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Abstract

Although solar radiation initially is unpolarized when entering the Earth’s atmosphere,
it is polarized by scattering processes with molecules, water droplets, ice crystals, and
aerosols. Hence, measurements of the polarization state of radiation can be used
to improve remote sensing of aerosols and clouds. The analysis of polarized radi-5

ance measurements requires an accurate radiative transfer model. To this end, a new
efficient and flexible three-dimensional Monte Carlo code to compute polarized radi-
ances has been developed and implemented into MYSTIC (Monte Carlo code for the
phYSically correct Tracing of photons In Cloudy atmospheres). Unlike discrete ordinate
methods the Monte Carlo approach allows to handle the scattering phase matrices of10

aerosol and cloud particles accurately, i.e. without any approximations except the in-
herent statistical noise. The study presented in this paper shows that this is important,
especially in order to simulate scattering by aerosols and cloud droplets in the ultravi-
olet wavelength region. The commonly used Delta-M approximation may cause large
errors not only in the calculated intensity but also in the degree of polarization. The po-15

larized downwelling radiation field is calculated for various aerosol types showing the
high sensitivity of polarized ultraviolet radiances to the particle microphysics. Model
simulations are compared to ground based measurements and found to be generally
in good agreement. This comparison shows that there is a high potential to retrieve
information about the aerosol type from polarized radiance measurements.20

1 Introduction

The effect of aerosols on the Earth’s climate is considered as one of the largest un-
certainties in our understanding of climate change (IPCC, 2007). Aerosols can affect
the Earth’s climate directly by scattering and absorbing solar and terrestrial radiation,
or indirectly by altering cloud properties. Precise information is needed on aerosol mi-25

crophysical properties such as size distribution, particle shape, refractive index, and
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chemical composition and on the resulting optical properties (optical thickness, single
scattering albedo, and the scattering matrix) in order to quantify the aerosol impact
on climate. Since there are many different aerosol types and substantial spatial and
temporal variations, the retrieval of aerosol optical properties is difficult even with mul-
tiple constraints as provided by multispectral radiance measurements. Polarization5

measurements are highly sensitive to particle microphysics (Hansen and Travis, 1974;
Boeschke et al., 2006) and can help to resolve this problem because they provide
additional uncorrelated constraints for the retrieval.

Several ground based polarized radiance measurement methods exit. All-sky imag-
ing systems have been developed to measure the polarized radiance distribution, such10

measurement systems are described in for instance Liu and Voss (1997), Kreuter et al.
(2009) and references therein. A scanning radiometer has been applied to measure
polarized UV radiances (Blumthaler et al., 2008) in the solar principal plane and in
the almucantar plane. This radiometer can measure the angular radiance distribution
including the region about the forward scattering peak accurately. Therefore the mea-15

surements have a high potential to measure not only the aerosol optical thickness but
also the type of aerosol.

Polarized solar radiance is also measured from space. The POLarization and Direc-
tionality of Earth Reflectances (POLDER) instrument (Deschamps et al., 1994) which
operated from 1996 to 1997 provided the first global measurements of the spectral,20

directional, and polarization characteristics of solar radiation reflected by the Earth-
atmosphere system. The NASA Glory mission (Mishchenko et al., 2007) which is
scheduled for launch in July 2009 will carry an Aerosol Polarimeter Sensor (APS) to
determine aerosol and cloud properties. The APS sensor will provide high precision
measurements of polarized reflectances in 9 narrow spectral bands between 412 and25

2250 nm and in 240 viewing directions.
The detailed analysis of ground based as well as space borne measurements re-

quires an accurate radiative transfer model. Most vector radiative transfer models are
based on explicit methods like the discrete ordinate methods (Coulson et al., 1960;
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de Haan et al., 1987; Evans and Stephens, 1991; Schulz et al., 1999; Emde et al.,
2004) which rely on a Legendre decomposition of the phase matrices. These methods
can not handle the scattering phase matrices of e.g. large aerosol particles because
the number of required Legendre terms becomes very large in the ultra-violet and vis-
ible wavelength region, resulting in extremely large differential equation systems. The5

number of Legendre terms can be reduced to a reasonable amount with the help of
the commonly used Delta-M method (Wiscombe, 1977). However, this approximation
is not accurate, especially in the forward scattering region. Discrete ordinate meth-
ods are also quite inefficient when they are applied to a three-dimensional atmosphere
including detailed cloud structures.10

Monte Carlo methods can consider accurate phase matrices and three-dimensional
atmospheres without numerical problems. So far there are only a few Monte Carlo
codes that consider polarization. Collins et al. (1972) developed an efficient code in
the 1970s, but at this time computing power allowed to use the code only for simple
atmospheres with only a few layers. The model by Davis et al. (2005) has been devel-15

oped for the millimeter and submillimeter wavelength region, e.g. it can not be applied
for solar radiative transfer. Besides MYSTIC only the model by Cornet et al. (2009)
that has been developed recently is able to perform 3-D polarized radiative transfer
calculations in the UV/visible wavelength region.

This study describes the newly developed Monte Carlo code, it shows a validation20

and several simulations of polarized sky radiances. Simulations are shown for pure
Rayleigh atmospheres, for different aerosol types, and for a water cloud. The error
caused by applying the Delta-M method of the phase matrix is investigated. Model sim-
ulations are compared to ground based polarized radiance measurements that were
taken in Izana, Tenerife, in June 2005.25
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2 Methodology

The radiative transfer model MYSTIC (Monte Carlo code for the phYSically correct
Tracing of photons In Cloudy atmospheres; Mayer (2009)) is used for this study. MYS-
TIC is operated as one of several radiative transfer solvers of the libRadtran radiative
transfer package (Mayer and Kylling, 2005). Originally, MYSTIC was developed as a5

forward tracing method for the calculation of irradiances and radiances in 3-D plane-
parallel atmospheres. Recently, the model has been extended to include spherical
geometry and a backward tracing mode (Emde and Mayer, 2007). For this study, the
model has been further extended to include polarized radiation due to scattering by
randomly oriented particles, i.e. clouds, aerosols, and molecules. For general ques-10

tions about the Monte Carlo technique and in particular about libRadtran and MYSTIC
the reader is referred to the literature (Marchuk et al., 1980; Collins et al., 1972; Mayer,
2009; Marshak and Davis, 2005; Cahalan et al., 2005).

