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Motivated by several observations of the degree of linear polarization of skylight in the oxygen A (O2A)
band that do not yet have a quantitative explanation, we analyze the influence of aerosol altitude, micro-
physics, and optical thickness on the degree of linear polarization of the zenith skylight in the spectral
region of the O2A band, between 755 to 775nm. It is shown that the degree of linear polarization inside
the O2A band is particularly sensitive to aerosol altitude. The sensitivity is strongest for aerosols within
the troposphere and depends also on their microphysical properties and optical thickness. The polariza-
tion of the O2A band can be larger than the polarization of the continuum, which typically occurs for
strongly polarizing aerosols in an elevated layer, or smaller, which typically occurs for depolarizing aero-
sols or cirrus clouds in an elevated layer. We show that in the case of a single aerosol layer in the atmo-
sphere a determination of the aerosol layer altitude may be obtained. Furthermore, we show limitations
of the aerosol layer altitude determination in case of multiple aerosol layers. To perform these simula-
tions we developed a fast method for multiple scattering radiative transfer calculations in gaseous
absorption bands including polarization. The method is a combination of doubling-adding and k-binning
methods. We present an error estimation of this method by comparing with accurate line-by-line radia-
tive transfer simulations. For the O2A band, the errors in the degree of linear polarization are less than
0.11% for transmitted light, and less than 0.31% for reflected light. © 2008 Optical Society of America

OCIS codes: 010.1110, 260.5430, 280.1310, 101.320, 300.1030.

1. Introduction

Polarization observations of reflected or transmitted
skylight in absorption bands, such as the oxygen A
(O2A) band or water vapor bands, show prominent
features due to molecular absorption. For ground-
based polarization measurements of transmitted
skylight in the spectral region of the O2A band these

features are apparent in observations taken by
Stammes et al. [1], Preusker et al. [2], and Aben et
al. [3,4]. These authors have shown that on cloudless
days the degree of linear polarization within the O2A
absorption band, around 760nm, can be significantly
higher or lower than the absorption-free continuum
polarization (see Fig. 1). According to Stammes
et al., the strong molecular absorption within the ab-
sorption band can explain the difference in polariza-
tion between continuum and absorption band. The
strong absorption is shielding lower layers of the
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atmosphere from incident sunlight. Thereforemost of
the light has been scattered at high altitudes,
whereas in the continuum no such shielding occurs.
Thus, if the polarization properties of the lower atmo-
spheric layers differ from those of the upper layers, a
change of polarization can occur between the polari-
zation in the continuum and the absorption band.
Aerosol layers could especially cause such a change.
Ground-based measurements of the polarization of
the clear zenith sky in the O2A band may offer infor-
mation on the aerosol altitude profile [1,2,5].
In this paper we analyze the sensitivity of the de-

gree of linear polarization of transmitted skylight
in the spectral region of the O2A band, between 755
and 775nm, to changes of aerosol altitude, aerosolmi-
crophysics, andaerosol optical thickness (in the tropo-
sphere and lower stratosphere), extending the above
mentioned work. To adequately study the effect of
aerosol altitude on polarization of skylight in the
O2A band, we combined two existing radiative trans-
fer methods to significantly improve the calculation
time while maintaining a high accuracy compared
to line-by-line simulations. As a spectral approxima-
tion technique we use the k-binning method, which
is similar to a k-distribution approach, but over-
comes shortcomings of a conventional k-distribution
[6,7]. We integrate this method in monochromatic
doubling-adding multiple scattering calculations,
including polarization, for vertically inhomogeneous
atmospheres. An advantage of our combined method
approach is that an implementation of a different
response function is straightforward and does not re-
quire anew set ofmultiple scattering simulations. For
our study we use spectral response functions with a
resolution of 0:36nm at full width at half-maximum
(FWHM) and an equal spacing of 0:21nm. As atmo-
spheric scatterers, we use Rayleigh scattering mole-

cules and spherical aerosols as well as nonspheri-
cal ice crystal particles, using Mie-theory and the
geometric-optics (GO) approximation.

In Section 2 the definition of relevant polarization
parameters, such as Stokes parameters, and the scat-
teringmatrix, are briefly discussed. Furthermore, we
describe our combined method for fast radiative
transfer simulations in absorption bands including
polarizationandgiveanerror estimationof thismeth-
od by comparing with accurate line-by-line radiative
transfer simulations. In Section 3 we show the sensi-
tivity of the degree of linear polarization of the zenith
skylight to aerosol altitude and aerosol optical thick-
ness within the O2A absorption band and for the ab-
sorption-free continuum. Furthermore, we show the
influence of the solar zenith angle, and spectral re-
sponse function on the degree of linear polarization
of the zenith skylight. The summary and conclusions
follow in Section 4.

2. Combined Method for Fast Simulations of the
Degree of Polarization in Absorption Bands

A. Stokes Parameters and Polarization

The state of polarization of a light beamcanbedefined
through the components of theStokes vector I [8,9], by
measuring the relative intensities Iα of the light beam
after it has passed through polarization devices at dif-
ferent orientation angles α of their transmission axes
[10]:

I ¼

0
BB@

I
Q
U
V

1
CCA ¼

0
BB@

I0∘ þ I90∘
I0∘ − I90∘
I45∘ − I135∘
Iþ − I−

1
CCA; ð1Þ

where 0∘, 45∘, 90∘, and 135∘ denote the orientation

Fig. 1. Ground-based measurements of the degree of linear polarization Ps of the cloud free sky as a function of wavelength. (a) As
measured at the Institute for Space Sciences, in Berlin, Germany (52:5°N, 13:3∘ E) on 11 May 1994 with the spectrometer OVID (solid
line) with a spectral resolution of 2:0nm, and as measured on 24 June 1994 with the spectrometer HiRES (dotted line) with a spectral
resolution of 0:3nm [2]. Geometry on both days: solar zenith angle θ0 ≈ 40∘, viewing zenith angle θ ¼ 60∘, azimuth angle ϕ − ϕ0 ¼ 180∘, and
scattering angle Θ ¼ 100∘. (b) As measured at SRON, Utrecht, the Netherlands (52:1∘ N, 5:2∘ E) on 7 April 1997 with the spectrometer
GOMEBBMwith a spectral resolution of 0:33nm at a solar zenith angle of θ0 ¼ 79∘, viewing zenith angle of θ ¼ 0∘, and scattering angle of
Θ ¼ 79∘ (dotted line) [3], and as measured on 19 October 1993 at KNMI, in De Bilt, the Netherlands (52:1∘ N, 5:2∘ E) with a Jarrell Ash
Monospec 18 spectrometer with a spectral resolution of 0:3nm at a solar zenith angle of θ0 ¼ 66∘, viewing zenith angle of θ ¼ 0∘, and
scattering angle of Θ ¼ 66∘ (solid line) [1].

