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We analyze the sensitivity of the degree of linear polarization in the Sun’s principal plane as a function
of aerosol microphysical parameters: the real and imaginary parts of the refractive index, the median
radius and geometric standard deviation of the bimodal size distribution (both fine and coarse modes),
and the relative number weight of the fine mode at a wavelength of 675 nm. We use Mie theory for
single-scattering simulations and the doubling–adding method with the inclusion of polarization for
multiple scattering. It is shown that the behavior of the degree of linear polarization is highly sensitive
to both the small mode of the bimodal size distribution and the real part of the refractive index of aerosols,
as well as to the aerosol optical thickness; whereas not all parameters influence the polarization equally. A
classification of the importance of the input parameters is given. This sensitivity study is applied to an
analysis of ground-based polarization measurements. For the passive remote sensing of microphysical and
optical properties of aerosols, a ground-based spectral polarization measuring system was built, which aims
to measure the Stokes parameters I, Q, and U in the visible (from 410 to 789 nm) and near-infrared (from
674 to 995 nm) spectral range with a spectral resolution of 7 nm in the visible and 2.4 nm in the near
infrared. We compare polarization measurements taken with radiative transfer simulations under both
clear- and hazy-sky conditions in an urban area (Cabauw, The Netherlands, 51.58° N, 4.56° E). Conclu-
sions about the microphysical properties of aerosol are drawn from the comparison. © 2006 Optical
Society of America

OCIS codes: 010.1110, 260.5430, 280.1310.

1. Introduction

The impact of tropospheric aerosols on the climate
system is difficult to determine quantitatively. This
difficulty is caused, on the one hand, by the high
temporal and spatial variability of the amount, chem-
ical composition and size of aerosols, which are diffi-
cult to determine on a global scale.1,2 On the other
hand, it is attributable to the fact that aerosol effects
are taken into account rather rudimentarily in cli-
mate models.3–5 First, the radiative forcing of climate
by aerosols relates to changes in the net radiative
fluxes in the atmosphere. The latter are caused by the
modulation of atmospheric scattering and absorption

properties attributable to anthropogenic changes in
the concentration and optical properties of aerosols
(the direct aerosol effect).6 Second, cloud reflectivity
is enhanced because of the increased concentration of
cloud droplets associated with the increased number
of condensation nuclei in polluted air (the first indi-
rect aerosol effect).7,8 Third, aerosols affect the micro-
physical properties of clouds by shifting the droplet
distribution toward smaller sizes. Therefore polluted
clouds are less likely to produce drizzle and less likely
to rain out (the second indirect aerosol effect).8–10

Fourth, aerosols change the concentration of radia-
tively effective and chemically reactive trace gases
because of the heterogeneous processes that take
place on their surfaces. It is already clear that the
radiative forcing of aerosol particles is similar or can
even exceed (with a negative sign) the radiative forc-
ing of the anthropogenic greenhouse gases, if indirect
effects are included.4

Microphysical parameters, such as refractive in-
dex, size distribution, and shape, are necessary as
input for the calculation of optical properties, but
thus far they are inadequately known for most types
of aerosol. Therefore further development of ade-
quate optical measurement methods for the determi-
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nation of microphysical properties of aerosol is
needed.11

Remote sensing with ground-based passive radi-
ation instruments can make an important contribution
to fundamental studies of atmospheric aerosols. The
influence of aerosols on the radiation budget at the
surface can be quantified by diffuse and direct irradi-
ance measurements with broadband pyranometers
and pyrheliometers. The aerosol optical thickness can
be derived from extinction measurements of direct
sunlight, the aerosol size distribution from the spectral
behavior of the optical thickness, and the single-
scattering albedo from diffuse sky radiance measure-
ments. Generally, this can be done only under the
assumption that the other aerosol characteristics are
known.12 Sunphotometer and sky photometer are com-
mon instruments for these measurements. They are in
operational use for the remote sensing of aerosols, for
example, in the aerosol robotic network (AERONET).13

The measurements of the degree of polarization of
diffuse skylight offer an additional source of informa-
tion about aerosols. The consideration of polarization
complements the spectral and angular radiance mea-
surements and produces a significantly higher sensi-
tivity to microphysical properties of aerosols than
do radiance measurements.14–16 Therefore a polariza-
tion spectrometer can be regarded as an optimal in-
strument for aerosol remote sensing measurements
in the solar spectral range since it uses all the avail-
able information: the directional and spectral de-
pendence of the Stokes parameters (radiance and
polarization). The measurements of the angular and
spectral dependence of the polarization of skylight
can be used principally to estimate the refractive
index, the single-scattering albedo, the columnar (or
altitude-integrated) size distribution, and the aspect
ratio of aerosols.17–22 Thus far measurements and
interpretations of ground-based skylight polarization
are rather scarce.

Our aim is to show the sensitivity of the degree of
linear polarization of skylight in the Sun’s principal
plane (the plane defined by the Sun and the zenith
direction) to changes of the microphysical and op-
tical properties of aerosols. This sensitivity study
is applied to an interpretation of ground-based
measurements of the degree of linear polarization.
Ground-based measurements show that aerosol po-
larization comes mainly from the small spherical
aerosol particles.17 Aerosols are often assumed to be
spherical. Recent studies of nonspherical tropo-
spheric aerosols are devoted mainly to dustlike and
sea saltlike tropospheric aerosols.23–26 Considering
the measurement location (Cabauw, The Nether-
lands) and the meteorological conditions in this
area, we assume spherical aerosols for this study,
thus allowing the application of Mie theory. The
sensitivity study is limited to a single wavelength
outside of the absorption bands. We first show the
measurement results of the spectral dependence of
skylight polarization, but a further investigation of
the spectral information content will be part of fu-
ture studies. In Section 2 the definition of relevant

polarization parameters, such as the Stokes param-
eters and the scattering matrix, are briefly dis-
cussed. Then the sensitivity of the degree of linear
polarization of skylight in the principal plane to
changes in the microphysical properties of aero-
sols is shown for Mie single-scattering calculations
(Subsections 3.A and 3.B) and multiple-scattering
simulations (Subsections 3.C and 3.D). In Section 4
we outline a new ground-based measurement sys-
tem of the Freie Universität Berlin integrated spec-
trographic system–polarization (FUBISS–POLAR).
It was developed at the Institute for Space Sciences
(Freie Universität Berlin) to investigate the optical
properties of aerosols.27 FUBISS–POLAR was de-
signed to provide multiangle measurements of the
polarization of diffuse skylight and measurements
of the atmospheric transmission in a wide spec-
tral range. In Section 5 we compare the FUBISS–
POLAR measurements in the principal plane with
the radiative transfer simulations. The comparison
of radiative transfer simulations with in situ mea-
surements allows us to draw conclusions regarding
the aerosol refractive index, the aerosol size distri-
bution, and the fine mode fraction of the aerosol
optical thickness.