2.1 Polarized Monte Carlo model

Additions to a scalar Monte Carlo model that are required to implement polarization by15

Rayleigh, aerosol, and cloud scattering are described in the following.
To implement polarization, one possibility is to assign a random polarization state

to each traced photon entering the atmosphere. Another more efficient possibility
is to interpret each traced photon as a photon package and to assign a weight vec-
tor corresponding to the Stokes parameters to each package. The following example20

demonstrates why the weight vector method is more efficient: Circular polarization is
not influenced by the atmosphere, so the average of the circular component of the
polarization state is zero before the photons enter the atmosphere and it will still be
negligible when the photons are measured at the surface. The contributions by left
and right circular polarized photons to the total circular polarisation cancel each other.25

In the weight vector method all photon packages contribute to the result, therefore we
have implemented this method.
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The Stokes parameters are defined as time averages of linear combinations of the
electromagnetic field vector (Chandrasekhar, 1950; Hansen and Travis, 1974; Mishchenko
et al., 2002):

I =
〈
ElE

∗
l + ErE

∗
r
〉
, (1)

Q =
〈
ElE

∗
l − ErE

∗
r
〉
, (2)5

U =
〈
ElE

∗
r + ErE

∗
l

〉
, (3)

V = i
〈
ElE

∗
r − ErE

∗
l

〉
. (4)

Here, El and Er are the components of the electric field vector parallel and perpendic-
ular to the reference plane respectively. The model coordinate system is defined by the
vertical (z-axis), the Southern direction (x-axis) and the Eastern direction (y-axis). The10

Stokes vector is defined in the reference frame defined by the z-axis and the propaga-
tion 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 and15

the phase difference.
The initial Stokes weight vector for solar radiation is I0=(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 depend on the polarization state20

of the radiation. In MYSTIC absorption is considered by reducing the photon weight wa
according to Lambert-Beer’s Law :

wa = exp
(
−
∫
βabsds

)
. (5)

Here ds is a path element of the photon path and βabs is the total absorption coefficient
including molecules, aerosols, and water and ice clouds.25
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The free path of a photon until a scattering interaction takes place is sampled ac-
cording to the probability density function (PDF)

Ps = exp
(
−
∫ s
0
βscads′

)
. (6)

Here, βsca=
∑N

i=1 βsca,i is the total scattering coefficient of N interacting particles and
molecules. This formula is valid for randomly oriented particles (i.e. with diagonal ex-5

tinction matrix).
We use a random number r ∈ [0,1] to decide which interaction takes place. If there

are N types of particles and molecules at the place of scattering, the photon interacts
with the j -th type if the random number fulfills the following condition:∑j−1

i=1 βsca,i

βsca
< r ≤

∑j
i=1 βsca,i

βsca
. (7)10

The next step is to sample the new photon direction. For scalar radiative transfer
and randomly oriented particles the scattering direction depends only on the scattering
zenith angle, not on the azimuth. Then the scattering phase function is used as the
PDF to sample the new direction.

For polarized radiative transfer the scattering interaction is described by the scat-15

tering phase matrix. For convenience the scattering phase matrix is defined in the
scattering frame, i.e. the coordinate system defined by the plane of the incoming ninc

and the scattered nsca photon directions and a vector orthogonal to this plane (see
Fig. 1), where the phase matrix depends only on the scattering angle Θ. For randomly
oriented particles, six matrix elements are required (van de Hulst, 1981):20

P(Θ) =


P11(Θ) P12(Θ) 0 0
P12(Θ) P22(Θ) 0 0

0 0 P33(Θ) P34(Θ)
0 0 −P34(Θ) P44(Θ)

 , (8)
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while for spherical particles only four elements are required because P11=P22 and
P33=P44. The Stokes weight vector is defined 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 weight vector one has to rotate the Stokes weight
vector into the scattering frame. After multiplication with the phase matrix it is rotated5

back to the reference coordinate system:

Isca = L(σ2)PL(σ1)Iinc = ZIinc, (9)

where Iinc and Isca are the incoming and scattered Stokes vectors respectively, σ1 and
σ2 are the rotation angles for the Stokes vector, Z is the scattering matrix and L(α) is
the Stokes rotation matrix:10

L(α) =


1 0 0 0
0 cos(2α) − sin(2α) 0
0 sin(2α) cos(2α) 0
0 0 0 1

 . (10)

The rotation angles σ1 and σ2 are calculated from the incoming ninc(θinc, φinc) and the
scattered nsca(θsca, φsca) directions as follows:

σ1 = arccos((ninc × nz) · (ninc × nsca)), (11)

σ2 = arccos((nsca × nz) · (nsca × ninc)). (12)15

Here, nz is the unit vector in z-direction (0,0,1).
The scattering matrix Z is the probability density matrix for sampling the new photon

direction. Equation (9) shows that Z depends on four angles (θinc, φinc, θsca, φsca),
not only on the scattering angle Θ as does the phase function in the scalar model.
Nevertheless we may use P11 as PDF for the scattering angle and a random angle20

between 0 and 2π for the azimuth direction to sample the scattered direction. The
scattered Stokes weight vector is then given by

Isca = P −1
11 L(σ2)PL(σ1)Iinc = P −1

11 ZIinc, (13)
17760
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where the weight P −1
11 corrects for using P11 as PDF to sample the scattered direction.

This method is also known as importance sampling.
After n scattering events the Stokes weight vector is

In =

(
1∏

i=n

(P −1
11 )iZi

)
I0, (14)

where i denotes the number of the scattering event. We trace the photon through the5

atmosphere, either from the sun to the sensor (forward tracing) or from the sensor to
the sun (backward tracing) and calculate the product of all scattering matrices. Here it
is important that the matrix multiplications are in the correct order as in Eq. (14). The
total scattering matrix is then multiplied with the initial Stokes weight vector to get the
final Stokes weight vector.10

In order to reduce the noise of radiance calculations the local estimate method has
also been implemented. A detailed mathematical derivation for scalar radiative transfer
is given in (Marshak and Davis, 2005). The method can easily be adapted to polarized
radiative transfer.

2.2 Rayleigh scattering15

Molecular scattering is described by the analytical phase matrix PR (Hansen and Travis,
1974)
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PR(Θ) =

∆


3
4 (1 + cos2 Θ) −3

4 sin2 Θ 0 0
−3

4 sin2 Θ 3
4 (1 + cos2 Θ) 0 0

0 0 3
2 cosΘ 0

0 0 0 ∆′ 3
2 cosΘ



+(1 −∆)


1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

 ,

where

∆ =
1 − δ

1 + δ/2
, ∆′ =

1 − 2δ
1 − δ

, (15)

and δ is the depolarization factor that accounts for the anisotropy of the molecules.
The scattering and the absorption coefficients can also be derived analytically.5

2.3 Water cloud scattering

The optical properties of water cloud droplets can be calculated using Mie theory (Mie,
1908). For this study we have applied the well known and well validated Mie code by
Wiscombe (1980). We have assumed that the particle sizes are gamma-distributed:

n(r) = Crα exp
(
−

(α + 3)r
reff

)
(16)10

Here α was set 7 and the effective radius reff was 10µm. The constant C has been
determined by normalisation. The size distribution has been cut off at a minimum
radius of 0.2µm and a maximum radius of 80µm. The refractive index of water has
been taken from Warren (1984), it is 1.358–2.52×10−9i at a wavelength of 350 nm.

17762

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/17753/2009/acpd-9-17753-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/17753/2009/acpd-9-17753-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 17753–17791, 2009

The impact of
aerosols on polarized

sky radiance

C. Emde et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

2.4 Aerosol scattering

The optical properties of aerosols were also calculated using Mie theory (Mie, 1908).
The refractive index of the aerosol particles and the size distributions were taken from
the OPAC aerosol database (Hess et al., 1998) for various aerosol types. OPAC also
provides typical aerosol type mixtures, for instance for continental polluted or desert5

conditions. OPAC does not include any information about the aerosol particle shape,
so we assume spherical particles although we know that this assumption is not always
realistic.

