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Abstract. Although solar radiation initially is unpolarized 1 Introduction
when entering the Earth’s atmosphere, itis polarized by scat-

tering processes with molecules, water droplets, ice crysThe effect of aerosols on the Earth’s climate is considered as
tals, and aerosols. Hence, measurements of the polarizgne of the largest uncertainties in our understanding of cli-
tion state of radiation can be used to improve remote sensy,ate changelPCGC, 2007). Aerosols can affect the Earth’s
ing of aerosols and clouds. The analysis of polarized racjimate directly by scattering and absorbing solar and ter-
diance measurements requires an accurate radiative trangsstrial radiation, or indirectly by altering cloud properties.
fer model. To this end, a new efficient and flexible three- precise information is needed on aerosol microphysical prop-
dimensional Monte Carlo code to compute polarized radi-grties such as size distribution, particle shape, refractive in-
ances has been developed and implemented into MYSTIGex, and chemical composition and on the resulting optical
(Monte Carlo code for the phY Sically correct Tracing of pho- properties (optical thickness, single scattering albedo, and
tons In Cloudy atmospheres). The code has been extensivelye scattering matrix) in order to quantify the aerosol im-
validated against published benchmark results. The polarizegact on climate. Since there are many different aerosol types
downwelling radiation field is calculated for various aerosol gnd substantial spatial and temporal variations, the retrieval
types showing the high sensitivity of polarized ultraviolet of aerosol optical properties is difficult even with multiple
radiances to the particle microphysics. Model simulationsconstraints as provided by multispectral radiance measure-
are compared to ground based measurements and found fgents. Polarization measurements are highly sensitive to

can be attributed to the assumed aerosol models based on the 51, 2006 and can help to resolve this problem because

OPAC aerosol database, which does not include exactly theéhey provide additional uncorrelated constraints for the re-

types of aerosols that have been observed. This comparisogieval. Retrieval methods that use polarization information

to the measurements shows that there is a high potential tgre described ivermeulen and Devau2000; Chowdhary
retrieve information about the aerosol type from polarizedet g1.(2004); Li et al. (2006.

radiance measurements. . .
Several ground based polarized radiance measurement

methods exist. All-sky imaging systems have been devel-
oped to measure the polarized radiance distribution, such
measurement systems are described in for instancand
Voss(1997); Kreuter et al(2009 and references therein. The
Research Scanning Polarimeter (RPSai(ns et al. 1999
2003 has been used for ground-based as well as air-borne

Correspondence taC. Emde aerosol measurements. A scanning radiometer has been ap-
m (claudia.emde@dir.de) plied to measure polarized UV radianc&umthaler et al.
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2008 in the solar principal plane and in the almucantar plane This study describes the newly developed Monte Carlo
from the ground. This radiometer can measure the angulacode, it shows a validation and several simulations of polar-
radiance distribution including the region about the forwardized sky radiances. Simulations are shown for pure Rayleigh
scattering peak accurately. Therefore the measurements haamospheres, for different aerosol types, and for a water
a high potential to measure not only the aerosol optical thick-cloud. The error caused by applying the Delta-M method
ness but also the type of aerosol. Recently, a commerciallyf the phase matrix is investigated. Model simulations are
available ground-based polarimeter, CE318-DP, has been deompared to ground based polarized radiance measurements
veloped by the CIMEL Electronic (Paris, Francé). et al. that were taken in Izana, Tenerife, in June 2005.

(2009 performed a preliminary analysis of the measure-

ments and found that adding polarization can reduce retrieval

errors in the fine mode of the size distribution, the real part? Methodology

of It:)h(;al ;ﬁ;r: g t';’gl g;df;( d?:r? Ct:eispzrltslglers 2 :Efrgjr?rr:;te;;é c eThe radiaf[ive transfer mode[ MYSTIC (Monte Carlo code for
The POLarization and Directionality of Earth Reﬂectancesthe th.SlcaIIy correct Tracing of photons In Cloudy atmo-
(POLDER) instrumentDeschamps et al1994 which op- spheres;Mayer, 2009 is used for this study. MYSTIC is

erated from 1996 to 1997 provided the first global measure2Perated as one of several radiative transfer solvers of the
ments of the spectral, directional, and polarization chrclrac-“bRaldtran radiative transfer packagelgyer and Kylling

teristics of solar radiation reflected by the Earth—atmospher@ooa' Originally, MYSTIC was deyelopg dasa forward.trac—
system. The NASA Glory missioMishchenko et a).2007) ing method for the calculation of irradiances and radiances
which is scheduled for launch in October 2010 will carry an in 3-D plane-parallel atmospheres. Recently, the model has

Aerosol Polarimeter Sensor (APS) to determine aerosol an&eeg text(_anded (th mccljude Zpl\r)lerlcaizlo%eon'letryt/hgndt Z back-
cloud properties. The APS sensor will provide high precisionWar racing modeEmde and Maye 7). For this study,

épe model has been further extended to include polarized
bands between 412 and 2250 nm and in 240 viewing direc_radiation due to scattering by randomly oriented particles,
tions i.e. clouds, aerosols, and molecules. For general questions

The detailed analysis of ground based as well as SpacEbout the Monte Carlo technique ar_1d in particular abqut li-
borne measurements requires an accurate radiative transf Badtran and MYSTIC the feader is referred to the litera-
model. Most vector radiative transfer models are based or-'© Marchuk et a!,.1980 Collins etal, 1972 Mayer, 2009
explicit methods like the discrete ordinate methddsylson arshak and Davi2005 Cahalan et al2003.