2. Definition of Polarization Parameters and
Observation Geometry

A. Stokes Parameters

The state of polarization of a light beam can be defined
through the components of Stokes vector I,28,29 by mea-
suring the relative intensities I� of the light beam after
it has passed through polarization devices at different
orientations � of their transmission axes30:

I ��
I
Q
U
V
���

I0° � I90°

I0° � I90°

I45° � I135°

I� � I�

�, (1)

where 0°, 45°, 90°, and 135° denote the orientations
of the polarization transmission axes with respect
to a reference plane, and � and � are the right-
and left-handed circular polarization components.
Here the reference plane can be arbitrarily chosen
through the direction of propagation of the light
beam. Throughout this paper we use the principal
plane as the reference plane. Stokes parameter I
describes the total intensity, Q and U the linear
polarization, and V the circular polarization of the
light beam. From the Stokes parameters the follow-
ing polarization parameters can be derived31:

P �
�Q2 � U2 � V2�1�2

I , (2)

Pl �
�Q2 � U2�1�2

I , (3)

Pc �
V
I , (4)
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where P is the total degree of polarization, Pl is the
degree of linear polarization, and Pc is the degree
of circular polarization. Symmetry demands that
U � 0 for skylight measurements within the principal
plane. To preserve the sign of Q, the degree of linear
polarization in the principal plane can be written as

Ps � �
Q
I . (5)

In the following discussion the circular component V
of the Stokes vector is neglected, because numerous
experiments and simulations show that V has a mar-
ginal influence on the total degree of polarization in
the atmosphere.32,33

B. Scattering Matrix

We consider independent light scattering by an en-
semble of randomly oriented particles, which has a
plane of symmetry. The scattering plane contains the
direction of propagation of the incident and scattered
light and will serve as the reference plane. The
Stokes parameters of the scattered beam for scatter-
ing angle � can be written as a linear transformation
of the Stokes parameters of the incident beam28,30,31:

�
Isca

Qsca

Usca

Vsca

�� �
F11 F12 0 0
F12 F22 0 0
0 0 F33 F34

0 0 �F34 F44

��
Iin

Qin

Uin

Vin

�, (6)

where the subscripts “sca” and “in” stand for scat-
tered and incoming beams. The matrix F, with ele-
ments Fij, is called the scattering matrix, and its
elements are functions of the scattering angle. Owing
to the constraints on the ensemble of particles, the
scattering matrix has only six independent ele-
ments. The scattering matrix depends on the refrac-
tive index, the size distribution, and the shape of
the scattering particles and contains all the polar-
izing properties of the ensemble of randomly ori-
ented particles.

For spherical particles, the scattering matrix can
be calculated using Mie theory. If the incident light is
nonpolarized, the first column of the scattering ma-
trix suffices to determine the intensity and state of
polarization of the light scattered once. For accurate
multiple-scattering calculations, however, the com-
plete scattering matrix is necessary because nonpo-
larized light becomes polarized after being scattered.
Function F11 is called the phase function and is nor-
malized such that

1
2�

0

1

F11���sin �d� � 1. (7)

For nonpolarized incident light, F11 is proportional
to the scattered intensity as a function of the scat-
tering angle. The ratio �F12�F11 represents the de-

gree of linear polarization if the incoming light is
nonpolarized [see Eq. (5)]. Furthermore, we must
have |Fij�F11| � 1, and for spheres the relations
F11 � F22 and F33 � F44 hold.34

C. Geometric Characteristics for the Atmosphere

The direction of radiation at an arbitrary point
within the atmosphere is specified by zenith angle �
and azimuth angle � (see Fig. 1). The direction of
incident sunlight is specified by �0 and �0. Zenith
angle � is measured from the positive z direction, i.e.,
the local vertical. Azimuth angle � is measured clock-
wise when looking in the positive z direction. The zero
direction of the azimuth is arbitrary; thus only dif-
ferences in azimuth � � �0 are important. In the
principal plane the scattering angle � between the
incident light and the scattered light (see Fig. 1) is
given as follows: for � � �0 � 0°, the scattering angle
is � � |�0 � �|; for � � �0 � 180°, � � �0 � �. The
angular ranges are as follows: 0° � �, �0 � 90°,
0° � � � 360°, and 0° � � � 180°.

3. Simulations of the Degree of Linear Polarization of
Skylight

Here we discuss the sensitivity of the degree of linear
polarization to changes of aerosol microphysical and
optical properties. This sensitivity is studied here us-
ing Mie calculations (Subsections 3.A and 3.B) and
multiple-scattering simulations (Subsections 3.C and
3.D). From the Mie single-scattering calculations
of the degree of linear polarization as a function of
scattering angle Ps��� we further derive the single-
scattering albedo � and the scattering matrix F���.
These values, taken from selected Mie calculations,
serve as input for the multiple-scattering simulations
of the degree of linear polarization as a function of the
viewing zenith angle Ps���. For the simulations we
use a standard set of aerosol input parameters (see
Tables 1 and 2) and change one of the parameters in
a given range, and the others remain unchanged.