3468 APPLIED OPTICS / Vol. 47, No. 19 / 1 July 2008



angle of the polarization transmission axis with re-
spect to a reference plane, and þ and − are the right-
and left-handed circular polarization components.
The Stokes parameter I describes the total intensity,
Q and U the linear polarization and V the circular
polarization of the light beam. The degree of linear
polarization in terms of Stokes parameters is defined
as follows [11]:

P ¼ ðQ2 þU2Þ1=2
I

: ð2Þ

In caseU ¼ 0, the following alternative definition for
the degree of linear polarization will be used:

Ps ¼ −
Q
I
: ð3Þ

For Ps < 0 and Ps > 0, the light is polarized paral-
lel and perpendicular to the reference plane,
respectively.

B. Scattering Matrix at 765nm

The scattering matrix F describes the change of di-
rection, intensity, and polarization of a light beam
caused by a single scattering event. The Stokes para-
meters of the scattered beam at scattering angle Θ
can be written as a linear transformation of the
Stokes parameters of the incident beam. We consider
independent light scattering by an ensemble of ran-
domly oriented particles, which have a plane of sym-
metry. Then the scattering matrix of the ensemble
takes the following form [8,10,11]:

0
BB@

Isca
Qsca
Usca
Vsca

1
CCA ¼

2
664
F11 F12 0 0
F12 F22 0 0
0 0 F33 F34

0 0 −F34 F44

3
775
0
BB@

Iin
Qin
Uin
V in

1
CCA; ð4Þ

where the subscripts “sca” and “in” stand for scat-
tered and incoming beams. The scattering matrix
elements Fij are functions of the scattering angle.
The function F11 is called the phase function and
is normalized to 1. For unpolarized incident light
only the first column of the scattering matrix suffices
to determine the intensity and the state of polariza-
tion of the light scattered once. In this case F11 is pro-
portional to the scattered intensity as a function of
the scattering angle and, furthermore, the degree
of linear polarization is represented by the ratio
−F12=F11. F depends on the wavelength, the refrac-
tive index, the size distribution, and the shape of
the scattering particles and contains all polarizing
properties of the ensemble of randomly oriented
particles.
For spherical particles, we use Mie-theory and for

nonspherical ice crystal particles, GO approximation
to calculate the scattering matrix [12,13].

C. Combined Method for Fast Radiative Transfer
Simulations in Absorption Bands Including Polarization

The disadvantage of accurate line-by-line radiative
transfer simulations for gaseous absorption bands
is the time consumption of such codes, especially if
taking polarization into account. To overcome this
drawback we combine two methods to significantly
improve the calculation time, while maintaining a
high accuracy compared to line-by-line simulations.

For the monochromatic multiple scattering simu-
lations of polarized light in a vertically inhomoge-
neous atmosphere, we use the doubling-adding
method (DAK—doubling-adding KNMI) [14–16]
and combine this with the k-binning method, which
is similar to a k-distribution approach, but over-
comes shortcomings of a conventional k-distribution
[6,7]. The idea of a conventional k-distribution meth-
od is to put absorption lines, within a certain wave-
length interval, in order of absorption strength
rather than of wavelength, resulting in a smooth de-
pendence of absorption coefficient. This, in turn,
makes spectral integration much easier and less
time consuming. This is done for each channel of a
given instrument. The significant difference between
k-binning and a conventional k-distribution is that
the entire absorption band is simulated and after-
ward the radiances for each channel are recon-
structed from the simulations that represent the
entire spectral band. Thus no assumptions about
the shape of the sensor weighting function have to
be considered a priori for a given spectral interval.
Any sensor response function can be constructed
from a set of radiative transfer simulations for a
spectral interval. This requires, to some extent, dif-
ferent constraints on the way the subdivision in spec-
troscopically similar intervals is performed. It has to
be ensured that not only the band-averaged trans-
mission is resembled to high accuracy, but also the
transmission in each spectroscopically similar k-
binning interval.

In the following we outline our combined method
for fast simulations of radiance and polarization in
absorption bands:

Step 1: k-binning. We calculate the molecular
absorption coefficient ki (or molecular absorption
optical thickness τabsi ) for the i ¼ 1;…;N k-binning
intervals and each atmospheric layer using the
k-binning method. As molecular spectroscopic data-
base we used HITRAN 2001 [17]. The sensor’s spec-
tral response function f ðλÞ is not considered a priori,
instead the entire spectral band is subject to the k-
binning analysis. The number of resulting k-binning
intervals depends on the considered band interval,
the resolution steps with which k-binning samples
the spectroscopic database, the band-averaged trans-
mission accuracy, and the transmission accuracy in
each spectroscopically similar k-binning interval.
Resulting k-terms kiðγÞ are no longer in the wave-
length space, but rather in the Γ space, in which
the wavelengths are sorted in order of increasing
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gas absorption coefficient kðλÞ. There is a bijective
mapping function between λ and γ with BðλÞ ¼ γ
and B−1ðγÞ ¼ λ. This function is called the index func-
tion and maps from wavelength space into Γ space.
Step 2: Mie/GO calculations. We calculate the

single scattering properties of the atmospheric scat-
terers (aerosols, cirrus clouds) at given wavelength λc
using Mie-theory and/or the GO approximation (see
also Subsections 2.B and 3.A). Wavelength λc is used
for the monochromatic radiative transfer simula-
tions following in Steps 3 and 4.
Step 3: DAK calculations. We use DAK to calcu-