Figure 2 shows the phase matrices of various OPAC aerosol types, of liquid cloud
droplets with an effective radius of 10µm and, for comparison, the Rayleigh scattering10

phase matrix. OPAC provides parameters for the log-normal distribution

n(r) =
C
r

exp

[
−1

2

(
ln r − ln rmod

lnσ

)2
]
, (17)

where rmod is the mode radius, σ measures the width of the distribution, and the con-
stant C is determined by normalisation. Table 1 shows the parameters that were used
to compute the phase matrices shown in Fig. 2. OPAC parameters for altogether 1015

aerosol types and various relative humidities have been used to produce a dataset of
aerosol optical properties including the complete phase matrices so that the MYTSIC
model allows to define arbitrary mixtures of the basic aerosol types and uses auto-
matically aerosol properties for the relative humidity corresponding to the background
atmosphere.20

Figure 2 shows that the forward scattering peak increases with particle size. Rayleigh
scattering is described by the electromagnetic field of an oscillating dipole with isotropic
polarizability (van de Hulst, 1981), therefore the phase matrix element P12 for Rayleigh
scattering has the minimum at 90◦. This means that the linear polarization has its max-
imum at a scattering angle of 90◦. For soot, this minimum is still visible but for other25

aerosols and for the cloud droplets the angular dependence of P12 is completely differ-
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ent which means that we may expect completely different polarization characteristics.

2.5 Lambertian surface

For polarized radiation, MYSTIC can currently only handle Lambertian surfaces. Ac-
cording to Lambert’s law the diffusely reflected light is isotropic and is unpolarized,
independently of the state of polarization of the incident radiation and the angle of5

illumination (Chandrasekhar, 1950).

2.6 Model validation

For validation the newly developed polarization module of the MYSTIC Monte Carlo
model has been applied to different atmospheric conditions and compared to bench-
mark results.10

For Rayleigh scattering we compared to resulty tabulated by Coulson et al. (1960).
These results are for a plane-parallel Rayleigh atmosphere with one layer. They have
been obtained following a solution method proposed by Chandrasekhar (1950) that is
entirely different from the Monte Carlo method. A typical result of the comparison is
shown in Fig. 3. There is a perfect agreement between MYSTIC and the results by15

Coulson. The relative difference is smaller than 0.5% and well within the Monte Carlo
noise. To achieve this accuracy 107 photons were required. The error bars in the figure
correspond to two standard deviations.

In order to check whether the model works correctly for non-spherical randomly
orieneted aerosol particles we compared to benchmark results tabulated by Wauben20

and Hovenier (1992) who calculated multiple-scattered polarized radiances for a ho-
mogeneous plane-parallel layer using two independent methods: (1) a doubling and
adding method and (2) the so-called FN method. As an example we show the com-
parison for aerosol model 1 of Kuik et al. (1992), which consists of randomly-oriented
prolate spheroids with aspect ratio (the ratio of major and minor axis) 4.0, size pa-25

rameter (π times the major axis devided by the wavelength) 10.079368 and refractive
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index 1.55−0.01i . Figure 4 shows results of reflected and transmitted radiances. The
extraterrestrial irradiance is set to π and the cosine of the solar zenith angle is 0.6.
The surface albedo is 0, i.e. perfectly absorbing. The relative azimuth angles between
radiance direction and incoming direction are 0◦ and 90◦ respectively. Figure 4 shows
that MYSTIC agrees very well with the benchmark results. Relative differences are5

less than 0.5% for the Stokes components I , Q and U . For the circular component
V the relative differences are larger, up to 5%, mainly due to the very small absolute
values of V (about 2 orders of magnitude smaller than Q and U). All differences can
be explained by the inherent statistical noise of the Monte Carlo method and could be
decreased by running more photons. The results shown here were obtained with 107

10

photons.
The very good agreement between MYSTIC and benchmark results for Rayleigh and

aerosol scattering gives confidence in our approach to compute polarized radiances.

2.7 Program efficiency

The model is implemented in C and its computation time (CPU time) has been tested15

on an Intel Pentium processor with 2.80 GHz. The computation time depends mostly
on the optical thickness. Table 2 shows CPU times at 500 nm wavelength where the
Rayleigh optical thickness is approximately 0.15. For the aerosol calculation, water
soluble aerosol (OPAC-WASO) with an optical thickness of 0.2 was included. It can
be seen that for MYSTIC the time difference between scalar and vector calculations20

is relatively small. We have compared the computation times with CPU times of the
polradtran model by Evans and Stephens (1991). For pure Rayleigh scattering MYS-
TIC is clearly faster than polradtran at 500 nm for one radiance direction. For aerosols
and clouds with larger optical thicknesses polradtran becomes faster. For polradtran
the CPU time increases by about a factor of 10 when three Stokes components are25

computed instead of intensity only.
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3 Model simulations

We performed simulations for different setups in order to understand the influence of
the various atmospheric components on the polarization.

In the first section we show simulations of the full sky radiance field as observed from
the surface. In order to be able to separate the polarization patterns of the different5

atmospheric components, we first did simulations for atmospheres including: (1) only
molecules, (2) only water soluble aerosol as defined in OPAC, (3) only sea salt, and (4)
only cloud droplets. Another realistic simulation shows the sky radiance for a molecular
atmosphere including a typical continental aerosol mixture.

In the next sections we quantitatively investigate Rayleigh scattering in the solar10

principal and in the almucantar plane, the dependence of the degree of polarization on
the surface albedo, and the influence of aerosol scattering on the polarized radiance
field.

3.1 Polarized radiance field

Figure 5 shows simulated Stokes components and the degree of polarisation at the15

surface for a wavelength of 350 nm. The solar zenith angle is 30◦ and the solar azimuth
angle is 0◦. The surface albedo is 0. The simulations in this section were done in
plane-parallel geometry. The values are normalized to the extraterrestrial irradiance.
The degree of polarization is defined as

p =

√
Q2 + U2 + V 2

I
. (18)20

The upper row shows the simulation for a molecular atmosphere (Rayleigh scattering
only). The lowest intensity is obtained at viewing directions orthogonal to the sun
direction. This is the expected result because the Rayleigh scattering phase function
PR,11 has a minimum at 90◦. Towards the horizon the intensity increases. At very
shallow angles it decreases again. The degree of polarization has a maximum at25

17766

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/17753/2009/acpd-9-17753-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/17753/2009/acpd-9-17753-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 17753–17791, 2009

The impact of
aerosols on polarized

sky radiance

C. Emde et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

directions perpendicular to the sun direction. This is expected, because the absolute
value of PR,12 has a maximum at 90◦.