et al, 1960 de Haan et 1987 Evans and Stephens991;
Schulz et al.1999 Emde et al.2004 which rely on a Legen-
dre decomposition of the phase matrices. These methods catygitions to a scalar Monte Carlo model that are required

not handle the scattering phase matrices of e.g. large aerosg) implement polarization by Rayleigh, aerosol, and cloud
particles because the number of required Legendre terms b%‘cattering are described in the following.

comes very large in the ultra-violet and visible wavelength 14 implement polarization, one possibility is to assign a
region, resulting in extremely large differential equation sys-andom polarization state to each traced photon entering the
tems. The number of Legendre terms can be reduced {0 gymosphere. Another more efficient possibility is to inter-
reasonable amount with the help of the often used Delta-Myret each traced photon as a photon package and to assign
method Wiscombe 1977). However, this approximation is 5 weight vector corresponding to the Stokes parameters to
not accurate, especially in the forward scattering region. Dis-gach package. The following example demonstrates why the
crete ordmate methods' are a]so quite mefﬁue”_t whe.n the3(/veight vector method is more efficient: Circular polarization
are applied to a three-dimensional atmosphere including dejs ot influenced by the atmosphere, so the average of the cir-

tailed cloud structures. _ cular component of the polarization state is zero before the
Monte Carlo methods can consider accurate phase matrishotons enter the atmosphere and it will still be negligible

ces and three-dimensional atmospheres without numericglhen the photons are measured at the surface. The contribu-
problems. So far there are only a few Monte Carlo codesjons py left and right circular polarized photons to the total
that consider polarizatiorCollins et al.(1972 developed an  circylar polarisation cancel each other. In the weight vector

efficient code in the 1970s, but at this time computing powermethod all photon packages contribute to the result, therefore
allowed to use the code only for simple atmospheres withye have implemented this method.

only a few layers. The model yavis et al(2009 has been The Stokes parameters are defined as time averages of lin-
developed for the millimeter and submillimeter wavelength o5 combinations of the electromagnetic field vec@ngn-

region, i.e. it can not be applied for solar radiative transfer. Adrasekhar 1950 Hansen and Travis1974 Mishchenko
model that handles 3-D atmospheres and polarization in the; g 2002):

UV/visible wavelength region has been developed recently
by Cornet et al(2010. I = (E|E{ + EEy), (1)

2.1 Polarized Monte Carlo model
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0 = (E\E{ - EE;), (2) z,

U = (E\E} + EE}). 3)

V =i(E\E{ — EEf). 4)

Here,E| andE; are the components of the electric field vec-
tor parallé and perpendicutato the reference plane respec-
tively. The model coordinate system is defined by the vertical
(z-axis), the Southern direction (x-axis) and the Eastern di-
rection (y-axis). The Stokes vector is defined in the reference
frame defined by the z-axis and the propagation direction of
the radiation. Since the Stokes parameters are real-valued
and have the dimension of intensity, they can be measured
directly with suitable instruments. The Stokes parameters
define a complete set of quantities needed to characterize a
plane electromagnetic wave as they carry information of the
complex amplitudes and the phase difference.

The initial Stokes weight vector for solar radiatior/f§ =
(1,0,0,0) corresponding to the unpolarized extraterrestrial
solar radiation. The initial direction of the photon is defined
by the solar zenith angle and the solar azimuth angle.

For randomly oriented particles absorption does not de-
pend on the polarization state of the radiation. In MYSTIC Fig. 1. Incomingr'"® and scatteredSc2directions in the model co-

absorption is considered by reducing the photon weight ordinate system (X, y, zjr; ando» are the rotation angles to trans-
according to Lambert-Beer’s Law : form the Stokes vector from the reference frame to the scattering

frame and vice versa ar@ is the scattering angle. The scattering
Wa = eXD(— / ﬂabSdS)

plane is defined by the vectoed'® andnS¢@ Figure adapted from
Mishchenko et al(2002.
Here d is a path element of the photon path ghgsis the to-
tal absorption coefficient including molecules, aerosols, and For polarized radiative transfer the scattering interaction
water and ice clouds. is described by the scattering phase matrix. For convenience
The free path of a photon until a scattering interaction the scattering phase matrix is defined in the scattering frame,
takes place is sampled according to the probability density.e. the coordinate system defined by the plane of the incom-
function (PDF) ing n'™™® and the scattereef®@photon directions and a vector

X

(5)

s orthogonal to this plane (see Fitj), where the phase ma-
Py = eXp<_f0 ﬁscads/> . (6)

Here, Bsca= Zf\’: 1Bscai is the total scattering coefficient o
N interacting particles and molecules. This formula is va

for randomly oriented particles (i.e. with diagonal extinction b

matrix).
We use a random numbere [0,1] to decide which in-
teraction takes place. If there ahetypes of particles and

trix depends only on the scattering angde For randomly
oriented patrticles, six matrix elements are requinegh(de
¢ Hulst 1981):

lid P11(®) P12(®) 0 0
P12(®) P22(®) 0 0 ®)
0 0 P33(®) P3s(®)
0 0 —P34(0) P44(0)

molecules at the place of scattering, the photon interacts wittwhile for spherical particles only four elements are required

the jth type if the random number fulfills the following con
dition:
-1
Z{:l ,Bscai <r<
IBSCE,l

