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[1] On the basis of both spaceborne measurements (Polarization and Directionality of the
Earth’s Reflectances (POLDER)) and radiative transfer modeling, it is shown that the
polarization of reflected solar light (300–900 nm) at the top of the atmosphere is most
often perpendicular and less often parallel to the plane of single scattering. In terms of the
elements of the Stokes vector, jUj is typically much smaller than jQj when using the
single-scattering plane as reference. When using any other plane, U(l) � Q(l) tan 2css,
with css being the angle of the plane of polarization with the reference plane in the case of
single Rayleigh scattering. Exceptions to these findings are noted, and an error analysis of
U(l) � Q(l) tan 2css is presented. A simplified polarization calibration algorithm for
spaceborne spectrometers like the Spectrometer for Atmospheric Cartography
(SCIAMACHY) is presented using the U-Q relation studied in this paper. It is shown to be
just as accurate but less sensitive to measurement error than the current operational
algorithm. INDEX TERMS: 0360 Atmospheric Composition and Structure: Transmission and scattering

of radiation; 0394 Atmospheric Composition and Structure: Instruments and techniques; KEYWORDS:

polarization, POLDER, SCIAMACHY
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1. Introduction

[2] Several operational satellite instruments are capable
of measuring two or three elements of the Stokes vector
{I, Q, U, V} [van de Hulst, 1981] at the top of the
atmosphere (TOA). The Global Ozone Monitoring Exper-
iment (GOME) [Burrows et al., 1999] and the Spectrom-
eter for Atmospheric Cartography (SCIAMACHY)
[Bovensmann et al., 1999] need such measurements for
a correct radiance calibration, while Polarization and
Directionality of the Earth’s Reflectances (POLDER)
[Deschamps et al., 1994] uses polarization data for cloud
[Bréon and Goloub, 1998] and aerosol [Deuzé et al., 2001]
microphysics retrieval.
[3] The Stokes vector’s first three elements are the most

important. Circular polarization V is either zero (for Ray-
leigh scattering) or very small (for clouds and aerosols),
compared to linear polarization [Coulson, 1988]. In this
paper we will concentrate on the linear polarization param-
eters Q and U. These Stokes parameters may be expressed

in P (degree of linear polarization; 0 � P � 1) and c (angle
between the plane of polarization and the plane of reference;
0� � c � 180�):

Q lð Þ ¼ I lð ÞP lð Þ cos 2c lð Þ ð1Þ

U lð Þ ¼ I lð ÞP lð Þ sin 2c lð Þ; ð2Þ

where l is the wavelength. As a result,

U lð Þ ¼ Q lð Þ tan 2c lð Þ: ð3Þ

On the basis of a limited set of radiative transfer
calculations, Aben et al. [1996, 2003] and Stammes et al.
[1997] have assumed that c(l) = css, its Rayleigh single-
scattering value, in order to validate GOME polarization
measurements. This of course suggests that

U lð Þ ¼ Q lð Þ tan 2css; ð4Þ

where css is given by a simple geometrical formula [Tilstra
et al., 2003].
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[4] If we denote the Stokes vector with respect to the
single-scattering plane with a superscript ssp, its transforma-
tion to another reference plane is expressed as

Q lð Þ ¼ Qssp lð Þ cos 2a� U ssp lð Þ sin 2a ð5Þ

U lð Þ ¼ Qssp lð Þ sin 2aþ U ssp lð Þ cos 2a: ð6Þ

Here a is the angle through which the reference plane is
rotated to change from the single-scattering plane to the new
plane and a = css � 90� because css

ssp = 90�. It then follows
that

U lð Þ ¼ Q lð Þ tan 2css �
U ssp lð Þ
cos 2css

: ð7Þ

Since css is determined entirely from the choice of reference
plane and scattering geometry, the error introduced in U
when using equation (4) is determined by the statistics of
U ssp(l). The purpose of this paper is to derive statistics of
U ssp (and Qssp) from POLDER data and to show a practical
application of equation (4).
[5] Let us consider polarization due to a single scattering

and choose the scattering plane as reference. If the incident
light (of which the radiance is taken as unity) is unpolarized,
the polarization of the scattered light is determined by the
F12 component of the scattering matrix [Mishchenko et al.,
2002]: Qssp = F12 and U ssp = 0. Likewise, specular surface
reflection [Jackson, 1975] does not contribute to U ssp.
[6] It follows that only multiple scattering can cause

U ssp 6¼ 0. However, polarization is typically dominated by
the first order of scattering. Photons that have been scattered
several times will have widely different polarizations and
will cancel each other’s contributions to the integrated
polarization. This is true for both atmospheric multiple
scattering [Chandrasekhar, 1960] and multiple scattering
in the surface layer (diffuse reflection) [Wolff, 1975]. The
exception is formed by near-backscatter geometries where
second and third orders of scattering may actually dominate
polarization. Note that in such cases the degree of polari-
zation is usually low. Thus we surmise that, quite in general,
jU sspj is much smaller than typical values of jQsspj. This
would validate equation (4).
[7] When U ssp = 0, the sign of Qssp will determine cssp.