A. Mie Calculation Input Parameters

The degree of linear polarization of single scattering
by spherical particles is computed by using Mie scat-
tering theory.35 The input parameters required for

Fig. 1. Scattering geometry in the principal plane. The viewing
direction and the solar direction are, together with the local ver-
tical, in one plane. � is the scattering angle.
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Mie calculations include (see also Table 1): wave-
length � of the incident light, the real and imaginary
parts of aerosol refractive index m, and the aerosol
size distribution. The wavelength was chosen to be
675 nm, where only ozone absorption in the Chappuis
band has to be taken into account, and remains con-
stant throughout the sensitivity study. As size distri-
bution, a bimodal lognormal distribution was chosen,
given by

nN�r� �
dN
dr � w

Nf

	2	 ln�
f�

1
r exp
�

1
2�ln�r� � ln�rf�

ln�
f� �2
� �1 � w�

Nc

	2	 ln�
c�

�
1
r exp
�

1
2�ln�r� � ln�rc�

ln�
c� �2, (8)

where nN�r� is the number distribution ��m�1cm�3�,
Nf,c are the total aerosol number concentrations for
the fine and coarse modes, rf,c are the fine and coarse
mode number median radii, 
f,c are the fine and
coarse mode geometric standard deviations of the dis-
tribution,36 and w is the weighting factor of the fine
mode. The typical values for weighting factor w are in
the range of 0.9992–0.9998.37 It is sometimes conve-
nient for comparison between size distributions to
express the size parameters of different distributions
in terms of two common parameters, the effective

radius and the effective variance. For each mode the
effective radius reff, or area weighted mean radius,
can be used as larger particles tend to be more effi-
cient scatterers:

reff,i � ri�1 � veff,i�2.5, i � f, c, (9)

where i represents fine and coarse mode values [see
also Eq. (8)]. Similarly for the standard deviation of a
distribution, the effective variance veff can be used:

veff,i � exp�ln�
i�2� � 1, i � f, c. (10)

An advantage of the lognormal distribution is that
the standard deviations for the number, surface, and
volume distributions are identical, and therefore the
surface median radius rS and the volume median
radius rV can be written in terms of the number me-
dian radius rN and standard deviation 
N as follows36:

ln�rS,i� � ln�rN,i� � 2 ln 2�
N,i�, i � f, c, (11)

ln�rV,i� � ln�rN,i� � 3 ln 2�
N,i�, i � f, c. (12)

To have realistic standard aerosol input parame-
ters for the single- and multiple-scattering calcula-

Table 1. Mie Simulation Input Parametersa

Parameter Symbol

Standard Value
(Cabauw, The
Netherlands) Range

Greenbelt
(USA)

Paris
(France)

Wavelength � (	m) 0.675 Constant 0.675 0.675
Real part of the refractive index mr 1.400 1.330–1.600 1.410 1.400
Imaginary part of the refractive index mi 0.007 0.000–0.020 0.003 0.009
Median radius of the fine mode rf (	m) 0.080 0.010–0.110 0.081 0.067
Median radius of the coarse mode rc (	m) 0.425 0.150–0.650 0.565 0.428
Standard deviation of the fine mode 
f 1.400 1.200–2.200 1.460 1.537
Standard deviation of the coarse mode 
c 2.200 1.500–2.500 2.120 2.203
Weighting factor of the fine mode w 0.9995 0.998–1.000 0.9995 0.9995

aThe Cabauw values are used as standard input for the Mie simulations. The fourth column gives the range in which the values are
varied for the sensitivity study. For comparison purposes the fifth and sixth columns give the average values as measured by AERONET
in urban locations (Greenbelt and Paris).11

Table 2. Input Parameters for the DAK Multiple Scattering Simulationsa

DAK Input Parameter Symbol
Standard Value (Cabauw,

The Netherlands) Range

Wavelength � (	m) 0.675 Constant
Surface albedo A 0.10 0.05–0.20
Atmospheric profile Mid-latitude Summer,

AFGL (1986)
—

Number of atmospheric layers N 32 Constant
Aerosol altitude h (km) 0–1 0–16
Mie input parameters See Table 1 —
Aerosol optical thickness aer 0.065 0.045–0.400

aThe third column gives the standard Cabauw case values for 11 October 2004. The fourth column gives the range in which the
parameters are varied in the sensitivity study.
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tions, we constructed a precalculated lookup table,
which was based on AERONET climatology data
including the variability for several sites.38 We
compared measurements of the degree of linear po-
larization in the principal plane, taken on 11 October
2004 in Cabauw, The Netherlands (see Section 5) and
the lookup table results. The parameters of the best
fit, subsequently referred to as the Cabauw case (see
Table 1), were taken as the standard input for the
Mie sensitivity study. The range of the real and imag-
inary parts of refractive index m, as well as the num-
ber median radii rf,c and the geometric standard
deviations 
f,c of the aerosol size distribution chosen
for the sensitivity study, comprise a wide range of
tropospheric aerosol properties.38,39 The same refrac-
tive index has been assumed for the fine and coarse
mode particles of the aerosol size distribution.

B. Mie Single-Scattering Polarization Results

The focus of the single-scattering sensitivity study
of the degree of linear polarization as a function of
scattering angle Ps��� turns on the following four
criteria: the sensitivity of the polarization in the
forward-scattering direction �0° � � � 90°�, the

sensitivity of the polarization in the backscattering
direction �90° � � � 180°�, the sensitivity of the
maximum degree of linear polarization, and the
sensitivity of its position.

The color contour diagrams in the left panels of
Figs. 2–4 present the complete picture of the behav-
ior of Ps��� as a function of each aerosol microphysi-
cal parameter. The corresponding xy plots in the right
panels show the slice planes of Ps��� for certain val-
ues of the varied input parameters. The values are
indicated in the contour diagrams by dashed horizon-
tal lines. For comparison of the Ps��� curves, the
standard Cabauw case is indicated by solid black
curves in the right panels.

For Ps��� in the forward-scattering direction, the
strongest influence is found for changes of the median
radius, the standard deviation, and the weighting
factor of the fine mode [see Figs. 3(a), 3(b), 4(a), 4(b),
4(e), and 4(f)]. The variations of the real part of the
refractive index and median radius of the coarse
mode have a minor influence [see Figs. 2(c), 2(d), 3(c),
and 3(d)], while variations of the imaginary part of
the refractive index and the standard deviation of the
coarse mode have an insignificant influence [see Figs.

Fig. 2. Mie simulations of the degree of linear polarization Ps at � � 675 nm as a function of the scattering angle and varied aerosol
parameter. The Cabauw case was used as standard input and one parameter was varied, and the others remain unchanged (see Table
1). The varied parameters are (a), (b), the imaginary part of the refractive index and (c), (d), the real part of the refractive index. The
left column shows the degree of linear polarization versus the varied input parameter and scattering angle. The color bar goes from
red to yellow �Ps � 0� to white �Ps � 0� and from green to blue �Ps � 0�. In the right column, the corresponding xy plots show slice planes
of the degree of linear polarization versus the scattering angle. The slice planes are indicated in the colored figures by dashed lines. For
comparison, the Cabauw case is indicated by a solid black curve in the slice plane figures.