Z,!zl Bscai

lgsca (7)

The next step is to sample the new photon direction. Fo

scalar radiative transfer and randomly oriented particles
scattering direction depends only on the scattering zenith

. becausd&P11 =Py andP33 = P44. The Stokes vector is de-
fined in the reference coordinate system in the plane given
by the propagation direction of the radiation and the z-axis.
Hence, to apply the phase matrix to the Stokes vector one
has to rotate the Stokes vector into the scattering frame. Af-

rter multiplication with the phase matrix it is rotated back to

th éhe reference coordinate system:

anyse= [ (o)PL(o1) 1" = ZI™, 9)

gle, not on the azimuth. Then the scattering phase function

is used as the PDF to sample the new direction.

www.atmos-chem-phys.net/10/383/2010/

where I'"® and I5°@ are the incoming and scattered Stokes
vectors respectivelyg1 and o> are the rotation angles for
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the Stokes vectoi is the scattering matrix anH(«) is the
Stokes rotation matrix:

Pr(®) =
1 0 0 0
L) = 0 cog2a) —sin(2x) 0 (10) %(1?90526)) , ~3sirfe 0 0
0 sin2x) cos2a) 0 A| —isife F(d+coge) 0 0
0 0 0 1 0 0 3cos® 0
The rotation angles; ando> are calculated from the in- 0 0 0 A'zcos
comingn'™¢(6'C, ¢'"%) and the scatteredScHSca 5% di- 1000
rections as follows:
ecosso.os | +(1_A)88887
o1 =arccog(n x n?) - (0" x n5°9), (12) 0001
oo = arccog(n>@x n?) - (n5%@x n'"°)). (12)
where
Here,n? is the unit vector in z-direction (0, 0, 1). 15 125
The scattering matri is the probability density matrix = = (15)
1+68/2 1-35

for sampling the new photon direction. E§) €hows tha”Z
depends on four angl€g'*, ¢'""®,05°% ¢°%, notonlyonthe  and § is the depolarization factor that accounts for the
scattering angl® as does the phase function in the scalar anisotropy of the molecules. The scattering and the absorp-
model. Nevertheless we may uBg; as PDF for the scat- tion coefficients can also be derived analytically.

tering angle and a random angle between 0 andd the

azimuth direction to sample the scattered direction. The scat2.3 Water cloud scattering

tered Stokes weight vector is then given by ] .
The optical properties of water cloud droplets can be calcu-

I5%®= Pl L(02)PL(o) I =P Z 1M, (13)  lated using Mie theoryMie, 1908. For this study we have
applied the well known and well validated Mie code\hys-

where the weighP, ;- corrects for using11 as PDF to sam-  ¢ombe(1980. We have assumed that the particle sizes are
ple the scattered direction. This method is also known as imyamma-distributed:

portance samplingMarchuk et al. 1980. A more detailed
description of the application of importance sampling to sam- _ _(a+ 3r
; g s > n(r)=Cr%exp (16)
ple the scattering direction in polarized radiative transfer can reff
be found inCollins et al.(1972.
After n scattering events the Stokes weight vector is

Herea was set 7 and the effective raditig was 10 um. The
effective variance i9es = a_}qs = 0.1 which is a reasonable
1 value for a cloud. The constant has been determined by
I, = (H(lel)iz,») 13, (14) normalisation. The size distribution has been cut off at a min-
i=n imum radius of 0.2 um and a maximum radius of 80um. The
efractive index of water has been taken frévarren(1984),

wherei denotes the number of the scattering event. We trac
l g tis 1.358— 2,529 at a wavelength of 350 nm.

the photon through the atmosphere, either from the sun t
the sensor (forward tracing) or from the sensor to the SUN, 4 Aerosol scattering
(backward tracing) and calculate the product of all scattering ™

matrices. Here it is important that the matrix multiplications The optical properties of aerosols were also calculated using
are in the correct order as in E44). The total scattering e theory Mie, 1908. The refractive index of the aerosol
matrix is then multiplied with the initial Stokes weight vector paticles and the size distributions were taken from the OPAC
to get the final Stokes weight vector. aerosol databaseiéss et a|.1998 for various aerosol types.

local estimate method has also been implemented. A destance for continental polluted or desert conditions.

tailed mathematical derivation for scalar radiative transferis  Figure 2 shows the phase matrices of various OPAC
given inMarshak and Davi§2009. The method can easily aerosol types, of liquid cloud droplets with an effective ra-

be adapted to polarized radiative transfer. dius of 10 um and, for comparison, the Rayleigh scattering
. . phase matrix. OPAC provides parameters for the log-normal

2.2 Rayleigh scattering distribution

Molecular scattering is described by the analytical phase ma- C 1 /Inr —INrmog\ >

trix Pr (Hansen and Travj4974 n(r)= —exp sl — ) | (17)

Atmos. Chem. Phys., 10, 38396 2010 www.atmos-chem-phys.net/10/383/2010/
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Table 1. Parameters from the OPAC datababkkegs et al. 1998 for 350 nm that were used for Mie calculations to obtain the aerosol
scattering phase matrices shown in Fg.