In order to see how different aerosol types and clouds influence the polarized radia-
tion field we performed simulations for hypothetical atmospheres including only aerosol
(“WASO” and “SSAM” as defined in OPAC) or only cloud particles without molecules.5

The results are shown in rows 2 to 4 of Fig. 5. The assumed aerosol optical thickness
for both aerosol simulations is 0.4 and the cloud optical thickness is 1. The effective
particle radius of the water soluble aerosol is about 0.15µm, of the sea salt (accu-
mulated mode) about 1µm, and of the cloud particles it is 10µm. The intensity plots
show clearly that the forward scattering peak becomes sharper with increasing parti-10

cle size. The Stokes components Q and U of the calculation for water soluble aerosol
show a similar pattern as for Rayleigh scattering, but their magnitudes are smaller. For
larger particles (sea salt and cloud droplets) the pattern is different: large regions show
opposite polarisation behaviors (sign change in Q and U). This can be qualitatively
explained by the ratio P12/P11 which is positive between approximately 0◦ and 80◦ for15

cloud particles and sea salt and negative for Rayleigh and water soluble aerosol (see
Fig. 2). For the aerosol simulations the degree of polarisation has one maximum at a
scattering angle larger than 90◦ for the water soluble aerosol and at an angle less than
90◦ for sea salt. For clouds the degree of polarisation has two maxima, one below 90◦

scattering angle and one above.20

Figure 6 shows the Stokes components and the degree of polarisation for a realistic
atmosphere including molecules and the typical “continental clean” aerosol mixture as
defined in OPAC with an optical thickness of approximately 0.16. This aerosol mixture
includes the basic types “water soluble”, “insoluble” and “soot”. The main difference
between this result and the result for pure Rayleigh scattering in the intensity field25

is the very sharp peak in the direction of the sun due to strong forward scattering by
aerosols. The pattern of the degree of polarization is very similar to Rayleigh scattering
but its magnitude is decreased by approximately 20%.
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3.2 Rayleigh scattering

Ground-based measurements of sky radiances are often conducted in the solar princi-
pal plane and in the almucantar plane. Simulations of such measurements have been
performed for different solar zenith angles at 350 nm wavelength in spherical geometry.
The surface albedo is here set to 0.5

Results for the principal plane are shown in Fig. 7. The viewing angle is defined as
follows: At 0◦ the sensor points to the horizon into the direction of the sun, at 90◦ it
points to the zenith, and at 180◦ is points to the horizon opposite to the sun. The prin-
cipal plane corresponds to the horizontal line in the center of the plots in Figs. 5 and 6.
I is largest close to the horizon (at about 15◦) independent of the solar zenith angle θ0.10

For low sun positions the variation of I increases. In the principal plane, Q is mostly
negative with its minimum at about θ0+90◦. The maximum value of Q is at the sun
position and it is 0 if the sun is in the zenith. For other sun positions it becomes pos-
itive. In the principal plane U must be exactly 0 for symmetry arguments. The small
deviations from 0 are Monte Carlo noise. The maximum degree of polarization is, inde-15

pendent of the solar zenith angle, approximately 65%. It is found at θ0+90◦as expected
for Rayleigh scattering.

Results for the almucantar plane are shown in Fig. 8. The almucantar plane corre-
sponds to an azimuthal scan with a constant zenith angle corresponding to the solar
zenith angle. Hence it represents a concentric circle around the zenith through the20

sun position in Figs. 5 and 6. At 0◦ and 360◦ the sensor points exactly to the sun and
180◦ is the direction opposite to the sun. The Stokes components Q and U have max-
ima/minima at 90◦. The degree of polarization increases with increasing solar zenith
angle.

3.3 Lambertian surface25

The influence of the surface albedo on the degree of polarisation is shown in Fig. 9.
Again the principal plane is shown for a Rayleigh atmosphere at 350 nm wavelength.
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The intensity increases with increasing surface albedo whereas the degree of polar-
ization decreases. This is due to the assumption of a Lambertian surface that reflects
isotropic unpolarized radiation.

3.4 Aerosol simulations

As in Sect. 3.1 aerosol simulations are performed for different types from the OPAC5

database. All of the following simulations include Rayleigh scattering.
Aerosol phase functions for the UV-wavelength region have sharp forward scattering

peaks, especially for larger particles like sea salt. Figures 10 and 11 show simulations
for the OPAC types WASO and SSAM. The figures are for aerosol optical thicknesses
of 0.5 and 0.05 respectively. The left plots show the intensity in the region of the forward10

scattering peak. The right plots show the degree of polarization in the whole principal
plane. Using MYSTIC we simulated the sky-radiance using the accurate phase matri-
ces (solid lines). The dotted and dashed-dotted lines show MYSTIC simulations where
we used Delta-M scaled optical properties. The number of Legendre terms used to
approximate the phase matrix was 8 and 16, respectively.15

For water soluble aerosols having effective radii well below 1µm the forward scatter-
ing peak becomes well pronounced in the radiance. The error due to Delta-M scaling
in the forward scattering region is obvious for both optical thicknesses. However, the
degree of polarization for water soluble aerosol can be quite accurately simulated using
8 Legendre terms in combination with the Delta-M method.20

Sea salt with an effective radius of about 1µm has a sharp forward scattering peak.
This peak is very large in the accurate simulation. Using the Delta-M method and 8 or
16 Legendre polynomials, the peak is almost completely removed. The correct result
is several times larger than the Delta-M scaled result for both simulations. For the
large optical thickness case the Delta-M method becomes inaccurate for the degree of25

polarization. The error is about 5%.
The simulations in this section show that even if the aerosol is homogeneously dis-

tributed in the atmosphere it makes sense to use the Monte Carlo method to compute
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radiances, especially if one is interested in the region about the forward scattering peak
(circum-solar radiation).

4 Comparison to UV radiance measurements

We have compared our model simulations with polarized UV radiance measurements
taken in Izana, Tenerife, on the 3 and 12 June 2005 on a mountain top at an altitude of5

2367 m.
Besides the radiances, global irradiances were measured with an accuracy better

than 5%. The aerosol optical thickness, the ozone column, and an effective surface
albedo could be derived from the irradiance measurements and were used as model
input for the radiance simulations. On both days the aerosol optical thickness was found10

to be 0.06. The ozone column was 305 DU on 3 June and 315 DU on 12 June. The
surface at Izana consists of volcanic rock with little vegetation yielding a local surface
albedo of less than 0.05. By comparing the global irradiance with model simulations (for
irradiance simulations we used the well tested DISORT code by Stamnes et al. (1988))
we derived an effective surface albedo in order to take into account the clouds below15

the measurement site. This method is described in detail by Weihs et al. (2001). The
effective surface albedo was 0.2 on the 3rd and 0.5 on 12 June. The solar zenith angle
was calculated from the acquisition times of the measurements using the algorithm
by Blanco-Muriel et al. (2001). MYSTIC can handle arbitrary mixtures of the OPAC
aerosol types. For the comparison with the measurements the aerosol was modelled20

as a mixture of the types mineral accumulated mode (75%) and water soluble aerosols
(25%). By trying different mixtures of the OPAC aerosol types, we found that this
mixture is the most appropriate to simulate the measurements.