8794 APPLIED OPTICS � Vol. 45, No. 34 � 1 December 2006



2(a), 2(b), 4(c), and 4(d)]. For the maximum degree of
linear polarization, the influence is strongest for the
fine modes of the median radius, the standard devi-
ation, and the weighting factor [see Figs. 3(a), 3(b),
4(a), 4(b), 4(e), and 4(f)]. The real part of the refrac-
tive index and the median radius of the coarse mode
have a weaker influence [see Figs. 2(c), 2(d), 3(c), and
3(d)], while the imaginary part of the refractive index
and the standard deviation of the coarse mode have
an insignificant influence on the maximum [Figs.
2(a), 2(b), 4(c), 4(d)]. For the position of the maximum
degree of linear polarization, the strongest influence
can be found by varying the real part of the refractive
index [see Figs. 2(c) and 2(d)]. For Ps��� in the back-
scattering direction, the strongest influence is found
for changes in the fine modes of the median radius,
the standard deviation, and the weighting factor [see
Figs. 3(a), 3(b), 4(a), 4(b), 4(e), and 4(f)]. Changes in
the other Mie input parameters have a minor or in-
significant influence on the degree of polarization in
the backscattering direction.

C. Radiative Transfer Model and Input Parameters

The DAK [doubling–adding Royal Netherlands Mete-
orological Institute (KNMI)] model is designed for the
line-by-line calculations of radiance, polarization,
and irradiance at the top of the atmosphere (TOA)
inside the atmosphere. It consists of an atmospheric
shell around a monochromatic multiple scattering

kernel, based on the polarized doubling–adding
method.40,41 The calculation of the polarized inter-
nal radiation field of the atmosphere is described by
de Haan.40 The atmosphere may consist of an arbi-
trary number of plane-parallel layers, each of which
can have Rayleigh scattering, gas absorption, aero-
sol and�or cloud particle scattering, and absorption.
Polarization is fully taken into account. The atmo-
spheric shell describes the optical parameters of
each layer: optical thickness, single-scattering al-
bedo, and scattering matrix.40 To be used in DAK,
the scattering matrix must be expanded in so-called
generalized spherical functions, which is done by
the Mie scattering code.35 Because of the strong
forward peak of the aerosol phase function (which
can amount to 3 orders of magnitude in F11 between
0° and 10°), the number of expansion coefficients
needed for an accurate representation of the phase
function is too high for practical purposes (computa-
tion time). For this reason, a delta approximation is
used before the expansion is started for all the phase
functions (see Appendix A).

The degree of linear polarization is computed by
using multiple-scattering simulations (DAK). The in-
put parameters required for the DAK simulations
include (see Table 2): a mid-latitude summer atmo-
spheric profile, aerosol altitude h, aerosol optical
thickness aer, surface albedo A, Mie scattering
matrices, and single-scattering albedo �. The aerosol

Fig. 3. Same as in Fig. 1, but for the median radius of (a), (b), the fine mode and (c), (d), the coarse mode.
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was placed in the lowest kilometer of the atmosphere.
The ozone absorption in the Chappuis band was in-
cluded in the calculations. The standard value of
the aerosol optical thickness at 675 nm was chosen
according to sunphotometer measurements made
on a clear day (11 October 2004) in Cabauw, The
Netherlands. The surface albedo of the surrounding
grassland was chosen according to the database of
Koelemeijer et al.42 for October at a wavelength of
675 nm. The Mie-scattering matrices, selected from
the sensitivity study in Subsection 3.B and shown in
the right panels of Figs. 2–4, served as aerosol input
parameters for the DAK simulations. The Cabauw
case aerosol was used as the standard aerosol model
(Table 1). For a comparison of the different figures of

the sensitivity study, the Cabauw case is indicated by
a solid black curve in Figs. 5 and 6.

D. Multiple-Scattering Simulations of Polarization of
Skylight

The focus for the multiple scattering simulations turns
on the same four aspects of the sensitivity of skylight
polarization on aerosol microphysical parameters as in
Subsection 3.B: the sensitivity of the polarization in
the forward-scattering direction, the sensitivity of the
polarization in the backscattering direction, the sensi-
tivity of the maximum polarization, and the sensitivity
of the position of the maximum degree of linear polar-
ization. The standard input parameters for this sensi-

Fig. 4. Same as in Fig. 1, but for the standard deviation of (a), (b), the fine mode; the standard deviation of (c), (d), the coarse mode;
(e), (f), the weighting factor of the fine mode.
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tivity study refer to very clear-sky conditions (the
Cabauw case).

For Ps��� in the forward-scattering direction, the
strongest influence is found for variations of the fine
mode median radius and the fine mode standard de-
viation [see Figs. 5(c) and 5(e)]. The influence of the
real part of the refractive index, the weighting factor of
the fine mode, and the aerosol optical thickness are
less significant [see Figs. 5(b), 6(a), and 6(c)]. The other
input parameters have a minor or insignificant influ-
ence on the polarization in the forward-scattering di-

rection. The maximum degree of linear polarization is
strongly influenced by nearly all the input parameters.
The only exceptions are the coarse mode radius, the
coarse mode standard deviation, the imaginary part of
the refractive index, and the aerosol altitude, which
have a minor or insignificant influence [see Figs. 5(a),
5(d), 5(f), and 6(b)]. For the position of the maximum
degree of linear polarization, influences can be found
for the real part of the refractive index, the fine mode
median radius, and the standard deviation [see Figs.
5(b), 5(c), and 5(e)]. Ps��� in the backscattering direc-

Fig. 5. Multiple scattering simulations, using DAK, of the degree of linear polarization Ps at � � 675 nm as a function of the zenith and
scattering angles in the principal plane at a solar zenith angle of �0 � 65°. Negative zenith angles refer to � � �0 � 0°, and positive zenith
angles to � � �0 � 180° (see Subsection 2.C). The Cabauw case (solid curve) was used as standard input, and one parameter was varied,
while the others remain unchanged (see Tables 1 and 2). The varied parameters are (a) the imaginary part of the refractive index, (b) the
real part of the refractive index, (c) the median radius of the fine mode, (d) the median radius of the coarse mode, (e) the standard deviation
of the fine mode, (f) the standard deviation of the coarse mode.
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tion is influenced mainly by the fine mode median
radius, the standard deviation of the fine mode, and by
the optical thickness [see Figs. 5(c), 5(e), and 6(c)]. The
variations of the weighting factor and surface albedo
have a weaker effect [see Figs. 6(a) and 6(d)]. The other
parameters have an insignificant influence on the de-
gree of linear polarization in the backscattering direc-
tion.