Component relative humidity rmoqg Tmin rmaxmax o P refractive index
(%) Mm)  (um)  (um) (gcm3)
Water soluble 95 0.0399 0.0074 42.8 2.24 1.12 1BBO %
Sea salt (accumulated mode) 95 0.605 0.0108 58.5 2.03 1.05 -1958;
Soot 0 0.0118 0.005 20.0 2.00 1.00 176651
wherermog is the mode radiusy measures the width of the _ Pu-Pe 4 PIPLL
distribution, and the constantis determined by normalisa- |, —waso 95% RH ||
. — ssam 0 :
tion. Tablel shows the parameters that were used to com- —spoty 10,m 0.0
pute the phase matrices shown in R2g.OPAC parameters 102 — Rayleigh —02}

for altogether 10 aerosol types and various relative humidi- 10} 1 04}

ties have been used to produce a dataset of aerosol optica 10°F
properties including the complete phase matrices so that the'|
MYTSIC model allows to define arbitrary mixtures of the
basic aerosol types and uses automatically aerosol properties 15
for the relative humidity corresponding to the background at-

4 06
1 —os}
1.0

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
P33/P11 = P44/P11 P34/P11

0.8

0.6

mosphere. 05 0.4
Figure2 shows that the forward scattering peak increases oo} 02f
with particle size. Rayleigh scattering is described by the -os} 0.0
electromagnetic field of an oscillating dipole with isotropic -0} —02}
polarizability fvan de Hulst1981), therefore the phase ma- s gl
. . . .. 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
trix elementP1, for Rayleigh scattering has the minimum at Oldeg] 0ldeg]

90°. This means that the linear polarization has its maxi-

mum at a scattering angle of @0For soot, this minimum is  Fig. 2. Phase matrix elements for OPAC aerosol types “water solu-
still visible but for other aerosols and for the cloud droplets Ple” (WASO), “sea salt accumulated mode” (SSAM), and soot, for
the angular dependence Bf» is completely different which a liquid water cloud with a droplet effective radius of 10 um, and for
means that we may expect completely different polarization?@Y1€igh scattering. The wavelength is 350 nm.

characteristics.

2.5 Lambertian surface Carlo method. A typical result of the comparison is shown in
Fig. 3. There is a perfect agreement between MYSTIC and
For polarized radiation, MYSTIC can currently handle Lam- the results by Coulson. The relative difference is smaller than
bertian surfaces and reflectance matrices. For this studf.5% and well within the Monte Carlo noise. To achieve this
simulations were performed with Lambertian surfaces only.accuracy 10 photons were required. The error bars in the
According to Lambert's law the diffusely reflected light is figure correspond to two standard deviations.
isotropic and is unpolarized, independently of the state of In order to check whether the model works correctly for
polarization of the incident radiation and the angle of illumi- non-spherical randomly oriented aerosol particles we com-

nation Chandrasekhad950. pared to benchmark results tabulateddguben and Hove-
nier (1992 who calculated multiple-scattered polarized radi-
2.6 Model validation ances for a homogeneous plane-parallel layer using two inde-

pendent methods: (1) a doubling and adding method and (2)

For validation the newly developed polarization module of the so-calledfy method. As an example we show the com-
the MYSTIC Monte Carlo model has been applied to dif- parison for aerosol model 1 &uik et al. (1992, which con-
ferent atmospheric conditions and compared to benchmarkists of randomly-oriented prolate spheroid with aspect ratio
results. (the ratio of major and minor axis) 4.0, size parameter (

For Rayleigh scattering we compared to results tabulatedimes the major axis divided by the wavelength) 10.079368
by Coulson et al(1960. These results are for a plane- and refractive index. 55— 0.01. Figure4 shows results of
parallel Rayleigh atmosphere with one layer. They have beemeflected and transmitted radiances. The extraterrestrial irra-
obtained following a solution method proposed BGhan-  diance is set tar and the cosine of the solar zenith angle is
drasekhar(1950 that is entirely different from the Monte 0.6. The surface albedo is 0, i.e. perfectly absorbing. The

www.atmos-chem-phys.net/10/383/2010/ Atmos. Chem. Phys., 1039832010
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Fig. 3. Comparison between MYSTIC and tabulated value€bulson et al(1960 for a one layer Rayleigh scattering atmosphere. Shown

are downwelling radiances at the surface that are normalized to the extraterrestrial solar radiation. The circles show the results by Coulson
and the crosses are the MYSTIC results. The x-axis is the azimuth angle of the viewing direction. The cosine of the solar zenith angle is
0.92, the optical thickness 0.25, the surface albedo is 0.25, and the cosine of the viewing zenith angle is 0.4. The error bars correspond tc
two standard deviations.

relative azimuth angles between radiance direction and in- The very good agreement between MYSTIC and bench-

coming direction areOand 90 respectively. Figurd shows  mark results for Rayleigh and aerosol scattering gives confi-

that MYSTIC agrees very well with the benchmark results. dence in our approach to compute polarized radiances.