late the molecular scattering properties (molecular
scattering coefficient σsca or molecular scattering op-
tical thickness τsca and the depolarization factor δ) at
λc. The scattering properties are assumed to be con-
stant over the entire band. Chosen wavelength λc lies
within the absorption band and stays constant
throughout the calculations, e.g., 765nm if consider-
ing the O2A band. Subsequent to the calculations of
the molecular scattering properties, we use DAK for
the monochromatic multiple scattering simulations
of the Stokes vector Ii for the i ¼ 1;…;N k-binning
intervals, in which the underlying surface is as-
sumed to be Lambertian, and thus the reflected light
is assumed to be unpolarized and isotropic.
Step 4: Weighting. We calculate the components

of the Stokes vector I for arbitrary instrument chan-
nels within the considered band. Considering the re-
sults above and instrument response function f ðλÞ,
we only have to know how much each k-binning in-
terval i contributes to the total spectral response of
the channel. This fraction can be calculated by

wi ¼
Z
Δγi

f ðB−1ðγÞÞdγ: ð5Þ

The weights constitute the weighting of an instru-
ment channel with response function f ðλÞ in the k-
binning. Now the components of the Stokes vector
I of this channel can be constructed using

I ¼
XN
i¼1

wiIi; ð6Þ

where I is the Stokes vector of the designated instru-
ment channel and Ii are the results of the monochro-
matic radiative transfer simulations for the
i ¼ 1;…;N k-binning intervals. For example, if one
particular channel is fully within one k-binning in-
terval, e.g., an absorption-free channel, the corre-
sponding weight wi ¼ 1. From this consideration it
is obvious that not only the broad-band transmission,
but also the transmission within each k-binning
interval, has to be accurate.

This approach significantly reduces the number of
necessary simulations for different sensors and
therefore reduces the computational cost.

D. Error Estimation of the Combined Method

In this subsection we show the error in Stokes com-
ponent I and Ps of transmitted and reflected light
within the O2A band between 755 and 775nm, using
the combined method. We determine the error by
comparing intensity Ilbl and the degree of linear po-
larization Ps

lbl as calculated using the line-by-line
method, with Icom and Ps

com calculated using the
combined method. We used a spectral response func-
tion with a resolution of 0:36nm at FWHM and an
equal spacing of 0:21nm, which is similar to satellite
spectrometers such as the Global Ozone Monitoring
Experiment (GOME and GOME-2) or the scanning
imaging absorption spectrometer for atmospheric
cartography (SCIAMACHY) [18,19]. The error of
the degree of linear polarization is defined as

εP ¼ Pcom
s − Plbl

s ð7Þ

and the error of I as

εI ¼ ðIcom − IlblÞ=Ilbl: ð8Þ

Here the superscripts “com” and “lbl” refer to the
combined method and the line-by-line method,
respectively.

The line-by-line calculations of I and Ps for diffu-
sely transmitted and reflected light are performed
using DAK at a solar zenith angle of θ0 ¼ 65°, a view-
ing zenith angle of θ ¼ 0°, a spectral resolution of
0:01nm, a surface albedo of As ¼ 0:2, and a standard
midlatitude summer atmosphere. In addition to mo-
lecular Rayleigh scattering we assume two types of
aerosols, aerosol1 and aerosol2; see Table 1. The
aerosols are located in the boundary layer
(0–1km). In the case of aerosol1 the optical thickness
is τ ¼ 0:048, resembling clear sky conditions, and in
the case of aerosol2 τ ¼ 0:350, resembling hazy sky
conditions. Figure 2 shows line-by-line calculations
and convoluted spectra of the transmitted radiance
and degree of linear polarization in the O2A band.
For the error analysis, we use the results obtained
using aerosol1. In this case the diffuse transmission
is lower, compared to aerosol2, which results in a
higher sensitivity of the error to small differences
between the line-by-line and the combined method
calculations.

For the combined method calculations we used 37
k-binning intervals, thus reducing the calculation
time by a factor of 54, as compared to the line-by-line
calculations. For further k-binning input para-
meters, see Table 3.

Figures 3(a) and 3(b) show results of the convo-
luted line-by-line and the combined method for I and
Ps for transmitted light as a function of wavelength λ,
at θ0 ¼ 65° and θ ¼ 0°. Figures 3(c) and 3(d) show er-
rors εI and εP for transmitted light as a function of
wavelength λ. Figures 3(e) and 3(f), on the other
hand, show errors εI and εP for reflected light as a
function of wavelength λ. The largest errors in I
and Ps occur around λ ¼ 760nm, where we find
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strong absorption [Figs. 3(c)–3(f) (solid line)]. For
transmission, the error in the degree of linear polar-
ization is εP ≤ 0:11% and in the radiance εI ≤ 3:1%,
while for reflection, the error in the degree of linear
polarization is εP ≤ 0:31% and in the radiance
εI ≤ 3:1%. The errors in the degree of linear polariza-
tion are an order of magnitude smaller than in the
radiance. Since Ps is a relative result, see Eq. (3),
it appears that the errors in I and Q largely cancel
each other.
To further increase the accuracy of the combined

method we can increase the number of k-binning in-
tervals for the chosen band interval, or we can limit
the simulations to individual channels of the chosen
instrument.
Furthermore, a slope occurs in εI and εP, which can

be explained as follows: In the combined method, as
outlined in Subsection 2.C, we use constant wave-
length λc for the calculations, which should be repre-
sentative for the whole absorption band. This
assumes that the scattering properties of the atmo-
sphere are wavelength independent within the ab-
sorption band. Apparently this assumption does
not apply for the whole absorption band as can
clearly be seen in the spectral slope of εI and εP
[see Figs. 3(c), 3(d), and 3(f)]. The slope of εI in

Fig. 3(e) is less pronounced. Still we find a pro-
nounced slope in εP [see Fig. 3(f)]. This is caused
by a slope occurring in Q, not shown here.