We also studied the sensitivity of Ps��� for very
hazy-sky conditions. For hazy-sky aerosol parame-
ters, derived on 8 May 2003 (Table 3), we found an
increase in the sensitivity Ps��� for the real and
imaginary parts of the refractive index, whereas the
sensitivity of Ps��� because of the changes in the
weighting factor decreased strongly as compared
with the clear-sky case. The strong influence of the
fine mode median radius and the fine mode standard
deviation remained, as did the influence of the aero-
sol optical thickness on Ps���.

The influence of all the input parameters on the
degree of linear polarization of skylight for both sky
conditions (very clear and hazy) is summarized in
Table 4. For classification of the input parameters
we examined the impact of a relative parameter
change of 10% based on the parameter ranges (see
Tables 1 and 2) compared to the Cabauw case. We
classified parameters with an absolute effect on the
maximum degree of linear polarization �Ps,max as
follows:

Y �Ps,max � 1% � ��, very significant,
Y 0.5 � �Ps,max � 1% � �, significant,
Y 0.1 � �Ps,max � 0.5% � �, minor,
Y �Ps,max � 0.1% � ��, insignificant.

For the position of maximum polarization ��P,max we
used the following criteria: ��P,max � 0.5° � ��,
0.25° � ��P,max � 0.5° � �, 0.1° � ��P,max � 0.25°
� �, and ��P,max � 0.1° � ��. For classification of
input parameters and their effect on polarization in
the forward- and backscattering directions, we fol-
lowed a more qualitative approach by comparing the
relative impact of all the input parameters. The re-
sults of this sensitivity study are used for the inter-
pretation of measurements of skylight polarization in
Section 5. The instrumental setup is described first in
Section 4.

4. Instrument Description

Here we give an overview of the polarization spec-
trometer FUBISS–POLAR (see Fig. 7 and Table
5).27,43 FUBISS–POLAR is designed to measure the
degree of linear polarization of scattered skylight
with a medium spectral resolution in the visible spec-
tral range �400–700 nm� and with a high spectral
resolution in the near infrared �700–900 nm), includ-
ing the O2A band. Its optical front end consists of two
identical entrance units. One entrance unit is linked
via fiber optics with broadband spectrometers (with a

Fig. 6. Same as in Fig. 5, but for the weighting factor of (a) the fine mode, (b) the aerosol altitude, (c) the aerosol optical thickness,
(d) the surface albedo.
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spectral resolution of 7 nm) for the visible spectral
range, and the other with high spectral resolution
spectrometers (with spectral resolution of 2.4 nm) for
the near-infrared spectral range. Each entrance op-
tical unit is equipped with four entrance tubes. Each
tube contains a Glan–Thompson polarization prism
with a different orientation of its polarization axis (0°,
45°, 90°, and 135°) and baffles for stray light suppres-
sion. The design allows arbitrary positioning of the
entrance optics within the upper hemisphere. The
possible measurement geometries are the principal

plane and the almucantar (see also Fig. 1). The mea-
sured intensity I� at a polarization prism axis orien-
tation angle � is related to Stokes parameters I, Q,
and U as follows:

I� �
1
2�I � Q cos 2�� � �� � U sin 2�� � ���, (13)

where � is the initial position of the polarization
prism axes in the reference plane, which can be set to
zero without loss of generality.

Table 3. Summary of the Aerosol Model Parameters for Clear (11 October 2004) and Hazy (8 May 2003) Sky Conditions

Parameter Symbol
Cabauw Standard

Case
Best Fit for

11 October 2004
Best Fit for
8 May 2003

Aerosol microphysical parameters (Mie)
Wavelength � (	m) 0.675 0.675 0.675
Imaginary part of the refractive index mi 0.007 0.0007 0.0000
Real part of the refractive index mr 1.400 1.400 1.380
Median radius of the fine mode rf (	m) 0.080 0.080 0.120
Median radius of the coarse mode rc (	m) 0.425 0.425 0.700
Standard deviation of the fine mode 
f 1.400 1.300 1.950
Standard deviation of the coarse mode 
c 2.200 2.200 2.200
Weighting factor of the fine mode w 0.9995 0.9996 0.9992
Average volume V 0.0055 0.0069 0.0725
Average volume fine mode Vf 0.0036 0.0029 0.0538

Macrophysical parameters (DAK)
Aerosol altitude h (km) 1 1 1
Aerosol optical thickness aer 0.065 0.065 0.390
Surface albedo A 0.10 0.10 0.15

Mean deviation of the degree of polarization
(fit measurement)

(%) 1.49 0.30 �0.811

RMSE of the degree of polarization
(fit measurement)

(%) 1.35 0.76 0.91

Single-scattering albedo � 0.887 0.977 1.000
Fine mode fraction of aer (%) 70 51 17

Table 4. Classification of the Importance of the DAK and Mie Input Parametersa

Parameters

Forward
Polarization

Maximum
Polarization

Position of
Maximum

Backward
Polarization

Clear Hazy Clear Hazy Clear Hazy Clear Hazy

Microphysical aerosol parameters (Mie)
Imaginary part of the refractive index mi � � � � �� �� �� �
Real part of the refractive index mr � �� � �� � � �� ��
Median radius of the fine mode rf �� �� �� �� �� � � �
Median radius of the coarse mode rc � �� � �� � �� �� ��
Standard deviation of the fine mode 
f �� �� �� �� � �� � �
Standard deviation of the coarse mode 
c �� �� �� �� �� �� �� ��
Weighting factor of the fine mode w � �� � �� � �� � ��

Macrophysical parameters (DAK)
Aerosol altitude h �� �� �� �� �� �� �� ��
Aerosol optical thickness aer � �� �� �� �� �� �� ��
Surface albedo A �� �� � � �� �� � �

aThe classification is for multiple scattering simulations (column 1) and their effects on the degree of linear polarization in the
forward-scattering direction (column 2), the maximum polarization (column 3), the position of the maximum (column 4), and the
polarization in the backscattering direction (column 5). Two sky cases are considered: clear sky (11 October 2004, Table 3) and hazy sky
(8 May 2003, Table 3). Classification of the effects is as follows: very significant (��), significant (�), minor (�), and insignificant (��)
(see Subsection 3.D).
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To calculate Stokes parameters I, Q, and U, only
three intensity measurements at different polariza-
tion prism axis angles are needed. However, a
fourth measurement leads to an overdetermined
system of equations and to a redundancy that al-
lows a rough error estimation.43 The axis orienta-
tions of the FUBISS–POLAR polarization prisms
are 0°, 45°, 90°, and 135°. The optical front end also
comprises a four-quadrant diode to track the Sun
position. This information is used to correct the
alignment of the entrance optics by motors that are
mounted at the frame construction. Measurements

during a sky scan can be done continuously or at
defined directions. FUBISS–POLAR is able to scan
the principal plane or the almucantar within min-
utes, depending on the integration time, so that the
Sun’s relative position changes marginally. Since
FUBISS–POLAR measures the intensities I0°, I45°,
I90°, and I135° simultaneously, it can be used for mea-
surements of temporally varying objects. The system
works autonomously, i.e., it takes the variation of the
Sun’s position into account. These are important ad-
vantages compared with other polarization measure-
ment systems.44–47 From the investigation of the
random errors (signal-to-noise ratio and calibration
standard stability) and the systematic errors (pointing
error, fiber optics error, instrument polarization, and
polarization prism accuracy)27,43 the absolute polari-
metric accuracy is estimated to be 1% and the align-
ment error is estimated to be 0.5°.

5. Comparison of Measurements and Model Results

Here we compare the multiangle measurements of the
degree of polarization of skylight with the radiative
transfer simulations. Conclusions about the aerosol
refractive index, the aerosol size distribution, and the
fine mode fraction of the aerosol optical thickness
are drawn from the comparison. As an indication of
whether the derived aerosol size parameters were ori-
ented in the right direction, we looked at the spectral
behavior of the maximum degree of polarization (see
Fig. 8) and the Angström coefficient � derived from
the sunphotometer measurements and the Mie simu-
lations. The Angström coefficient is the exponent
of a power-law fit to the aerosol optical thickness:
aer��� � ���, or equivalently to the Mie extinction
cross section. Using only two wavelengths for deter-
mining �, we have � � �ln�aer��1�� � ln�aer��2����
�ln��2� � ln��1��. The smaller the Angström coeffi-
cient, the bigger the aerosol particle size.

The measurements were taken with the polarization
spectrometer FUBISS–POLAR described in Section 4.
The measurement site was located at Cabauw, The

Fig. 7. Setup of the polarization spectrometer FUBISS–POLAR.
The instrument measures Stokes parameters I, Q, and U simul-
taneously at each scan angle.

Fig. 8. Maximum degree of polarization as a function of wave-
length as measured at Cabauw, The Netherlands on 11 October
2004 at a solar zenith angle of �0 � 65° and on 8 May 2003 at a solar
zenith angle of �0 � 71°.

Table 5. Technical Data of the FUBISS–POLAR Polarization
Spectrometer

Characteristics
MCS–VISNIRa

(Zeiss)
MMS–UVVISb

(Zeiss)

Number of spectrometers 4 4
Number of channels 512 256
Spectral range 674–1082 nm 248–790 nm
Signal-to-noise ratio 8100 10000
Wavelength accuracy

(absolute)
0.6 nm 0.3 nm

Resolution (FWHM) 2.4 nm 7 nm
Field of view 4°
Sun tracker alignment

accuracy
0.07°

Measurement geometries Principal plane, almucantar,
zenith

aMCS, multichannel spectrometer; VISNIR, visible near infra-
red.

bMMS, monolithic miniature spectrometer; UVVIS, ultraviolet
visible.
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Netherlands (51.58° N, 4.56° E). The measurements
of polarization in the principal plane were taken un-
der cloudless conditions on 8 May 2003 and 11 Octo-
ber 2004.

The measurements on 8 May 2003 were taken at
06:15 UTC at a solar zenith angle of �0 � 71° in 0.4°
steps of viewing zenith angle �. The integration time
was 410 ms, and one sky scan took less than 4 min.
The aerosol optical thickness was aer � 0.39 at
675 nm, as measured in Cabauw by the SPUV
sunphotometer (Yankee Environmental Systems,
Turners Falls, Massachusetts).48 During the measure-
ments the sky was cloudless, but it remained hazy the
whole morning. At approximately noon, convective
clouds started to develop. The surface albedo A of
Cabauw in May at 675 nm was assumed to be 0.10.42

The measurements on 11 October 2004 were tak-
en at 09:55 UTC at a solar zenith angle of
�0 � 65° in 2.5° steps of viewing zenith angle �. The
integration time was 500 ms, and one sky scan took
less than 1 min. The aerosol optical thickness was
aer � 0.065 at � � 675 nm. The whole day was very
clear and cloudless. As a comparison, the multiyear
average aerosol optical thickness at � � 675 nm
in Cabauw was approximately 0.15. The surface
albedo A of Cabauw in October at 675 nm was
assumed to be 0.15.42 The most important meteoro-
logical conditions for the two measurement days are
combined in Table 6.

The skylight polarization measurements Ps��� at
675 nm for both days are shown in Figs. 9(a), 9(b),

and 10(a). The observations are shown with their
absolute error bars, i.e., 1% for polarization and 0.5°
for the viewing direction.

A. Clear-Sky Comparison for 11 October 2004

A lookup table of the calculated degree of skylight
polarization (see also Section 3) for different aerosol
microphysical properties was searched automatically
to find the best fit to the data. The aerosol model
parameters found from this lookup table were then
used as a starting point for manual investigation to
find a better fit between the observed and the calcu-
lated PS���. The single-scattering albedo of the model
fits is included in Table 3, as well as the fine mode
fraction of the aerosol optical thickness, calculated
from the Mie extinction cross sections.