Relative differences are less than 0.5% for the Stokes compo-

nentsI, Q andU. For the circular component the relative 2.7 Program efficiency

differences are larger, up to 5%, mainly due to the very small

absolute values o’ (about 2 orders of magnitude smaller The model is implemented in C and its computation time

than Q0 andU). All differences can be explained by the in- (CPU time) has been tested on an Intel Pentium processor

herent statistical noise of the Monte Carlo method and couldvith 2.80 GHz. The computation time depends mostly on

be decreased by running more photons. The results showthie optical thickness. Tabl&shows CPU times at 500 nm

here were obtained with I1(photons. wavelength where the Rayleigh optical thickness is approx-
Benchmark results for an inhomogeneous atmospher@'natew 0.15. For the aerosol calculation, water soluble

above a Lambertian surface have been providedebydaan ~ aerosol (OPAC-WASO) with an optical thickness of 0.2 was

et al.(1987. The inhomogeneous atmosphere has an opticaincluded. It can be seen that for MYSTIC the time difference

thickness of 0.6 and consists of two layers with the following between scalar and vector calculations is relatively small.

specifications: The upper layer consists of molecules only

and has an optical thickness of 0.1. The lower layer consists ) .

of a mixture of molecules and haze droplets (water-haze L3 Model simulations

as defined byle Rooij and van der Staf984), specified by . ) ) .

a molecular optical thickness of 0.1 and an aerosol optical’e¢ Performed simulations for different setups in order to

thickness of 0.4. The surface is Lambertian with an albedg/nderstand the influence of the various atmospheric compo-

of 0.1. The depolarization factor was set to 0.0279, corre-N€Nts on the polarization. . .

sponding to air. It is furthermore assumed that the molecules N the first section we show simulations of the full sky ra-

do not absorb. Tabl2 shows results bge Haan et a(1987) diance field as observ_ed f_rom the surface. In order to be able

and corresponding MYSTIC results that were obtained using® Separate the polarization patterns of the different atmo-

107 photons. The errors correspond . ZThere is an excel- .spherllc components, we first did simulations for atmospheres

lent agreement between MYSTIC add Haan et a1987, |nclud|_ng: (1_) only molecules, (2) only water soluble aerosol

all deviations are within the Monte Carlo noise. The com- @S defined in OPAC, (3) only sea salt, and (4) only cloud

parison has also been made for all other inhomogeneous tegfoplets. Another realistic simulation shows the sky radiance

cases byle Haan et a1987) and the agreement was always for a molecular atmosphere including a typical continental
excellent. aerosol mixture. The given optical thicknesses always refer

to the optical thickness at the wavelength of interest.

Atmos. Chem. Phys., 10, 38396 2010 www.atmos-chem-phys.net/10/383/2010/
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Table 2. Comparison against benchmark resultgleyHaan et al{1987. The errors correspond to two standard deviations.

pu=0.1 p=0.5 u=1.0
de Haan MYSTIC de Haan MYSTIC de Haan MYSTIC

¢=0° 0.532950 0.533120.00061| 0.208430 0.208450.00025| 0.093680 0.0937A0.00011
np=0.5| —0.028340 —0.02818:0.00015| —0.036299 —0.0364Q2:0.00007 | —0.024156 —0.02422:0.00003
0.000000 0.000G20.00012| 0.000000 —0.0000H-0.00005| 0.000000 0.0000#0.00002
0.000000 0.000060.00001| 0.000000 0.000G60.00001| 0.000000 0.000080.00000

¢=30° 0.418140 0.418480.00053| 0.184970 0.184980.00024 | 0.093680 0.093680.00011
1p=0.5| —0.000058 —0.0000G:0.00014| —0.019649 —0.01973:0.00006| —0.012078 —0.0121@:0.00002
—0.073705 -0.07336:0.00016| —0.041401 —0.0414A0.00007| —0.020920 —0.0209'#-0.00003

0.000106 0.000180.00001| 0.000040 0.000G80.00001| 0.000000 —0.0000@:0.00000
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0.8 ‘ 0.01 ‘ ‘ % 0002 ‘ ‘ ‘ 1e-05 ‘ ‘ ‘
071 E g mmBB8E 0000F 8 828 8 8 8 8 8 2 4§ l;
: 0.00 1 ool = NEEEEEER-E-E
061 ] —oorf FEEESe 4 &
8ok | —0.004 | 1 -1e-05} 1
§047 = | —0.02 & 4 _0.006 ] ] 1 ensh % %
e - _0.03] {—0.008 & 4 g
g 03 - ] ~0.010 & 3e-05| e
02 —0.04
. & —0.012} = 1 %
& g -4e-05 &
01f g B 00 —0.014} g ] %
&
] i L L —0.06 L L L L ~0.016 L L =1 _Sa| L L L
0015 —08 —06 —04 —02 ~1.0 —0.8 —0.6 —0.4 —0.2 010 —08 —06 —04 —02 %15 08 —06 —04 —02
3.0 0.01 ‘ ‘ 0.002 5¢-05 ‘
8 8 g
55k o B 1 ool ag@ggi 0.000F 8 &8 & &8 & 8 8 ® 4 4005} %58
(5] — - 4
920f ] 8 1 —0.01} |-0-002 s B 2  3e05F ?
S & & & —0.004 = R i
E sy 1 —0.02f E 2¢-05 p 5
Z = & —0.006 | 2 1
g 10} 1 —0.03F o 10008 u 1e-05 | 2
& ] = X
05 —0.04| & & —0.010 & 0er00f boggoes
B R BB R R E ] =
obE ‘ —0.05 ‘ ‘ ‘ o012 L2 ‘ ‘ 1e-05 ‘ ‘ ‘
0052 04 06 08 10 02 04 06 08 1.0 02 04 06 08 10" 02 04 06 08 10
cos cosO cos cosO

Fig. 4. Comparison between MYSTIC and tabulated valuesNauben and Hovenigl992 for a plane-parallel aerosol layer. The upper

panels show the reflectance at the top of the layer and the lower panels show the transmittance at the bottom of the layer, all as a function o
viewing zenith angl®. All values are for an incoming irradiance sfas inWauben and Hovenigd992. The cosine of the solar zenith

angle is 0.6. The circles show the resultsfguben and Hoveni€id 992 and the crosses show the MYSTIC results. Green and blue markers

are for viewing azimuth angles of @nd 90 respectively. The error bars correspond to two standard deviations.