To overcome this problem we apply the following
solution: Let λ1, λ2, and λ3 be three wavelengths that
all have contributions from one particular k-binning
interval. In its current form k-binning will pick one of
them, e.g., λ2 as a representative for all three. But if
the scattering properties are wavelength dependent,
the actual components of Stokes vector I at λ3 will not
be equal to the one at λ2. Assuming that the scatter-
ing optical thickness exhibits a linear spectral beha-
vior for the absorption band, we can find the
minimum and maximum wavelengths where a cer-
tain k-binning interval contributes to the radiance,
in this case λ1 and λ3. Now we simulate the k-binning
interval at λ1 and λ3, not only at λ2 as done previously.
Let the outcome be Iðλ1Þ and Iðλ3Þ. To get the compo-
nents of Stokes vector Iðλ2Þ, we interpolate linearly in
λ between Iðλ1Þ and Iðλ3Þ.

Theabove canpotentiallybedonewithallk-binning
intervals that cover a wide spectral range, which
would double the calculation time. Applying this to
2–5 intervals that have the least absorption we
already solve the problem of the wavelength depen-
dency; see the corrected slopes in Fig. 3.

Fig. 2. Simulations of the O2A band as a function of wavelength for the zenith sky at a solar zenith angle of θ0 ¼ 65∘ for different aerosol
types (see Table 1) using line-by-line calculations with a spectral resolution of 0:01nm (thin lines), and the spectrum convolved using a slit
functionwith a spectral resolution of 0:36nm at FWHMand an equal spacing of 0:21nm (thick lines). The aerosol is located in the BL of the
atmosphere with an aerosol optical thickness of τBL ¼ 0:048 in the case of Aerosol1 and τBL ¼ 0:350 in the case of Aerosol2. The asterisk (�)
indicates the convolved spectrum. The surface albedo is As ¼ 0:20. (a) Transmitted radiance. (b) Degree of linear polarization Ps of trans-
mitted light.

Table 1. Aerosol Model Parameters Used in the Radiative Transfer Simulationsa

Aerosol1 Aerosol2
Aerosol Parameter Symbol (clear sky) (hazy sky)

Wavelength λ [μm] 0.765 0.765
Imaginary part of the refractive index mi 0.0000 0.0007
Real part of the refractive index mr 1.400 1.380
Median radius of the fine mode rf [μm] 0.080 0.120
Median radius of the coarse mode rc [μm] 0.425 0.700
Standard deviation of the fine mode σf 1.300 1.950
Standard deviation of the coarse mode σc 2.200 2.200
Weighting factor of the fine mode w 0.9996 0.9992

aThe spherical aerosol types are representative for clear and hazy sky conditions in the Netherlands [20].
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3. Sensitivity of the Degree of Linear Polarization of
the Zenith Skylight in the O2A Band to Aerosol Altitude

In this section, we analyze the sensitivity of the de-
gree of linear polarization of the zenith skylight in
the spectral region of the O2A band to changes of
aerosol altitude, aerosol microphysics, and aerosol
optical thickness τaer in the troposphere and lower
stratosphere. For the simulations we used the com-
bined method, which combines both a high accuracy
(εP ≤ 0:11%) and short computing time. We used a
spectral response function with a resolution of
0:36nm at FWHM and an equal spacing of
0:21nm. Throughout this study we use two different
types of atmospheric scatterers, namely spherical
aerosols according to Mie scattering theory and non-
spherical ice crystal particles according to the GO ap-
proximation method. If not mentioned otherwise, the
viewing geometry is as follows: solar zenith angle
θ0 ¼ 65° and viewing zenith angle θ ¼ 0°. The micro-
physical properties of the spherical aerosol particles
were derived from actual measurements at clear sky
conditions (aerosol1) and hazy sky conditions
(aerosol2) taken in Cabauw, the Netherlands (see
Table 1) [20]. The microphysical properties of the
nonspherical ice crystals correspond to C1 imperfect
hexagonal ice crystals (IMP), which are randomly or-
iented (see Table 2) [13,21]. The tilt angle α, which
can be considered as the degree of the distortion of
the surface of the ice crystals, is set to 30°. For this
choice of tilt angle the phase function varies rather
smoothly with the scattering angle and does not
show the sharp angular features of a pristine hexa-
gon phase function, e.g., halo peaks. This tilt angle
value is suitable for the representation of natural (ir-
regular) ice crystals in clouds. The size of a hexagonal
crystal is given by its length L and so-called radius r.
Depending on the magnitude of the aspect ratio
(L=2r), the crystal is a column (L=2r > 1) or a plate
(L=2r < 1). Effective radius reff of the ice crystal is
defined here as the radius of a sphere that has the
same volume as the hexagon:

reff ¼
�
9

ffiffiffi
3

p

8π r2L

�
1=3

: ð9Þ

Figure 4 shows calculations of phase function F11
and single scattering polarization −F12=F11 for all
three types of scatterers. As expected, we find higher
polarization for the small aerosol type, compared to
the large aerosol and ice crystals [20,21].

A. Processes Determining the Degree of Linear
Polarization in the O2A Band

For a general interpretation of the processes that de-
termine the degree of linear polarization in the O2A
band we consider four processes that account for
Stokes vector elements I and Q and the resulting de-
gree of linear polarization Ps of the cloud free sky: (1)
single scattering in the atmosphere (either by mole-
cules or aerosols); (2) direct transmission to the sur-
face, subsequent reflection by the depolarizing
surface, and single scattering in the atmosphere;
(3) multiple scattering in the atmosphere; and (4)
higher order surface reflection and atmospheric scat-
tering. These four processes provide the contribu-
tions to skylight measurements.

To understand the role of these processes we ana-
lyze, below, the influence of molecular scattering,
aerosol scattering, surface albedo, aerosol altitude,
and vertical distribution of aerosols on the degree
of linear polarization in the O2A band (see Fig. 5):

a. Molecular scattering, As¼0:00 [Fig. 5 (solid
line)]: For a purely Rayleigh scattering atmosphere
we find a high degree of linear polarization in the

Table 2. Ice Crystal Model Parameters Used in the Radiative
Transfer Simulationsa

Ice Crystal Parameter Symbol Ice Crystal C1

Wavelength λ [μm] 0.765
Imaginary part mi 0:783E–07
Real part mr 1.306
Length L [μm] 30
Radius R [μm] 10
Effective radius reff [μm] 12.2997
Aspect ratio 1.5
Orientation random

aThe imperfect hexagonal ice crystal C1 represents cirrus cloud
particles [21].