Figures 12 and 13 show measurements and simulations of the intensity and the
degree of polarization. Since there was no absolute calibration for the radiance mea-25

surements, all measured intensity values have been normalized to the model value at
120◦ viewing angle. Unlike the radiances the degree of polarization does not depend

17770

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/17753/2009/acpd-9-17753-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/17753/2009/acpd-9-17753-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 17753–17791, 2009

The impact of
aerosols on polarized

sky radiance

C. Emde et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

on the calibration (see Eq. 18).
The lines in Fig. 12 show the simulations using MYSTIC and the triangles show

the measurements from 3 June 2005 at wavelengths of 310 nm, 350 nm, and 450 nm.
The measured intensity including the region of the forward scattering peak can be well
reproduced by the MYSTIC model, the only difference is that the measured peak is5

slightly narrower than the modeled one. The forward peak is mainly caused by the
mineral aerosol; the water soluble aerosol alone would yield a much smaller peak.
The degree of polarization also agrees well with the model for 310 nm and 350 nm.
For 450 nm the modeled degree of polarization is lower than the measured one. A
possible explanation is that the wavelength dependence of the refractive index of the10

aerosol which is required to compute the optical properties is not realistic. For shallow
viewing angles close to 0◦ the measured degree of polarization is larger for all wave-
lengths. Here the assumption of a “cloud surface” with effective surface albedo 0.2 is
probably not correct. There is a clear wavelength dependence in the angular intensity
distribution: The larger the wavelength the larger the intensity close to the horizon.15

This dependence is seen in model and measurements. The degree of polarization
increases with increasing wavelength.

Figure 13 shows measurements from 12 June 2005 and model simulations. Again
there is a pronounced forward scattering peak. For this day the agreement between the
simulated forward scattering peak and the measured peak is not as good as for 3 June.20

At other directions the modeled intensity agrees well with the measurements. Although
the effective surface albedo is larger than on 3 June the intensity is not larger because
the measurement was performed earlier in the morning (larger solar zenith angle). The
degree of polarization is clearly smaller than on 3 June which can not be due to the
different solar zenith angle (see Fig. 7). The explanation is simply that there were more25

clouds below the measurement site on 12 June compared to 3 June, increasing the
effective surface albedo to 0.5. This decreases the degree of polarization as shown in
Fig. 9.

Generally there is a good agreement between measurements and model results.
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There are deviations, especially the exact shape of the forward scattering peak is not
reproduced by the model. This deviation can be understood for several possible rea-
sons: First we use aerosol optical properties that we calculated based on the assump-
tion of spherical aerosol particles as model input. Second, OPAC does not include all
possible realistic aerosol types. Third, the wavelength dependence of the refractive5

index in OPAC is probably not exactly the same as for the aerosol measured here.
The simulations show that there is a high sensitivity on the aerosol type and that mea-
surements combined with simulations shown here can be used to derive more realistic
aerosol properties than those provided by OPAC.

5 Conclusions10

The Monte Carlo radiative transfer model MYSTIC has been extended by a new effi-
cient and flexible module to simulate polarized solar radiances. The vectorized code
has been fully implemented so that MYSTIC can now consider polarization in horizon-
tally inhomogeneous or spherical atmospheres.

The code has been applied to simulate the polarized sky radiance for pure Rayleigh15

scattering, for different aerosol types, and for a liquid cloud layer. The polarization
pattern of various aerosol types can be very different. Clouds that consist of larger
particles also yield a different polarization pattern. Nevertheless, in the Earth’s atmo-
sphere the Rayleigh scattering pattern dominates the polarized sky radiance.

The error that is caused by the use of the Delta-M method to approximate the scat-20

tering phase matrix has been investigated. As expected the error can be arbitrarily
large (a factor of 7 in our example) in the forward scattering region. For an aerosol
optical thickness of 0.5 the error in the degree of polarization is about 5%, independent
of the direction.

The comparison between ground based radiance measurements and model simu-25

lations in general shows a good agreement. However, the exact shape of the forward
scattering peak in the radiance measured in the principal plane can not be reproduced.
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The reason is that the aerosol phase matrices that are calculated using Mie theory,
i.e. assuming spherical particles, are not sufficiently realistic. The sensitivity of the
forward scattering region and the polarization pattern on the aerosol type shows that
multi-directional polarized radiance measurements have a high potential to retrieve in-
formation about the aerosol type with unprecedented accuracy.5

For reducing complexity all simulations were performed in a 1-D spherically sym-
metric model atmosphere. Also, the horizontal distribution of the aerosols is unknown.
As mentioned above the code can also be run for a 3-D model atmosphere including
clouds. A study about 3-D effects on polarized radiances measured from space (e.g. by
APS on Glory) is one of the model applications that will be exploited in the near future.10
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Table 1. Parameters from the OPAC database (Hess et al., 1998) for 350 nm that were used
for Mie calculations to obtain the aerosol scattering phase matrices shown in Fig. 2.

Component RH rmod rmin rmax σ ρ refractive index
(%) (µm) (µm) (µm) (g cm−3)

Water soluble 95 0.0399 0.0074 42.8 2.24 1.12 1.37–7.50×10−4i
Sea salt (accumulated mode) 95 0.605 0.0108 58.5 2.03 1.05 1.35–1.96×10−8i
Soot 0 0.0118 0.005 20.0 2.00 1.00 1.75–4.65×10−1i
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Table 2. Computation times for 100 calculations at 500 nm wavelength for one radiance direc-
tion. For MYSTIC the accuracy is also given (2σ noise). Polradtran was run with 4 Fourier
terms and for the vector calculation with 3 Stokes components.

Solver settings Rayleigh Rayleigh+aerosol

vector calculation

MYSTIC 104 photons 4.1%, 22s 3.9%, 3m 27s
MYSTIC 105 photons 1.3%, 2m 51s 1.2%, 7m 45s
polradtran 8 streams 3m 22s 3m 30s
polradtran 16 streams 21m 38s 22m 07s

scalar calculation

MYSTIC 104 photons 4.1%, 22s 3.9%, 3m 19s
MYSTIC 105 photons 1.3%, 2m 52s 1.3%, 6m 26s
polradtran 8 streams 21s 24s
polradtran 16 streams 1m 55s 2m 00s
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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
absorption is considered by reducing the photon weight wa

according to Lambert-Beer’s Law :

wa = exp
(
−
∫

βabsds

)
. (5)

Here ds is a path element of the photon path and βabs is
the total absorption coefficient including molecules, aerosols,
and water and ice clouds.

The free path of a photon until a scattering interaction
takes place is sampled according to the probability density
function (PDF)

Ps = exp
(
−
∫ s

0

βscads′
)

. (6)

Here, βsca =
∑N

i=1 βsca,i is the total scattering coefficient of
N interacting particles and molecules. This formula is valid
for randomly oriented particles (i.e. with diagonal extinction
matrix).

We use a random number r ∈ [0, 1] to decide which in-
teraction takes place. If there are N types of particles and
molecules at the place of scattering, the photon interacts with
the jth type if the random number fulfills the following con-
dition:∑j−1

i=1 βsca,i

βsca
< r ≤

∑j
i=1 βsca,i

βsca
. (7)

The next step is to sample the new photon direction. For
scalar radiative transfer and randomly oriented particles the
scattering direction depends only on the scattering zenith an-
gle, not on the azimuth. Then the scattering phase function
is used as the PDF to sample the new direction.

