16 and 160 viewing angles. Polarimetric n approach for the simuitaneous retrieval of aerosol an

accuracies of 0.002 and 0.005 have been considered and a radig/oud properties in partly clouded scenes would circumvent
metric accuracy of 2%. the important problems that aerosol retrieval schemes have

with cloud screening, especially in areas in the neighbor-

hood of clouds. Furthermore, aerosol measurements above
thickness and size for situations with an aerosol layer lo-clouds are needed to estimate the aerosol semi-direct ef-
cated above a uniform cloud deck. In the current study,fect. Retrieval simulations point out that multi-angle photo-
the possibility is investigated to extend the retrievalVdd- polarimetric measurements indeed have the capability to dis-
guet et al.(2009h to the retrieval of all aerosol parameters tinguish between aerosols and clouds. Namely, in addi-
of a bi-modal aerosol model and to retrieve additionally thetion to all aerosol parameters of a bi-modal aerosol model,
properties of the underlying cloud (effective radius, effective also cloud effective radius, effective variance, droplet num-
variance, droplet number concentrations). Retrieval simulaber concentration, and cloud fraction can be retrieved. Po-
tions have been performed for fully cloudy atmospheres withlarimetric measurements with high accuracy (0.002—-0.004)
a liquid water cloud located in a homogeneous layer betweemplay an important role here. Such accuracies are expected
2-3 km and a biomass burning aerosol located in a layer befrom the new generation of photo-polarimetric satellite in-
tween 4—6 km. struments, such as APS and the Multiangle SpectroPolari-

Figure 7 shows the retrieval error on the aerosol optical metric Imager (MSPIDiner et al, 2007, 2010).

thickness, single scattering albedo, small mode effective ra- For the simultaneous retrieval of aerosol and cloud proper-
dius, and small mode real part of the refractive index as aies the effect of increasing the number of viewing angles has
function of cloud optical thickness. For these simulations abeen investigated. It was found that if the number of viewing
radiometric accuracy of 2% and polarimetric accuracies ofangles is increased from 16 to 64 the retrieval accuracies on
0.002 have been used, where both correlated and uncorréhe aerosol parameters only improve substantially if the pho-
lated errors have been considered. Overall, the retrieval ettometric and polarimetric measurement errors are not corre-
rors on all parameters are significantly smaller for this sce-ated for different wavelengths and different viewing angles.
nario than for the scenario with an aerosol layer below aThis means that the improvement is mainly caused by an
partly cloudy scene. Clearly, the reason for this is that forincreased effective Signal to Noise Ratio (SNR). Neverthe-
the latter situation part of the aerosol signal is shielded byless, having an instrument with more viewing angles would
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