Table 3. K-Binning Parameters

K-Binning Parameter Symbol Input

Atmospheric profile Midlatitude Summer, AFGL (1986)
Filter function rectangular
Minimum wavelengtha [nm] 755
Maximum wavelengtha [nm] 775
Wavelength resolutionb [nm] 0.01
Thresholdc [%] 0:01=ð0:005Þ
Maximum errord [%] 0.001
Intervals needed 37

aThe minimum and maximum wavelengths define the spectral region under consideration.
bThe wavelength resolution specifies the resolution with which the spectral database is sampled.
cThe threshold refers to the user defined threshold for the total atmospheric transmittance error. The value in brackets refers to the

additional threshold applied to the atmospheric transmission error for each layer.
dThe maximum error refers to the maximum error of the atmospheric transmittance in each of the k-binning intervals [6,7].
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continuum due to scattering by strongly polarizing
molecules. Since the Rayleigh optical thickness at
765nm is only 0.0255 there is not much multiple
scattering in the continuum. However, inside the
O2A band the small amount of multiple scattering
is further reduced by means of absorption. Therefore
we find a slightly higher degree of linear polarization
inside the absorption band (Pb), as compared to the
continuum (Pc).
b. Molecular and aerosol scattering, As¼0:00

[Fig. 5 (dotted line)]: Adding weakly polarizing aero-
sols with τaer ¼ 0:10 to the boundary layer (0–1km)

strongly decreases Pc, while Pb decreases less
strongly. The decrease of Pc is stronger for higher
aerosol optical thicknesses (increase of multiple
scattering). Inside the O2A band, light is mainly scat-
tered at higher altitudes because the strong gaseous
absorption prevents light to reach lower parts of the
atmosphere; thus molecular scattering dominates
polarization inside the O2A band, which results in
a higher Pb.

c. Molecular and aerosol scattering, As¼0:02
[Fig. 5 (dashed line)] and 0.20 [Fig. 5 (dash–dotted
line)]: Adding surface reflection with a low albedo

Fig. 3. Comparison of line-by-line (LBL) and combined method calculations (COM) of radiance and degree of linear polarization Ps within
the O2A band as a function of wavelength for zenith/nadir view at a solar zenith angle of θ0 ¼ 65∘. The surface albedo is As ¼ 0:20. The BL
contains Aerosol1 with τBL ¼ 0:048. (a) Transmitted radiance of zenith skylight. (b) Degree of linear polarization of the zenith skylight.
(c) Error of the transmitted radiance εI [seeEq. (8)]. The dotted line shows εI without slope-correction and the solid linewith slope-correction.
(d) Error of the degree of linear polarization of the zenith skylight εP [see Eq. (7)]. The dotted line shows εP without slope-correction and the
solid linewith slope-correction. (e) As in (c), but for reflected light at top-of-the-atmosphere in nadir view. (f) As in (d), but for reflected light in
nadir viewing direction.
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of As ¼ 0:02 (resembling water surfaces) shows little
effect on Pc and nearly no effect on Pb. Inside the
absorption band the surface is shielded due to the
gaseous absorption and this causes the lower effect
on Pb. Increasing the surface albedo to As ¼ 0:20
we see a further decrease of Pc and Pb. In these cases
the decrease of the degree of linear polarization is
mainly because the atmosphere is bounded by a de-
polarizing Lambertian surface. Increasing surface
reflection decreases the degree of linear polarization
because I increases and Q remains unchanged. The
decrease in Ps is more pronounced for small solar ze-
nith angles. This increase of surface influence with
smaller solar zenith angles is due to the more
efficient transmission of the direct beam through
the atmosphere and the consequently stronger illu-
mination of the surface. At the same time, the more
efficient transmission causes less multiple scattering
[22]. Inside the O2A band the surface is shielded due
to the gaseous absorption.
d. As (c), but increasing the aerosol layer altitude

[Fig. 5 (dashed double dotted line)]: An altitude in-
crease from 1 to 16km of the aerosol layer shows a
negligible influence on Pc, whereas the influence
on Pb is strong. The influence of aerosol altitude
on Pb is due to the strong O2A-band absorption,
which prevents light to reach lower parts of the atmo-
sphere. Because most of the sunlight inside the ab-
sorption band is scattered at higher altitudes, an
increase in aerosol altitude increases the probability
of aerosol scattering as compared to molecular scat-
tering and is thus decreasing Pb. For weakly polariz-
ing aerosols this can lead to a band polarization that
is lower than the continuum polarization. Whereas
in the continuum, sunlight can interact with all scat-
terers in the entire atmosphere, provided that the
scatterers are nonabsorbing and that the optical
thickness of the scatterers is below about 1. Inside
the band, as a result of the strong absorption, sun-
light only interacts with the upper part of the atmo-
sphere. Aerosol absorption affects molecular
scattering below the aerosol layer, and the underly-
ing Rayleigh scattering produces only a small signal.

In that case we find a small decrease of Pc with
increasing aerosol altitude.

e. As (d), but adding a second aerosol layer [Fig. 5
(long dashed line)]: Adding a second aerosol layer be-
tween 0 and 1km with weakly polarizing aerosol
having an optical thickness of τaer ¼ 0:35 increases
multiple scattering and further decreases the degree
of linear polarization of Pc and Pb, as in process (b).
Adding a second scattering layer can strongly alter
the effect of process (d), depending on the single scat-
tering properties and aerosol optical thickness of the
added layer. This is studied in the next subsection.

B. Simulations of the Effect of Aerosol Altitude on the
Degree of Linear Polarization of the Zenith Skylight

In this section we study the influence of aerosol alti-
tude, microphysical properties, and aerosol optical

Fig. 4. Scatteringmatrix elements F11 and −F12=F11 as computed at λ ¼ 765nm for different types of scatterers (see Tables 1 and 2). Mie-
theory was used for the simulations of the spherical aerosols and the GO approximation method for the nonspherical ice crystal. (a) Phase
function F11 as a function of scattering angle. (b) Single scattering polarization −F12=F11 as a function of scattering angle.