For polarized radiative transfer the scattering interaction
is described by the scattering phase matrix. For convenience
the scattering phase matrix is defined in the scattering frame,
i.e. the coordinate system defined by the plane of the incom-
ing ninc and the scattered nsca photon directions and a vector
orthogonal to this plane (see Fig. 1), where the phase ma-
trix depends only on the scattering angle Θ. For randomly
oriented particles, six matrix elements are required (van de
Hulst, 1981):

P(Θ) =


P11(Θ) P12(Θ) 0 0
P12(Θ) P22(Θ) 0 0

0 0 P33(Θ) P34(Θ)
0 0 −P34(Θ) P44(Θ)

 , (8)

while for spherical particles only four elements are required
because P11 = P22 and P33 = P44. The Stokes weight vec-
tor is defined 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 weight

y
n

inc

z

x

σ1

σ2

nsca

Θ

Fig. 1. Incoming ninc and scattered nsca directions in the model co-
ordinate system (x,y,z). σ1 and σ2 are the rotation angles to trans-
form the Stokes vector from the reference frame to the scattering
frame and vice versa and Θ is the scattering angle. The scattering
plane is defined by the vectors ninc and nsca. Figure adapted from
Mishchenko et al. (2002).

vector one has to rotate the Stokes weight vector into the scat-
tering frame. After multiplication with the phase matrix it is
rotated back to the reference coordinate system:

Isca = L(σ2)PL(σ1)Iinc = ZIinc, (9)

where Iinc and Isca are the incoming and scattered Stokes
vectors respectively, σ1 and σ2 are the rotation angles for
the Stokes vector, Z is the scattering matrix and L(α) is the
Stokes rotation matrix:

L(α) =


1 0 0 0
0 cos(2α) − sin(2α) 0
0 sin(2α) cos(2α) 0
0 0 0 1

 . (10)

The rotation angles σ1 and σ2 are calculated from the incom-
ing ninc(θinc, φinc) and the scattered nsca(θsca, φsca) direc-
tions as follows:

σ1 = arccos((ninc × nz) · (ninc × nsca)), (11)
σ2 = arccos((nsca × nz) · (nsca × ninc)). (12)

Here, nz is the unit vector in z-direction (0,0,1).
The scattering matrix Z is the probability density matrix

for sampling the new photon direction. Eq. (9) shows that
Z depends on four angles (θinc, φinc, θsca, φsca), not only
on the scattering angle Θ as does the phase function in the

Fig. 1. Incoming ninc and scattered nsca directions in the model coordinate system (x,y,z). σ1
and σ2 are the rotation angles to transform the Stokes vector from the reference frame to the
scattering frame and vice versa and Θ is the scattering angle. The scattering plane is defined
by the vectors ninc and nsca. Figure adapted from Mishchenko et al. (2002).
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scalar model. Nevertheless we may use P11 as PDF for the
scattering angle and a random angle between 0 and 2π for
the azimuth direction to sample the scattered direction. The
scattered Stokes weight vector is then given by

Isca = P−1
11 L(σ2)PL(σ1)Iinc = P−1

11 ZIinc, (13)

where the weight P−1
11 corrects for using P11 as PDF to sam-

ple the scattered direction. This method is also known as
importance sampling.

After n scattering events the Stokes weight vector is

In =

(
1∏

i=n

(P−1
11 )iZi

)
I0, (14)

where i denotes the number of the scattering event. We trace
the photon through the atmosphere, either from the sun to
the sensor (forward tracing) or from the sensor to the sun
(backward tracing) and calculate the product of all scattering
matrices. Here it is important that the matrix multiplications
are in the correct order as in Eq. (14). The total scattering
matrix is then multiplied with the initial Stokes weight vector
to get the final Stokes weight vector.

In order to reduce the noise of radiance calculations the
local estimate method has also been implemented. A detailed
mathematical derivation for scalar radiative transfer is given
in (Marshak and Davis, 2005). The method can easily be
adapted to polarized radiative transfer.

2.2 Rayleigh scattering

Molecular scattering is described by the analytical phase ma-
trix PR (Hansen and Travis, 1974)

PR(Θ) =

∆


3
4 (1 + cos2 Θ) − 3

4 sin2 Θ 0 0
− 3

4 sin2 Θ 3
4 (1 + cos2 Θ) 0 0

0 0 3
2 cos Θ 0

0 0 0 ∆′ 3
2 cos Θ



+(1−∆)


1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

 ,

where

∆ =
1− δ

1 + δ/2
, ∆′ =

1− 2δ

1− δ
, (15)

and δ is the depolarization factor that accounts for the
anisotropy of the molecules. The scattering and the absorp-
tion coefficients can also be derived analytically.

0 20 40 60 80 100 120 140 160 180
10−2

10−1

100

101

102

103

104

105
P11 = P22

waso 95% RH
ssam 95% RH
soot
cloud 10µm
Rayleigh

0 20 40 60 80 100 120 140 160 180
−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2

0.4
P12/P11

0 20 40 60 80 100 120 140 160 180
θ[deg]

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5
P33/P11 = P44/P11

0 20 40 60 80 100 120 140 160 180
θ[deg]

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8
P34/P11

Fig. 2. Phase matrix elements for OPAC aerosol types “water solu-
ble” (WASO), “sea salt accumulated mode” (SSAM), and soot, for
a liquid water cloud with a droplet effective radius of 10µm, and for
Rayleigh scattering. The wavelength is 350 nm.

2.3 Water cloud scattering

The optical properties of water cloud droplets can be calcu-
lated using Mie theory (Mie, 1908). For this study we have
applied the well known and well validated Mie code by Wis-
combe (1980). We have assumed that the particle sizes are
gamma-distributed:

n(r) = Crα exp
(
− (α + 3)r

reff

)
(16)

Here α was set 7 and the effective radius reff was 10 µm. The
constant C has been determined by normalisation. The size
distribution has been cut off at a minimum radius of 0.2 µm
and a maximum radius of 80 µm. The refractive index of
water has been taken from Warren (1984), it is 1.358−2.52 ·
10−9i at a wavelength of 350 nm.

2.4 Aerosol scattering

The optical properties of aerosols were also calculated using
Mie theory (Mie, 1908). The refractive index of the aerosol
particles and the size distributions were taken from the OPAC
aerosol database (Hess et al., 1998) for various aerosol types.
OPAC also provides typical aerosol type mixtures, for in-
stance for continental polluted or desert conditions. OPAC
does not include any information about the aerosol particle
shape, so we assume spherical particles although we know
that this assumption is not always realistic.