In Fig. 9(a) the lookup table fit (the Cabauw case)
to the measurements of the degree of linear polariza-
tion as a function of viewing zenith angle is shown as
a solid line. The mean deviation between the mea-
surement and the simulation is 1.49%, and the root-
mean-square error (RMSE) is 1.35%. The model
parameters of this fit are shown in Table 3. Further-
more, a pure Rayleigh simulation (no aerosol) is shown
to point out the influence of the added aerosol. Two
simulations using aerosol microphysical parameters
according to the AERONET climatology for Greenbelt,
USA, and Paris, France, are also shown.38 The aerosol
microphysical parameters of the Greenbelt and Paris
climatology are shown in Table 1. The decrease of po-
larization between the no-aerosol and aerosol-loaded

Table 6. Meteorological Conditions During the Measurements

Date and Time
Solar Zenith Angle Temperature Pressure

(hPa)
Relative Humidity Wind Speed

(m�s)(deg.) [°C] (%)

8 May 2003 70.81 10.9 1017.8 100 4.2
06:15 UTC

11 October 2004 65.02 9.5 1021.2 81 6.9
09:55 UTC

Fig. 9. Degree of linear polarization Ps at � � 675 nm as a function of the viewing zenith and scattering angles in the principal plane at
a solar zenith angle of �0 � 65°, as measured on 11 October 2004 at Cabauw, The Netherlands. (a) Comparison with multiple scattering
calculations for a pure molecular atmosphere (maximum of Ps � 82.2% at � � 25°), as well as for aerosol loaded atmospheres. All the input
parameters are shown in Tables 1 and 2. The best fit between measurement and model result is indicated by a solid curve. (b) Comparison
with an improved model fit (see Table 3).
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simulations is attributable to scattering by aerosols,
which gives a lower Ps��� than scattering by molecules
(see Subsection 3.B). A shift in the position of the
maximum degree of polarization takes place as well.
The decrease is seen mainly in the backscattering
direction and in the maximum degree of polarization.
The simulations using the Greenbelt and the Paris
aerosol microphysical parameters have a lower max-
imum degree of polarization than those with the
lookup table fit.

The lookup table fit could be improved by vary-
ing the imaginary part of the refractive index, the
weighting factor of the fine mode, and the standard
deviation of the fine and coarse modes [see Fig. 9(b)].
After the improvement, the mean deviation between
simulation and measurement is only 0.30% and the
RMSE is reduced to 0.76%. The aerosol microphysical
parameters of this improved fit are also shown in
Table 3. The absolute deviation of Ps��� between the
measurements and the model fit is shown in Fig.
10(b). Compared with the measurement, both model
fits have a higher degree of linear polarization in the
forward- and backscattering directions and a lower
maximum degree of polarization. Given the fact that
the measurement accuracy is 1%, the deviation is
acceptable.

The effect on polarization because of the ozone ab-
sorption in the Chappuis band had been taken into
account. The difference in the degree of polarization
with and without ozone absorption is approximately
�0.17% and affects mainly the backscattering direc-
tion.

As an indication of whether the aerosol size param-
eters were oriented in the right direction, we looked
at the wavelength behavior of the maximum degree of
polarization. The maximum degree of polarization at
675 nm was higher than at 465 nm (see Fig. 8). This
is an indication of small particles.49 Further, we
looked at the Angström coefficient �. From the sun-
photometer measurements we derived an � of 1.1
between 550 and 675 nm and of 2.3 between 675 and
780 nm. From the Mie extinction cross sections we

calculated an � of 1.7 between 550 and 675 nm and of
2.5 between 675 and 780 nm. Thus the sun photom-
eter measurements also indicated the presence of
small particles, which strengthens the conclusion of
the presence of small particles as found by the polar-
ization measurements.

B. Hazy-Sky Comparison for 8 May 2003

Because of a higher aerosol optical thickness aer and
a higher surface albedo A, and because of a larger
solar zenith angle �0 on the hazy day, we already
expected a lower degree of linear polarization,
compared with the measurements of the clear day.
The increase of aer resulted in an increase of the
radiance and a decrease of Ps���. This is the result of
more aerosol scatterers and hence more scattering in
the line of sight by the less polarizing aerosols, com-
pared with the molecules. The larger A decreases
Ps��� because of an increase of depolarized light from
the surface, whereas the larger �0 causes a shift in the
position of the maximum degree of linear polarization
to lower viewing zenith angles and a decrease of the
effect of A (weaker illumination of the surface). As we
have already seen in Section 3 we do not expect any
influence on Ps��� because of the aerosol altitude. The
comparison with the measurements of the clear day
shows the expected shift of the position of the maxi-
mum to lower viewing zenith angles and a much
lower degree of linear polarization [see Figs. 9(a),
9(b), and 10(a)]. Furthermore, we assume the pres-
ence of hygroscopic aerosols at the measurement site
in Cabauw. With increasing relative humidity, it is
generally expected that hygroscopic particles get
larger and that the real and imaginary parts of the
refractive index decrease. The relative humidity dur-
ing the measurements was approximately 100%,
compared to 81% on the clear day. Taking the micro-
physical parameters of the clear day as a starting
point for the investigation, we increased the fine
mode standard deviation and the median radii of the
fine and coarse modes, whereas we decreased the real
and imaginary parts of the refractive index, as well as

Fig. 10. (a) Degree of linear polarization Ps at � � 675 nm as a function of the zenith and scattering angles in the principal plane at a
solar zenith angle of �0 � 71° as measured on 8 May 2003 at Cabauw, The Netherlands, compared with the best fit. For the pure molecular
atmosphere we derive a maximum of Ps � 81.1% at � � 19°. (b) Deviation between the measurement and the model fits. Dotted lines
indicate a deviation of 1%.
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the weighting factor of the fine mode. In Fig. 10(a) the
best fit to the FUBISS–POLAR measurements of the
degree of linear polarization as a function of the view-
ing zenith angle in the principal plane is shown by a
solid curve. The mean deviation between measure-
ments and simulations is �0.81%, and the RMSE is
0.91%. The model parameters for this fit are shown in
Table 3. The absolute difference of Ps��� between the
model fit and the measurement is shown in Fig. 10(b).
The model fit has a higher degree of polarization at
approximately the maximum and a lower degree of
polarization in the forward-scattering and backscat-
tering directions. The difference between the measure-
ments and the model for the hazy day is similar in
magnitude and shape to that of the clear day, but
reversed in sign. The reason for this is not clear be-
cause the difference is mostly below 1%, which is
within the limits of measurement accuracy. The dif-
ference in the degree of polarization with and without
ozone absorption in the Chappuis band is approxi-
mately �0.11%, and also affects mainly the backscat-
tering direction.