In the next sections we quantitatively investigate Rayle'ghTabIe 3. Computation times for 100 calculations at 500 nm wave-

scattering in the solar principal and in the almucantar planejength for one radiance direction. The accuracy corresponding to
the dependence of the degree of polarization on the surfacge standard deviation is also given.

albedo, and the influence of aerosol scattering on the polar-

ized radiance field. settings Rayleigh  Rayleigh+aerosol
3.1 Polarized radiance field vector calculation
10* photons 2.0%, 225 1.9%,3m 27s

Figure5 shows simulated Stokes components and the degree
of polarisation at the surface for a wavelength of 350 nm. The
solar zenith angle is 30and the solar azimuth angle i§.0 scalar calculation

The syrface albedo is 0. The simulations in this section were 10% photons 2.0%, 22 1.9%. 3m 195
done in plane-para_llel_ geo_metry. The values are normallged 10° photons ~ 0.7%, 2m 52s 0.6%, 6m 265
to the extraterrestrial irradiance. The degree of polarization
is defined as

10° photons ~ 0.6%, 2m 51s 0.6%, 7m 45s
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Fig. 5. Simulated Stokes components and degree of polarisation for down-welling radiation at 350 nm for a solar zenith afgl€hef 30
radiance values are normalized to the extraterrestrial irradiance. The top row is for a Rayleigh scattering atmosphere, the simulations for
water soluble and sea salt are for an atmosphere consisting only of aerosols, and the bottom row is for a single cloud layer with an optical
thickness of 1 and an effective particle radius of 10 um.

b= VO?+U?%+Vv? (18) tering phase functioRg 11 has a minimum at 90 Towards
1 ’ the horizon the intensity increases. At very shallow angles it

The upper row shows the simulation for a molecular at-decreases again. The degree of polarization has a maximum
mosphere (Rayleigh scattering only). The lowest intensity isat directions perpendicular to the sun direction. This is ex-
obtained at viewing directions orthogonal to the sun direc-Pected, because the absolute valu®gf> has a maximum
tion. This is the expected result because the Rayleigh sca@t 90
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Fig. 6. Stokes components and degree of polarization at 350 nm for a molecular atmosphere with typical aerosol conditions (“continental
average” mixture as defined in OPAC with an optical thickness of approximately 0.16).

In order to see how different aerosol types and clouds3.2 Rayleigh scattering
influence the polarized radiation field we performed simu-
lations for hypothetical atmospheres including only aerosolGround-based measurements of sky radiances are often con-
(“WASQO” and “SSAM” as defined in OPAC) or only cloud ducted in the solar principal plane and in the almucantar
particles without molecules. The results are shown in rows 2plane. Simulations of such measurements have been per-
to 4 of Fig.5. The assumed aerosol optical thickness for bothformed for different solar zenith angles at 350 nm wavelength
aerosol simulations is 0.4 and the cloud optical thickness isn spherical geometry. The surface albedo is here set to 0.
1. The effective particle radius of the water soluble aerosol Results for the principal plane are shown in Fig. The
is about 0.15 um, of the sea salt (accumulated mode) aboutiewing angle is defined as follows: Af@he sensor points
1 pum, and of the cloud particles it is 10 pm. The intensity to the horizon into the direction of the sun, af90points to
plots show clearly that the forward scattering peak becomeshe zenith, and at 180s points to the horizon opposite to the
sharper with increasing particle size. The Stokes componentsun. The principal plane corresponds to the horizontal line in
Q andU of the calculation for water soluble aerosol show the center of the plots in Fig§.andé. I is largest close to the
a similar pattern as for Rayleigh scattering, but their mag-horizon (at about 15 independent of the solar zenith angle
nitudes are smaller. For larger particles (sea salt and cloudy. For low sun positions the variation éfincreases. In the
droplets) the pattern is different: large regions show oppositeprincipal plane,Q is mostly negative with its minimum at
polarisation behaviors (sign change@andU). Thiscanbe  aboutgg+90°. The maximum value of) is at the sun position
qualitatively explained by the rati®;»/P11 which is positive  and it is 0 if the sun is in the zenith. For other sun positions
between approximately’@nd 80 for cloud particles and sea it becomes positive. In the principal plabemust be exactly
salt and negative for Rayleigh and water soluble aerosol (se@ for symmetry arguments. The small deviations from 0 are
Fig. 2). For the aerosol simulations the degree of polarisa-Monte Carlo noise. The maximum degree of polarization is,
tion has one maximum at a scattering angle larger than 90independent of the solar zenith angle, approximately 65%. It
for the water soluble aerosol and at an angle less than 90is found at9g+90°as expected for Rayleigh scattering.
for sea salt. For clouds the degree of polarisation has two Results for the almucantar plane are shown in Bigrhe
maxima, one below J0scattering angle and one above. almucantar plane corresponds to an azimuthal scan with a