For Qssp < 0, cssp = 90�, while for Qssp > 0, cssp = 0�.
Equations (2) and (7) show that whether cssp = 90� or cssp =
0�, equation (4) is exact.
[8] Finally, we wish to point out that often Qssp < 0. The

scattering matrix element F12 for various scatterers is shown
in Figure 1. For single scattering, only scattering by cloud
or aerosol particles at selected geometries can create Qssp >
0. Likewise, surface specular scattering will always polarize
the reflected light perpendicular to the plane of scattering,
cssp = 90�. The effects of atmospheric and surface multiple
scattering on Qssp will be rather inconsequential for reasons
already discussed. The exception, of course, will be near-
backscatter geometries where single-scattering polarization
tends to become very small and second and third orders of
scattering dominate.
[9] The consequences of the previous considerations

are twofold. First, they allow a simple algorithm for

the polarization correction of, e.g., SCIAMACHY and
GOME-2 [Callies et al., 2000], as we will show. Second,
U ssp is not nearly as well suited to retrieve atmospheric or
surface properties as is Qssp.
[10] Section 2 discusses in more detail the reference

frame for the definition of the Stokes vector. Section 3
shows POLDER measurements of U and Q, while in
section 4 we use radiative transfer calculations to better
understand the POLDER measurements. In section 5 we
discuss the relevance of this paper to the polarization
calibration algorithm for SCIAMACHY. Section 6 contains
the summary.
[11] The elements of the Stokes vector as used in this

paper are normalized to the solar irradiance, unless noted
otherwise. That is, we present the reader with pQ/m0F and
pU/m0F where F is the solar irradiance (TOA) and m0 the
cosine of the solar zenith angle.

2. Frame of Reference for the Stokes Vector

[12] We now turn to the definition of the reference frame
for specifying a Stokes vector. The radiance I is directly

Figure 1. Scattering matrix element F12 (normalized to
F11) at 550 nm shown for different (top) cloud and (bottom)
aerosol particles. Aerosol properties are taken from Deepak
and Gerber [1983], and cloud drop properties are taken
from Miles et al. [2000].
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related to the magnitude of the electric field vector and thus
requires no frame of reference for its definition. The other
Stokes parameters,

Q ¼ Ik � I? ð8Þ

U ¼ I45� � I135� ; ð9Þ

do require a reference plane and (in the case of U) a sense of
rotation. The sense of rotation is usually defined by
demanding that the three unit vectors ê?, êk and êprop form
a right-hand coordinate frame, see Figure 2. Chandrasekhar
[1960], van de Hulst [1981], and Hovenier and de Haan
[1985] assumed ê? 
 êk = êprop, while Azzam and Bashara
[1987] and Slijkhuis [2000] assumed êk 
 ê? = êprop. The
difference in Stokes vector is the sign of U (and hence c !
180� �c). Note that POLDER data [Bréon and CNES
Project Team, 1997] uses the latter convention, while
SCIAMACHY data [Slijkhuis, 1998] currently uses the first.
[13] For completeness, we also mention the definition of

the scattering geometry. Four angles q0, f0 (solar zenith and
azimuth angles) and q, f (viewing zenith and azimuth
angles) are defined as shown in Figure 3. This agrees with
the definition used by both our radiative transfer code and
the GOME and SCIAMACHY scientific communities. The
POLDER product uses a different definition of the azimuth
angles. The transformation is given by

SCIAMACHY f� f0 $ 180� þ f0 � f POLDER: ð10Þ

3. Observation of Polarization by POLDER

[14] POLDER is the only satellite instrument so far which
has been capable of measuring the three top-of-atmosphere
Stokes parameters {I, Q, U} independently at several wave-
lengths. POLDER was launched in 1996 onboard ADEOS-I
and has operated for 8 months. During that time, polariza-
tion measurements for many different scenes were made.
The observing wavelengths are in the visual and near
infrared: 443, 670 and 865 nm. POLDER has a rather
narrow field-of-view per pixel (0.3�) which results in a
spatial resolution of 6 by 7 km at nadir. POLDER allows

viewing zenith angles of 0� � q � 70�. For the measure-
ments we will present, the solar zenith angle was 0� � q0 �
50�.
[15] In Figure 4 we show the polarized Stokes parameters

with respect to the single-scattering plane, Qssp and Ussp.
The data pertain to a large variety of scattering geometries,
surfaces and atmospheric scenes during a single POLDER
orbit. From Figure 4 two conclusions may be drawn at a
glance: (1) jU sspj is usually very small compared to typical
jQ sspj and (2) Q ssp is usually negative.
[16] In Figure 4 we also mention the standard variation of

the distribution of U ssp measurements. These distributions
are not shown but look very similar to Gaussian distribu-
tions. The standard deviation of U ssp is typically small, on
the order of 0.0015. If U ssp 6¼ 0 due to multiple scattering
processes (see also section 1), this value should be used
with equation (7) to estimate errors in the approximation
given by equation (4).
[17] However, it is very well possible that the variation in