Fig. 2 shows the phase matrices of various OPAC aerosol
types, of liquid cloud droplets with an effective radius of
10µm and, for comparison, the Rayleigh scattering phase

Fig. 2. Phase matrix elements for OPAC aerosol types “water soluble” (WASO), “sea salt
accumulated mode” (SSAM), and soot, for a liquid water cloud with a droplet effective radius of
10µm, and for Rayleigh scattering. The wavelength is 350 nm.
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Fig. 3. Comparison between MYSTIC and tabulated values by Coulson 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.
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Fig. 4. Comparison between MYSTIC and tabulated values by Wauben and Hovenier (1992) 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
of viewing zenith angle θ. All values are for an incoming irradiance of π as in Wauben and Hovenier (1992). The cosine of the solar zenith
angle is 0.6. The circles show the results by Wauben and Hovenier (1992) and the crosses show the MYSTIC results. Green and blue markers
are for viewing azimuth angles of 0◦ and 90◦ respectively.

Fig. 3. Comparison between MYSTIC and tabulated values by Coulson 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.
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Fig. 3. Comparison between MYSTIC and tabulated values by Coulson 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.
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Fig. 4. Comparison between MYSTIC and tabulated values by Wauben and Hovenier (1992) 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
of viewing zenith angle θ. All values are for an incoming irradiance of π as in Wauben and Hovenier (1992). The cosine of the solar zenith
angle is 0.6. The circles show the results by Wauben and Hovenier (1992) and the crosses show the MYSTIC results. Green and blue markers
are for viewing azimuth angles of 0◦ and 90◦ respectively.

Fig. 4. Comparison between MYSTIC and tabulated values by Wauben and Hovenier (1992)
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
of viewing zenith angle θ. All values are for an incoming irradiance of π as in Wauben and
Hovenier (1992). The cosine of the solar zenith angle is 0.6. The circles show the results
by Wauben and Hovenier (1992) and the crosses show the MYSTIC results. Green and blue
markers are for viewing azimuth angles of 0◦ and 90◦ respectively.
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Fig. 5. Simulated Stokes components and degree of polarisation for down-welling radiation at 350 nm for a solar zenith angle of 30◦. The
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 µm.

Fig. 5. Simulated Stokes components and degree of polarisation for down-welling radiation at
350 nm for a solar zenith angle of 30◦. The 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 10µm.
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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).
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Fig. 7. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmosphere in the solar principal plane. Different lines
correspond to different solar zenith angles: 0◦(- · -), 30◦(—), and 60◦(- - -).
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Fig. 8. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmosphere in the solar almucantar plane. Different
lines correspond to different solar zenith angles: 10◦(-·-), 30◦(—), and 60◦(- - -).

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).
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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).
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Fig. 7. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmosphere in the solar principal plane. Different lines
correspond to different solar zenith angles: 0◦(- · -), 30◦(—), and 60◦(- - -).
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Fig. 8. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmosphere in the solar almucantar plane. Different
lines correspond to different solar zenith angles: 10◦(-·-), 30◦(—), and 60◦(- - -).

Fig. 7. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmo-
sphere in the solar principal plane. Different lines correspond to different solar zenith angles:
0◦(– · –), 30◦(—), and 60◦(– – –).
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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).
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Fig. 7. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmosphere in the solar principal plane. Different lines
correspond to different solar zenith angles: 0◦(- · -), 30◦(—), and 60◦(- - -).
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Fig. 8. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmosphere in the solar almucantar plane. Different
lines correspond to different solar zenith angles: 10◦(-·-), 30◦(—), and 60◦(- - -).Fig. 8. Stokes components and degree of polarization at 350 nm for a pure Rayleigh atmo-

sphere in the solar almucantar plane. Different lines correspond to different solar zenith angles:
10◦(– · –), 30◦(—), and 60◦(– – –).
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3.2 Rayleigh scattering

Ground-based measurements of sky radiances are often con-
ducted in the solar principal plane and in the almucantar
plane. Simulations of such measurements have been per-
formed for different solar zenith angles at 350 nm wave-
length in spherical geometry. The surface albedo is here set
to 0.

Results for the principal plane are shown in Fig. 7. The
viewing angle is defined as follows: At 0◦ the sensor points
to the horizon into the direction of the sun, at 90◦ it points to
the zenith, and at 180◦ is points to the horizon opposite to the
sun. The principal plane corresponds to the horizontal line in
the center of the plots in Figs. 5 and 6. I is largest close
to the horizon (at about 15◦) independent of the solar zenith
angle θ0. For low sun positions the variation of I increases.
In the principal plane, Q is mostly negative with its mini-
mum at about θ0+90◦. The maximum value of Q is at the
sun position and it is 0 if the sun is in the zenith. For other
sun positions it becomes positive. In the principal plane U
must be exactly 0 for symmetry arguments. The small devia-
tions from 0 are Monte Carlo noise. The maximum degree of
polarization is, independent of the solar zenith angle, approx-
imately 65%. It is found at θ0+90◦as expected for Rayleigh
scattering.

Results for the almucantar plane are shown in Fig. 8. The
almucantar plane corresponds to an azimuthal scan with a
constant zenith angle corresponding to the solar zenith an-
gle. Hence it represents a concentric circle around the zenith
through the sun position in Figs 5 and 6. At 0◦ and 360◦

the sensor points exactly to the sun and 180◦ is the direction
opposite to the sun. The Stokes components Q and U have
maxima/minima at 90◦. The degree of polarization increases
with increasing solar zenith angle.

3.3 Lambertian surface

The influence of the surface albedo on the degree of polarisa-
tion is shown in Fig. 9. Again the principal plane is shown for
a Rayleigh atmosphere at 350 nm wavelength. The intensity
increases with increasing surface albedo whereas the degree
of polarization decreases. This is due to the assumption of a
Lambertian surface that reflects isotropic unpolarized radia-
tion.

3.4 Aerosol simulations

As in section 3.1 aerosol simulations are performed for dif-
ferent types from the OPAC database. All of the following
simulations include Rayleigh scattering.

Aerosol phase functions for the UV-wavelength region
have sharp forward scattering peaks, especially for larger
particles like sea salt. Figures 10 and 11 show simulations
for the OPAC types WASO and SSAM. The figures are for
aerosol optical thicknesses of 0.5 and 0.05 respectively. The
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Fig. 9. Intensity and degree of polarization for a Rayleigh atmo-
sphere assuming a Lambertian surface with different albedos. The
assumed solar zenith angle is 60◦and the wavelength 350 nm. The
viewing directions are in the principal plane.
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Fig. 10. Intensity and degree of polarisation in the solar princi-
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). The
assumed solar zenith angle is 60◦ and the is wavelength 350 nm.

Fig. 9. Intensity and degree of polarization for a Rayleigh atmosphere assuming a Lamber-
tian surface with different albedos. The assumed solar zenith angle is 60◦and the wavelength
350 nm. The viewing directions are in the principal plane.
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3.2 Rayleigh scattering

Ground-based measurements of sky radiances are often con-
ducted in the solar principal plane and in the almucantar
plane. Simulations of such measurements have been per-
formed for different solar zenith angles at 350 nm wave-
length in spherical geometry. The surface albedo is here set
to 0.