Figure6 shows the Stokes components and the degree ogonstant zenith angle corresponding to the solar zenith an-
polarisation for a realistic atmosphere including moleculesgle. Hence it represents a concentric circle around the zenith
and the typical “continental clean” aerosol mixture as de'through the sun position in Figs.and6. At 0° and 360
fined in OPAC with an optical thickness of approximately the sensor points exactly to the sun and°1i8he direction
0.16. This aerosol mixture includes the basic types “Wateropposite to the sun. The Stokes componegnandU have

LI

soluble”, “insoluble” and “soot”. The main difference be- maxima/minima at 90 The degree of polarization increases
tween this result and the result for pure Rayleigh scatteringith increasing solar zenith angle.

in the intensity field is the very sharp peak in the direction of
the sun due to strong forward scattering by aerosols. The pat3 3 | ambertian surface
tern of the degree of polarization is very similar to Rayleigh
scattering but its magnitude is decreased by approximatelythe jnfluence of the surface albedo on the degree of polarisa-
20%. tion is shown in Fig9. Again the principal plane is shown for
a Rayleigh atmosphere at 350 nm wavelength. The intensity
increases with increasing surface albedo whereas the degree
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N S 0 PI%] for the OPAC types WASO and SSAM. The figures are for

a6l Al a0 | aerosol optical thicknesses of 0.5 and 0.05 respectively. The
Souf IR ' left plots show the intensity in the region of the forward
Fon| ol scattering peak. The right plots show the degree of polar-
go ol ization in the whole principal plane. Using MYSTIC we
7:22(8 " simulated the sky-radiance using the accurate phase matri-
30:“47 ol \ ces (solid lines). The dotted and dashed-dotted lines show

P . N Zal VA MYSTIC simulations where we used Delta-M scaled optical

0 30 60 90 120 150 180 0 30 60 90 120 150 180

0l deg] 0 deg] properties. The number of Legendre terms used to approxi-
mate the phase matrix was 8 and 16, respectively.
Fig. 9. Intensity and degree of polarization for a Rayleigh atmo-  For water soluble aerosols having effective radii well be-
sphere assuming a Lamberti_an surface with different albedos. Theg,y 1pm the forward scattering peak becomes well pro-
assumed solar zenith angle is°8@d the wavelength 350nm. The 4 nced in the radiance. The error due to Delta-M scaling
viewing directions are in the principal plane. in the forward scattering region is obvious for both optical
thicknesses. However, the degree of polarization for wa-

ter soluble aerosol can be quite accurately simulated using

of polarization decreases. This is due to the assumption of 3 Legendre terms in combination with the Delta-M method.
Lambertian surface that reflects isotropic unpolarized radia- Sea salt with an effective radius of about 1 um has a sharp

tion. forward scattering peak. This peak is very large in the accu-
rate simulation. Using the Delta-M method and 8 or 16 Leg-
endre polynomials, the peak is almost completely removed.
The correct result is several times larger than the Delta-M
As in Sect.3.1 aerosol simulations are performed for dif- gcaled result for both simulations. For the large optical thick-
ferent types from the OPAC database. All of the following pness case the Delta-M method becomes inaccurate for the
simulations include Rayleigh scattering. degree of polarization. The error is about 5%.

Aerosol phase functions for the UV-wavelength region
have sharp forward scattering peaks, especially for larger
particles like sea salt. Figurd® and11 show simulations

3.4 Aerosol simulations
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Fig. 10. Intensity and degree of polarisation in the solar princi- Fig. 11. Same as Figl0but for an aerosol optical thickness of 0.05.
pal plane for an aerosol optical thickness of 0.5 assuming that all

aerosol corresponds to one aerosol type as defined in OPAC, i.e. wa-

ter soluble (WASO) and sea salt accumulated mode (SSAM). TheBy trying different mixtures of the OPAC aerosol types, we

assumed solar zenith angle is°68nd the wavelength is 350 nm.  found that this mixture is the most appropriate to simulate
The dashed and dashed-dotted lines show results using the delta-Ma measurements.

method with 16 and 8 streams respectively. Figures12 and13 show measurements and simulations of

the intensity and the degree of polarization. Since there was
no absolute calibration for the radiance measurements, all
measured intensity values have been normalized to the model

We have compared our model simulations with polarized Uy Valué at 120 viewing angle. Unlike the radiances the de-
radiance measurements taken in Izana, Tenerife, on the 3rd € of polarization does not depend on the calibration (see

and the 12th of June 2005 on a mountain top at an altitude qu' 18)', o ) . .
2367 m. The lines in Fig.12 show the simulations using MYSTIC

Besides the radiances, global irradiances were measuredd the triangles show the measurements from 3 June 2005 at
with an accuracy better than 5%. The aerosol optical thick-Vavelengths of 310nm, 350 nm, and 450 nm. The measured
ness, the ozone column, and an effective surface albedo couft€nsity including the region of the forward scattering peak
be derived from the irradiance measurements and were usetf" be We” reproduced by the MYSTIC model, the only dif-
as model input for the radiance simulations. On both dayg€rence is that the measured peak is slightly narrower than
the aerosol optical thickness was found to be 0.06. Thdn® modeled one. The forward peak is mainly caused by the
ozone column was 305DU on the 3rd and 315DU on themineral aerosol; the water soluble aerosol alone would yield