As an indication of whether the aerosol size
parameters are oriented in the right direction, we
reexamined the wavelength behavior of the maxi-
mum degree of polarization. For this day we find a
lower maximum degree of polarization at 675 nm
than at 465 nm (see Fig. 8), which is an indication of
larger particles.49 The Angström coefficient �, de-
rived from the sunphotometer measurements, is 0.5
between 550 and 675 nm and 0.8 between 675 and
780 nm. From the Mie extinction cross sections we
calculated an � of 0.7 between 550 and 675 nm and of
0.9 between 675 and 780 nm. Thus the sunphotom-
eter measurements also indicated the presence of
larger particles on the hazy day than on the clear day.

6. Summary and Conclusions

The analysis of the dependence of the degree of linear
polarization of skylight in the Sun’s principal plane
as a function of aerosol microphysical parameters
using Mie calculations and multiple-scattering sim-
ulations shows that for a clear sky the degree of po-
larization is strongly influenced by the parameters of
the fine mode of the aerosol size distribution (the
median radius and geometric standard deviation),
the real part of the aerosol refractive index, and the
aerosol optical thickness. The other aerosol parame-
ters show less influence. The sensitivity study was
extended to hazy-sky conditions, where we found an
increase of the sensitivity for the real and imaginary
parts of the refractive index, whereas the sensitivity
attributable to changes in the weighting factor of the
fine mode decreases strongly. The strong influence of
the fine mode parameters as well as of the aerosol
optical thickness remains. The determination of some
parameters, such as the imaginary parts of the re-
fractive index, is complicated by the fact that we can
have nonunique solutions. We find similar results for
a different combination of aerosol parameters, for
instance, by lowering the imaginary part and increas-
ing the weighting factor, or the other way around.

However, this results in two strongly differing single-
scattering albedos. An accurate determination of the
imaginary part of the refractive index does not seem
to be possible if only polarimetry is used.

From this sensitivity study in the continuum (out-
side the absorption bands) we conclude that the num-
ber of free input parameters for the polarization
radiative transfer simulations can be reduced from
ten to seven (see Table 3), namely, the real and imag-
inary parts of the refractive index, the median radius
and the geometric standard deviation of the fine
mode, the aerosol optical thickness, the weighting
factor of the fine mode, and the surface albedo. The
parameters of the coarse mode of the size distribu-
tion and the aerosol altitude can be regarded as non-
free parameters, because of their minor influence on
skylight polarization. The aerosol optical thickness
should be measured together with the polarization of
skylight because of the strong influence of the aerosol
optical thickness and to further reduce the number of
free input parameters.

From skylight polarization measurements in Cabauw,
The Netherlands, we derived microphysical aerosol
parameters by comparing the calculated degree of
polarization with the measured degree of polariza-
tion. The best fit was found manually, by adjusting
every input parameter until we found the best com-
parison between measurement and simulation. To
avoid local minima problems, we took the whole zenith
angle range into account for the comparison. Further-
more, we calculated the fine mode fraction of the
aerosol optical thickness from the microphysical aero-
sol parameters derived from the comparison. The
measurements were taken at clear- and hazy-sky con-
ditions with FUBISS–POLAR, a ground-based multi-
spectral and multiangle polarization spectrometer.
The aerosol optical thickness was measured with a
sunphotometer. The comparison of the measurements
and simulations of the degree of linear polarization
shows very good agreement. For the comparison we
used a bimodal lognormal aerosol size distribution
because simulations with a single-mode approach
showed that it was not possible to match the position of
the maximum degree of polarization of the measure-
ments while finding an agreement in the forward-
scattering and backscattering directions. As a measure
of the quality of the solution we took the mean devia-
tion and the RMSE. The difference between the model
fits and the measurements of polarization was within
the range of a measurement accuracy of 1% in degree
of polarization. The RMSE between the model fit and
the measured data was less than 0.92% for both
test days. The model fit of the clear day seemed to
overestimate the polarization measurements in the
forward-scattering direction as well as in the back-
scattering direction, and underestimate it around the
maximum degree of polarization. The model fit of
the hazy day looks nearly mirror inverted to the
clear-day model fit. The very good agreement be-
tween measurements and the simulations suggests
that the basic assumption of Mie theory is applica-
ble for the cases chosen here. If the sphericity as-
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sumption would not have been applicable it would not
have been possible to achieve a satisfactory fit to the
polarization measurements.12 Furthermore, we see
that the resulting size distribution, derived from the
comparison between the polarization measurements
and the simulations tended to be in the same direction
as suggested by the sunphotometer measurements
and the investigation of the wavelength dependence
measurements of the maximum degree of linear polar-
ization.

From the sensitivity study and the comparison be-
tween the simulations and the measurements, we find
that it is not sufficient to measure and�or simulate the
degree of linear polarization only at a single-scattering
angle in the principal plane, e.g., 90°. To estimate the
aerosol properties reliably one has to find an agree-
ment between the simulation and the measurement of
polarization in the forward-scattering direction, in the
backscattering direction, and the maximum, as was
done here.

Based on this polarization study and previous
studies12,15,17,50 a retrieval algorithm will be devel-
oped to automatically retrieve aerosol microphysical
and optical properties from skylight polarization
measurements at multiple wavelengths.

Appendix A. Delta Approximation

The delta approximation consists of truncating the
forward peak of F11 at a certain scattering angle �c.51

By doing so, the energy that is scattered in the near-
forward directions is not considered to be scattered at
all. Therefore the scattering cross section is reduced,
and consequently the extinction cross section, the
single-scattering albedo, and the optical thickness
are changed. The truncated phase function has to
be normalized. The truncation is done such that
F11��� � F11��c� for 0 � � � �c. The same is done for
the other scattering matrix elements. The relative
amount of energy that is truncated is

� ��
0

�c

F11���d� � F11��c��
0

�c

d�. (A1)

The scattering and extinction cross sections now re-
duce to


s� � 
s�1 � ��, (A2)


e� � 
e�1 � ���. (A3)

The new single-scattering albedo is now

�� � �
1 � �

1 � ��
. (A4)

The optical thickness is adjusted according to

� � �1 � ���. (A5)

The new phase function, together with the whole
scattering matrix, is renormalized by

F11���� �
1

1 � �
F11���. (A6)
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