Fig. 5. Degree of linear polarization of zenith skylight as a func-
tion of wavelength at a solar zenith angle of θ0 ¼ 65∘ showing pro-
cesses that determine the polarization in the O2A band: pure
Rayleigh scattering (solid line) without surface reflection; inclusion
ofAerosol2 to the boundary layerwith a geometric thickness of 1km
and an optical thickness of 0.1 (dotted line); adding a surface albedo
of As ¼ 0:02 (dashed line) and of As ¼ 0:20 (dash–dotted line); ele-
vation of the aerosol layer up to 16km (dashed double dotted line);
and inclusion of Aerosol2 to the boundary layer with an optical
thickness of 0.35 (long dashed line).
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thickness changes on the degree of linear polariza-
tion Ps within the O2A band. This is done for differ-
ent types of model atmospheres (see Fig. 6). The basic
atmosphere is a Rayleigh scattering atmosphere
with oxygen as the only absorbing gas. In this atmo-
sphere we place a boundary layer (BL), which com-
prises aerosols, and/or an elevated layer (EL),
which comprises aerosols or ice crystals (see Table 1
and 2). The boundary layer is located between 0 and
1km. The aerosol optical thickness of the boundary
layer is τBL ¼ 0:048, resembling clear sky conditions,
or τBL ¼ 0:350, resembling hazy sky conditions. The
elevated layer, with a geometric thickness of 1km, is
shifted through the atmosphere in steps of 2km. The
optical thickness of the elevated layer is τEL ¼ 0:03 or
τEL ¼ 0:10. Referring toC1 ice crystals this resembles
a range from subvisible to thin cirrus clouds [23]. The
surface albedo is chosen to be As ¼ 0:20.

1. Basic Atmosphere Plus an Elevated Scattering
Layer

Figure 7(a) shows Ps as a function of wavelength for
the basic model atmosphere with an added scattering
layer at different altitudes and for different types of
scatterers. The aerosol optical thickness of the ele-
vated layer is τEL ¼ 0:10. Furthermore, we included
Ps for pure Rayleigh scattering to illustrate the pro-
cesses (a) and (b) of Subsection 3.A, which describe
the effect on Ps by adding aerosol to a Rayleigh atmo-
sphere. To illustrate the influence of aerosol layer al-
titude changes on the degree of linear polarization in
the continuum Pc and within the absorption band Pb
in a more pronounced way, we show Pc and polariza-
tion difference Pb − Pc as function of the aerosol layer
altitude [see Fig. 7(b)]. The polarization inside the
O2A band can be larger or smaller than in the
continuum [see Subsection 3.A (d)]. This is indicated
by a change of the sign of Pb − Pc. The circles in
Fig. 7(a) indicate Pc, selected at 757:9nm and Pb, se-
lected at 760:6nm. Figure 7(b) shows Pc, marked by

an asterisk, and Pb − Pc as a function of altitude for
three different types of scatterers. As outlined in
Subsection 3.A (d), we find a decrease of Pb with in-
creasing aerosol altitude for all scatterers, while Pc
remains nearly unaffected if the scatterer is nonab-
sorbing. In case of the absorbing aerosol2, we see a
decrease of Pc with increasing aerosol altitude, as
outlined in Subsection 3.A (d). We also see that
the decrease of Pb is more pronounced for weakly po-
larizing scatterers, in this case aerosol2 and C1.

2. Basic Atmosphere Plus Boundary and Elevated
Scattering Layers

Figure 8 shows Pc and Pb − Pc as a function of aerosol
altitude for the basic model atmosphere with an

Fig. 6. Schematic representation of the model atmosphere. The
model atmosphere comprises molecules, aerosols, and ice crystals
(see Tables 1 and 2). The molecules are homogeneously mixed
throughout the atmosphere according to the pressure profile,
while the aerosols are located within the boundary layer, between
0 and 1km, and inside an elevated layer. The aerosols in the ele-
vated layer can be replaced by ice crystals and the altitude of the
elevated layer is variable between 2 and 16km. Furthermore, the
optical thicknesses of the boundary layer and the elevated layer
are variable. The atmosphere is bounded by a Lambertian surface.

Fig. 7. (a) Degree of linear polarization of the zenith skylight as a function of wavelength at a solar zenith angle of θ0 ¼ 65° for a pure
Rayleigh atmosphere and for an atmosphere including an elevated scattering layer at different altitudes. The elevated layer contains
different types of scatterers, while the boundary layer contains no aerosol. The surface albedo is As ¼ 0:20. The circles indicate continuum
polarization Pc, selected at 757:9nm, and O2A band polarization Pb, selected at 760:6nm. (b) Continuum polarization (asterisk) and dif-
ference between band and continuum polarization Pb − Pc as a function of the elevated layer altitude.
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added boundary scattering layer and an elevated
scattering layer. Both the boundary and the elevated
layer contain scatterers of the same type: strongly
polarizing aerosol1 [Figs. 8(a) and 8(b)] and
weakly polarizing aerosol2 [Figs. 8(c) and 8(d)]. In
Figs. 8(a) and 8(c) the optical thickness of the bound-
ary layer is τBL ¼ 0:048 and in 8(b) and 8(d) τBL ¼
0:350. Adding the same kind of scatterer in the
boundary layer has a similar effect as an increase
of the aerosol optical thickness and causes a decrease
of Pc and Pb, compared to the case without boundary
layer aerosol [see Subsection 3.A (e)]. Furthermore,
we show the results for weakly polarizing C1 ice crys-
tals added to the elevated layer to simulate the influ-
ence of cirrus clouds [see Fig. 8(c) and 8(d)]. No sign
change of Pb − Pc occurs in the case of weakly polar-
izing aerosol2 or C1. We find that the influence of the
elevated layer altitude on Pb decreases if the aerosol
optical thickness of the boundary layer increases.
This can be explained as follows: Ib as a function
of aerosol layer altitude h can be written as

IbðhÞ ≅ IBL;b þ Imol;b þ IEL;bðhÞ; ð10Þ

where IBL;b is determined by aerosol scattering in the
boundary layer, Imol;b is determined by Rayleigh

scattering, and IEL;bðhÞ is determined by scattering
in the elevated layer. Analogously we can write

QbðhÞ ≅ QBL;b þQmol;b þQEL;bðhÞ: ð11Þ

An increase of boundary layer aerosol optical thick-
ness τBL causes more multiple scattering, which
leads to a decrease of Pb, due to a stronger increase
of Stokes parameter IBL;b as compared to QBL;b. As-
suming that the absolute changes of ΔIEL;b and
ΔQEL;b with increasing aerosol layer altitude are in-
dependent of changes to τBL, we find that the relative
increase of IbðhÞ with increasing altitude of the ele-
vated layer reduces strongly in the case of high τBL;
while in comparison, the relative increase of QbðhÞ
reduces less, as compared to the case of low τBL. Thus,
in the case of high τBL the degree of linear polariza-
tion Pb ¼ −Qb=Ib decreases less strongly with in-
creasing altitude of the elevated scattering layer
than in the case of low τBL.