12 June. The surface at Izana consists of volcanic rock witH* much smaller peak. The degree of polarization also agrees
little vegetation yielding a local surface albedo of less than"€ll with the model for 310nm and 350 nm. For 450 nm the

0.05. By comparing the global irradiance with model sim- modeled degree of polarization is lower than the measured

ulations (for iradiance simulations we used the well tested®"€: A Possible explanation is that the wavelength depen-
DISORT code byStamnes et 311988 we derived an effec- dence of the refrac_tlve index o_f th_e aerosol yvhlch is required
tive surface albedo in order to take into account the cloudd® cOmpute the optical properties is not realistic. For shallow
below the measurement site. This method is described irylewing angles close to°the measured degree of polariza-
detail byWeihs et al.(2001). The effective surface albedo tion is larger for "’_1” Wavelgngths. Here the assu_mption of a
was 0.2 on the 3rd and 0.5 on the 12th of June. The SO|a‘r‘cloud surface” with effective surface albedo 0.2 is probably

zenith angle was calculated from the acquisition times of theN©t €orrect. There is a clear wavelength dependence in the
measurements using the algorithm Bianco-Muriel et al angular intensity distribution: The larger the wavelength the

(2003). MYSTIC can handle arbitrary mixtures of the OPAC Iarger. the intensity close to the horizon. This dependerlwce.is
aerosol types. For the comparison with the measurementS€eN in model and measurements. The degree of polarization

the aerosol was modelled as a mixture of the types mineralcreases with increasing wavelength.
accumulated mode (75%) and water soluble aerosols (25%).

4 Comparison to UV radiance measurements
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Fig. 12. Normalized intensity and degree of polarization simu- Fig. 13. Intensity and degree of polarization simulated for
lated for an aerosol mixture of mineral and water soluble particlesan aerosol mixture of mineral and water soluble particles
(3 June 2005, 12:00 UTC). The aerosol optical thickness was 0.06(12 June 2005, 10:00 UTC). The aerosol optical thickness was 0.06.
Clouds below the measurement site are taken into account using a@louds below the measurement site are taken into account using an
effective surface albedo of 0.2. effective surface albedo of 0.5.

Figure 13 shows measurements from the 12 June 2005mplemented so that MYSTIC can now consider polarization
and model simulations. Again there is a pronounced forwardn horizontally inhomogeneous or spherical atmospheres.
scattering peak. For this day the agreement between the sim- The code has been applied to simulate the polarized sky
ulated forward scattering peak and the measured peak is né@diance for pure Rayleigh scattering, for different aerosol
as good as for the 3 June. At other directions the modeledypes, and for a liquid cloud layer. The polarization pattern
intensity agrees well with the measurements. Although theof various aerosol types can be very different. Clouds that
effective surface albedo is larger than on the 3 June the inconsist of larger particles also yield a different polarization
tensity is not larger because the measurement was performdtattern. Nevertheless, in the Earth’s atmosphere the Rayleigh
earlier in the morning (larger solar zenith angle). The degreescattering pattern dominates the polarized sky radiance.
of polarization is clearly smaller than on the 3 June which The error that is caused by the use of the Delta-M method
can not be due to the different solar zenith angle (see7ig. 0 approximate the scattering phase matrix has been investi-
The explanation is simply that there were more clouds belowgated. As expected the error can be arbitrarily large (a factor
the measurement site on the 12 June compared to the 3 Jur@f, 7 in our example) in the forward scattering region. For
increasing the effective surface albedo to 0.5. This decreasen aerosol optical thickness of 0.5 the error in the degree of
the degree of polarization as shown in Fg. polarization is about 5%, independent of the direction.

Qualitatively there is a good agreement between measure- The comparison between ground based radiance measure-
ments and model results. However there are larger deviationgents and model simulations shows a qualitatively good
of about 5-10%, especially the exact shape of the forwarcegreement. However, the exact shape of the forward scat-
scattering peak and the wavelength dependence of the déering peak in the radiance measured in the principal plane
gree of polarization are not well reproduced by the model.can not be reproduced. The reason is that the aerosol phase
These deviations can be understood for several possible refatrices based on the OPAC climatology and on Mie the-
sons: First we use aerosol optical properties that we calcuo!, i.e. assuming spherical particles, are not sufficiently re-
lated based on the assumption of spherical aerosol particledlistic. The sensitivity of the forward scattering region and
as model input. Second, OPAC does not include all possibléhe polarization pattern on the aerosol type shows that multi-
realistic aerosol types. Third, the wavelength dependencélirectional polarized radiance measurements have a high po-
of the refractive index in OPAC is probably not exactly the tential to retrieve information about the aerosol type with un-
same as for the aerosol measured here. The simulations shdiecedented accuracy.
that there is a high sensitivity on the aerosol type and that For reducing complexity and since the horizontal distri-
measurements combined with simulations shown here caRution of the aerosols is unknown all simulations were per-

be used to derive more realistic aerosol properties than thos€@rmed in a 1-D spherically symmetric model atmosphere.
provided by OPAC. As mentioned above the code can also be run for a 3D model

atmosphere including clouds. Studies about 3-D effects on
polarized radiances measured from air-plane (e.g. by the Re-
5 Conclusions search Scanning Polarimeter) or from space (e.g. by APS on
Glory) are possible model applications that will be exploited
The Monte Carlo radiative transfer model MYSTIC has beenin the near future.
extended by a new efficient and flexible module to simulate
polarized solar radiances. The vectorized code has been fully
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