Results for the principal plane are shown in Fig. 7. The
viewing angle is defined as follows: At 0◦ the sensor points
to the horizon into the direction of the sun, at 90◦ it points to
the zenith, and at 180◦ is points to the horizon opposite to the
sun. The principal plane corresponds to the horizontal line in
the center of the plots in Figs. 5 and 6. I is largest close
to the horizon (at about 15◦) independent of the solar zenith
angle θ0. For low sun positions the variation of I increases.
In the principal plane, Q is mostly negative with its mini-
mum at about θ0+90◦. The maximum value of Q is at the
sun position and it is 0 if the sun is in the zenith. For other
sun positions it becomes positive. In the principal plane U
must be exactly 0 for symmetry arguments. The small devia-
tions from 0 are Monte Carlo noise. The maximum degree of
polarization is, independent of the solar zenith angle, approx-
imately 65%. It is found at θ0+90◦as expected for Rayleigh
scattering.

Results for the almucantar plane are shown in Fig. 8. The
almucantar plane corresponds to an azimuthal scan with a
constant zenith angle corresponding to the solar zenith an-
gle. Hence it represents a concentric circle around the zenith
through the sun position in Figs 5 and 6. At 0◦ and 360◦

the sensor points exactly to the sun and 180◦ is the direction
opposite to the sun. The Stokes components Q and U have
maxima/minima at 90◦. The degree of polarization increases
with increasing solar zenith angle.

3.3 Lambertian surface

The influence of the surface albedo on the degree of polarisa-
tion is shown in Fig. 9. Again the principal plane is shown for
a Rayleigh atmosphere at 350 nm wavelength. The intensity
increases with increasing surface albedo whereas the degree
of polarization decreases. This is due to the assumption of a
Lambertian surface that reflects isotropic unpolarized radia-
tion.

3.4 Aerosol simulations

As in section 3.1 aerosol simulations are performed for dif-
ferent types from the OPAC database. All of the following
simulations include Rayleigh scattering.

Aerosol phase functions for the UV-wavelength region
have sharp forward scattering peaks, especially for larger
particles like sea salt. Figures 10 and 11 show simulations
for the OPAC types WASO and SSAM. The figures are for
aerosol optical thicknesses of 0.5 and 0.05 respectively. The
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Fig. 9. Intensity and degree of polarization for a Rayleigh atmo-
sphere assuming a Lambertian surface with different albedos. The
assumed solar zenith angle is 60◦and the wavelength 350 nm. The
viewing directions are in the principal plane.
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Fig. 10. Intensity and degree of polarisation in the solar princi-
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). The
assumed solar zenith angle is 60◦ and the is wavelength 350 nm.

Fig. 10. Intensity and degree of polarisation in the solar principal plane for an aerosol optical
thickness of 0.5 assuming that all aerosol corresponds to one aerosol type as defined in OPAC,
i.e. water soluble (WASO) and sea salt accumulated mode (SSAM). The assumed solar zenith
angle is 60◦ and the is wavelength 350 nm.
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Fig. 11. Same as Fig. 10 but for an aerosol optical thickness of 0.05.

left plots show the intensity in the region of the forward
scattering peak. The right plots show the degree of polar-
ization in the whole principal plane. Using MYSTIC we
simulated the sky-radiance using the accurate phase matri-
ces (solid lines). The dotted and dashed-dotted lines show
MYSTIC simulations where we used Delta-M scaled optical
properties. The number of Legendre terms used to approxi-
mate the phase matrix was 8 and 16, respectively.

For water soluble aerosols having effective radii well be-
low 1µm the forward scattering peak becomes well pro-
nounced in the radiance. The error due to Delta-M scaling
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
8 Legendre terms in combination with the Delta-M method.

Sea salt with an effective radius of about 1 µm has a sharp
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
scaled result for both simulations. For the large optical thick-
ness case the Delta-M method becomes inaccurate for the
degree of polarization. The error is about 5%.

The simulations in this section show that even if the
aerosol is homogeneously distributed in the atmosphere it
makes sense to use the Monte Carlo method to compute ra-
diances, especially if one is interested in the region about the
forward scattering peak (circum-solar radiation).

4 Comparison to UV radiance measurements

We have compared our model simulations with polarized UV
radiance measurements taken in Izana, Tenerife, on the 3rd
and the 12th of June 2005 on a mountain top at an altitude of
2367 m.

Besides the radiances, global irradiances were measured
with an accuracy better than 5%. The aerosol optical thick-
ness, the ozone column, and an effective surface albedo could
be derived from the irradiance measurements and were used
as model input for the radiance simulations. On both days the
aerosol optical thickness was found to be 0.06. The ozone
column was 305 DU on the 3rd and 315 DU on the 12th of
June. The surface at Izana consists of volcanic rock with
little vegetation yielding a local surface albedo of less than
0.05. By comparing the global irradiance with model sim-
ulations (for irradiance simulations we used the well tested
DISORT code by Stamnes et al. (1988)) we derived an effec-
tive surface albedo in order to take into account the clouds
below the measurement site. This method is described in
detail by Weihs et al. (2001). The effective surface albedo
was 0.2 on the 3rd and 0.5 on the 12th of June. The solar
zenith angle was calculated from the acquisition times of the
measurements using the algorithm by Blanco-Muriel et al.
(2001). MYSTIC can handle arbitrary mixtures of the OPAC
aerosol types. For the comparison with the measurements
the aerosol was modelled as a mixture of the types mineral
accumulated mode (75%) and water soluble aerosols (25%).
By trying different mixtures of the OPAC aerosol types, we
found that this mixture is the most appropriate to simulate
the measurements.

Fig. 12 and 13 show measurements and simulations of the
intensity and the degree of polarization. Since there was no
absolute calibration for the radiance measurements, all mea-
sured intensity values have been normalized to the model
value at 120◦ viewing angle. Unlike the radiances the de-
gree of polarization does not depend on the calibration (see
Eq. 18).

The lines in Fig. 12 show the simulations using MYSTIC
and the triangles show the measurements from June 3rd 2005
at wavelengths of 310 nm, 350 nm, and 450 nm. The mea-
sured intensity including the region of the forward scattering
peak can be well reproduced by the MYSTIC model, the only
difference is that the measured peak is slightly narrower than
the modeled one. The forward peak is mainly caused by the
mineral aerosol; the water soluble aerosol alone would yield
a much smaller peak. The degree of polarization also agrees
well with the model for 310 nm and 350 nm. For 450 nm the
modeled degree of polarization is lower than the measured
one. A possible explanation is that the wavelength depen-
dence of the refractive index of the aerosol which is required
to compute the optical properties is not realistic. For shallow
viewing angles close to 0◦ the measured degree of polariza-
tion is larger for all wavelengths. Here the assumption of a
“cloud surface” with effective surface albedo 0.2 is probably

Fig. 11. Same as Fig. 10 but for an aerosol optical thickness of 0.05.
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Fig. 12. Normalized intensity and degree of polarization simulated for an aerosol mixture of mineral and water soluble particles (3 June
2005, 12:00 UTC). The aerosol optical thickness was 0.06. Clouds below the measurement site are taken into account using an effective
surface albedo of 0.2.
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Fig. 13. Intensity and degree of polarization simulated for an aerosol mixture of mineral and water soluble particles (12 June 2005, 10:00
UTC). The aerosol optical thickness was 0.06. Clouds below the measurement site are taken into account using an effective surface albedo
of 0.5.
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