Figure 9 shows Pc and Pb − Pc as a function of aero-
sol altitude for the basic model atmosphere with an
added boundary and elevated aerosol layer. In this
case the boundary and the elevated layer comprise
different types of scatterers: strongly polarizing
aerosol1 in the boundary layer and weakly polarizing

Fig. 8. Continuum polarization Pc (asterisk) and band-continuum polarization Pb − Pc as a function of the elevated layer altitude for
zenith skylight at a solar zenith angle of θ0 ¼ 65° with a surface albedo of As ¼ 0:20 and different optical thicknesses of the boundary
and elevated layer. The boundary and elevated layers contain aerosols of the same type. The boundary layer optical thickness of τBL ¼
0:048 resembles clear sky conditions and a thickness of τBL ¼ 0:350 resembles hazy sky conditions. (a) and (b) BL and EL comprise
Aerosol1. (c) and (d) BL and EL comprise Aerosol2. Here we also included results using scatterer C1 in the elevated layer with an optical
thickness of τBL ¼ 0:10 (denoted by diamonds).
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aerosol2 in the elevated layer [Figs. 9(a) and 9(b)];
weakly polarizing aerosol2 in the boundary layer
and strongly polarizing aerosol1 in the elevated layer
[Figs. 9(c) and 9(d)]. In Figs. 9(a) and 9(c) the optical
thickness of the boundary layer is τBL ¼ 0:048 and in
Figs. 9(b) and 9(d) τBL ¼ 0:350. Adding aerosol scat-
terers with different polarization properties (see
Fig. 4) in the boundary layer can cause an increase
as well as a decrease of Pc and Pb, as compared to the
basic model atmosphere with only an elevated aero-
sol layer added (see Fig. 7). Furthermore, we show
the results for weakly polarizing C1 ice crystals
added to the elevated layer, to simulate the influence
of cirrus clouds [see Figs. 9(a) and 9(b)].
In the case of strongly polarizing aerosol1 located

in the boundary layer and weakly polarizing aerosol2
or C1 in the elevated layer, a sign change of Pb − Pc
occurs [see Figs. 9(a) and 9(b)]. For low τBL we see an
increase of Pc, while Pb changes less as compared to
the basic model atmosphere with only an elevated
aerosol layer added. Thus, the sign change of Pb −

Pc occurs at lower altitudes and Pb − Pc is lower at
higher altitudes. As can be seen in Fig. 8, an increase
of τBL to 0.350 leads to a decrease of Pc and Pb, due to
an increase of multiple scattering, and, also, the ef-
fect of aerosol altitude is reduced.
In the case of weakly polarizing aerosol2 located in

the boundary layer and strongly polarizing aerosol1

in the elevated layer, we find that an altitude in-
crease of the elevated layer can also cause an in-
crease in Pb [see Figs. 9(c) and 9(d)]. For low τBL
we find the expected decrease in Pb with increasing
altitude of the elevated layer, whereas for high τBL we
find that an altitude increase of the elevated layer
causes an increase of Pb instead of a decrease. In
the case of strongly polarizing aerosol located in
the elevated layer, the absolute change of ΔQEL;b
is larger and ΔIEL;b is smaller, as compared to the
case with weakly polarizing aerosol located in the
elevated layer [Fig. 8(d)]. This leads to a stronger re-
lative increase of Qb, while the relative change of Ib
increases less (see Eqs. (10) and (11)). If τBL is high
enough, the relative increase of Qb becomes larger
than that of Ib, resulting in an increase of Pb with
increasing aerosol layer altitude.

Based on the above presented simulations of the
influence of aerosol altitude on the degree of linear
polarization of the zenith skylight in the O2A band
we may conclude the following, regarding the mea-
surements taken on 11 May 1994 [Fig. 1(a) (solid
line)] and on 19 October 1993 [Fig. 1(b) (solid line)]:
It seems likely that the observed decrease of Pb in-
side the O2A band was caused by a second scattering
particle layer in the upper troposphere, probably
thin cirrus, since the stratospheric aerosol scattering
optical thickness is generally very low, except shortly

Fig. 9. As in Fig. 8, but now the boundary and elevated layer contain different types of aerosol. (a) and (b) BL comprises Aerosol1 and EL
comprises Aerosol2; here we also included results using scatterer C1 in the elevated layer with an optical thickness of τBL ¼ 0:10 (denoted
by diamonds). (c) and (d) BL comprises Aerosol2 and EL comprises Aerosol1.
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after volcanic events. During the time of the mea-
surements (1993, 1994) the stratospheric optical
thickness was still increased due to effects of the
Pinatubo eruption (τstrat ≤ 0:05) [24]. However, this
alone is unlikely to have caused the observed low
Pb but might have influenced the measurements of
the degree of linear polarization in this period.

3. Dependence on Solar Zenith Angle and
Spectral Resolution

The results shown above pertain to zenith sky obser-
vations with θ0 ¼ 65∘. Figure 10 shows Ps as a func-
tion of wavelength for different solar zenith angles.
For solar zenith angles θ0 tending towards the zenith
(smaller scattering angle Θ), we find a decrease of Pc
(see also Fig. 4) [22]. Furthermore, we find that Pb
converges toward Pc [1]. The scattering angle differ-
ence can be an explanation of the considerably larger
differences of Pb − Pc observed by Preusker et al.
[Fig. 1(a) solid line], as compared to the observations
by Stammes et al. [Fig. 1(b) solid line]. Furthermore,
the results depend on the spectral resolution of the
spectrometer (see Fig. 11). A higher resolution pro-
vides a more detailed spectral fine-structure in the
polarization and thus the polarization effects, as
shown in this section, are more pronounced.

4. Conclusions and Outlook

In this paper we studied the influence of aerosol al-
titude, aerosol microphysics, and aerosol optical
thickness on the degree of linear polarization of
the zenith skylight in the spectral region of the
O2A band. We developed a combined method for fast
radiative transfer simulations in absorption bands
including polarization. As a spectral approximation
technique we used the k-binning method, and inte-
grated this method in monochromatic doubling-
adding multiple scattering calculations. For both
reflected and diffusely transmitted light we com-
pared the radiance and the degree of linear polariza-
tion as calculated using the combined method with

the results of accurate line-by-line simulations.
Furthermore, we corrected for the spectral depen-
dency of the scattering properties within the O2A
band. Based on the comparison we conclude that
the radiance error due to the assumptions of the
k-binning approach is smaller than 3.1% for both
the reflected and the transmitted radiation. For
the degree of linear polarization, this error is smaller
than 0.31% for reflected light and smaller than 0.11%
for transmitted light. These maximum errors hold for
instrument channels around 760nm. The errors are
smaller for other instrument channels.

Regarding the sensitivity of the degree of linear po-
larization of the zenith skylight within the O2A band
to changes of aerosol altitude and aerosol optical
thickness, we can conclude the following: Increasing
the altitude of an elevated aerosol layer within a

Fig. 10. Degree of linear polarization of zenith skylight as a function of wavelength for different solar zenith angles θ0 and different
altitudes of the elevated scattering layer. The elevated layer is shifted through the atmosphere from 2 to 16km in steps of two kilometers.
The surface albedo isAs ¼ 0:20. (a) BL comprises Aerosol1 and EL comprisesC1.Pb decreases with increasing altitude of the elevated layer.
(b) BL comprises Aerosol2 and EL comprises Aerosol1. Pb increases with increasing altitude of the elevated layer.

Fig. 11. Degree of linear polarization of zenith skylight as a func-
tion of wavelength at a solar zenith angle of θ0 ¼ 65∘ for two dif-
ferent spectral response functions and different altitudes of the
elevated scattering layer. The boundary layer comprises
Aerosol1 and optical thickness of τBL ¼ 0:048 and the elevated
layer comprises scatterer C1 with τEL ¼ 0:100. The elevated layer
is shifted through the atmosphere from 2 to 16km in steps of two
kilometers, resulting in a decrease of Pb with increasing altitude of
the elevated layer.
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Rayleigh scattering atmosphere decreases the de-
gree of linear polarization inside the oxygen absorp-
tion band for all scatterers under consideration. The
magnitude of this effect depends on the polarization
properties of the chosen aerosol or ice crystal. Adding
another scattering layer (boundary layer), including
aerosols of the same type, decreases the sensitivity of
Pb to changes of the scattering layer altitude. A
strongly polarizing scatterer in the boundary layer
and a weakly polarizing scatterer in the elevated
layer increases the sensitivity of Pb to changes of
the scattering layer altitude. A weakly polarizing
scatterer in the boundary layer and a strongly polar-
izing scatterer in the elevated layer decreases the
sensitivity of Pb to changes of the scattering layer al-
titude. The higher the optical thickness of the bound-
ary layer, the less sensitive Pb is to changes of the
scattering layer altitude. In the case of weakly polar-
izing aerosol in the boundary layer and strongly po-
larizing aerosol in the elevated layer, we find an
increase of Pb with increasing scattering layer alti-
tude. The sensitivity of Pb to changes of the scatter-
ing layer altitude is strongest inside the troposphere
and decreases with increasing altitude. The polariza-
tion inside the O2A band can be larger or smaller
than the continuum polarization. In the absence of
boundary layer aerosols Pb < Pc is only observed
for weakly polarizing aerosols or ice crystals within
the troposphere and lower stratosphere. In the pre-
sence of boundary layer aerosol, we find this effect
only for a combination of strongly polarizing scat-
terers located in the boundary layer together with
weakly polarizing scatterers in an elevated scatter-
ing layer. For all other cases we find that Pb < Pc.
Decreasing the optical thickness of the elevated scat-
tering layer decreases the scattering altitude effect
on Pb. The polarization in the continuum and inside
the absorption band strongly depends on the viewing
geometry.
We may tentatively conclude that a retrieval of the

aerosol profile from ground-based measurements of
the polarization of the cloud free zenith sky in the
O2A-band region seems too ambitious in the case
of multiple aerosol layers without additional infor-
mation on the microphysical aerosol properties and
optical thickness of the individual layers. Only in
the case of a single aerosol layer, a determination
of the aerosol layer altitude may be obtained due
to the fact that the retrieval of microphysical aerosol
properties and optical thickness is achievable from
the continuum. The detection of the presence of a sec-
ond aerosol or ice crystal layer from polarization
measurements might be possible as well. Polariza-
tion measurements at a high-altitude site or air-
plane-based measurements might offer altitude
information on aerosols or subvisible cirrus in the
upper troposphere/lower stratosphere.
Based on this study of ground-based polarization

observations we expect that it is also necessary to in-
clude the effect of aerosol altitude in simulations of
top-of-the-atmosphere radiance and polarization in

absorption bands. The influence of aerosol altitude
and other aerosol properties on the degree of polar-
ization inside gaseous absorption bands will affect
the measurements of polarization sensitive spectro-
meters such as the medium resolution imaging
spectrometer (MERIS) [25], the GOME [26–28],
the SCIAMACHY [29–31], the polarization and di-
rectionality of the Earth’s reflectance (POLDER)
[32,33], or the upcoming aerosol polarimeter sensor
(APS) [34], and the Orbiting Carbon Observatory
(OCO) [35–37]. In the near future we plan to apply
our method to OCO to study the aerosol influence
on the polarization of oxygen and carbon dioxide
absorption bands, as observed from space.
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