POLDER U ssp is mainly due to observational errors. Toubbé
et al. [1999] have developed a technique for calibrating
POLDER’s polarization measurements, using Sun glint

Figure 2. Definition of a reference frame for the Stokes vector. Shown are the light beam, a plane of
reference, and a coordinate frame. This coordinate frame consists of êprop (direction of light propagation),
êk (lying in the plane of reference), and ê? (perpendicular to plane of reference). We have assumed êk 

ê? = êprop. Also shown is a (possible) plane of polarization, in this case with c = 135�. If we had assumed
ê? 
 êk = êprop, c would have been c = 45�.

Figure 3. Definition of solar and viewing angles as used
in this paper. The scattering angle is denoted by Q.
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observations. They estimate they can validate POLDER’s
polarization measurements of Qssp/I and U ssp/I with a typical
accuracy of 0.005 (this error depends on both POLDER’s
radiometric accuracy and model assumptions). This agrees
well with the standard deviations we have found (again see
Figure 4) suggesting that at present, POLDER data cannot
distinguish U ssp from zero. The observations over water
show much larger standard deviations in U ssp/I than the
other scenes while the variation in U ssp is actually lower.
This points to errors in the radiance I, which can become
quite large for clear scenes over water. Note that Toubbé et
al. [1999] used the highly reflective Sun glint for their
validation algorithm.
[18] POLDER’s radiometric accuracy allow errors in

U ssp/I and Qssp/I of 0.0015 [Toubbé et al., 1999]. The true
error is likely to be larger due to scene inhomogeneities. To
determine Ussp andQssp three separate observations of nearly
the same scene are made with differently oriented polariza-

tion filters. As POLDER moves along in its orbit, these
measurements really pertain to slightly different viewing
geometries and atmospheric columns. To our knowledge, no
one has sofar attempted to quantify the resulting errors.

4. Modeling of Polarization

[19] For UV wavelengths l � 300 nm, single scattering is
actually a good approximation to radiative transfer. The
strong absorption by the ozone Hartley band ensures that
only single stratospheric scattering contributes to the Stokes
vector at the top of the atmosphere. Barring the presence of
substantial stratospheric aerosol, due to, e.g., a volcanic
eruption, U ssp will be zero and Qssp < 0. However, for most
wavelengths under consideration (240–900 nm), Rayleigh
single scattering is not a valid approximation.
[20] For exact nadir viewing directions, however, sym-

metry ensures that U ssp = 0 irrespective of the wavelength

Figure 4. Polarization and Directionality of the Earth’s Reflectances (POLDER) measurements of U ssp

and Qssp for different viewing geometries and scenes at 443, 670, and 865 nm. The standard deviations of
the distributions of U ssp and U ssp/I are given in the lower left corner and the percentage of significantly
negative Qssp in the upper right corner. Significance is here taken as the degree of polarization P being
larger than three times the accuracy bounds mentioned by Toubbé et al. [1999]. Only cloud-free pixels
were used for the water, vegetation, and desert data.
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or the atmospheric scene [Hovenier and de Haan, 1985].
Other viewing geometries can be studied using the polarized
radiative transfer model Doubling-Adding KNMI (DAK)
[de Haan et al., 1987; Stammes, 2001]. TOA Stokes vectors
of reflected light (240 to 800 nm) were calculated for either
clear or cloudy atmospheres or atmospheres with a substan-
tial aerosol load. Different atmospheric profiles [Anderson
et al., 1986] as well as surface spectral albedos [Bowker et
al., 1985] were used. The surface reflection was assumed to
generate unpolarized light (Lambertian surface). The calcu-
lations were made using spectrally varying (molecular)
Rayleigh and (cloud and aerosol) Mie scattering properties.
As DAK uses a plane-parallel atmosphere, solar zenith
angles were limited to q0 � 75�. The viewing angles
conform to typical GOME and SCIAMACHY (nadir)
viewing angles, q = 0� or 23�. Note that POLDER has
viewing angles up to 70�. All in all some 272 polarized
spectra were calculated [Schutgens and Stammes, 2003].
[21] In Figure 5, we show U ssp versus Qssp calculated for

four wavelengths, three of which are close to the POLDER
wavelengths: 450, 680 and 792 nm. Since measurement
errors are not present, and numerical errors can be made
arbitrarily small (at least up to machine accuracy), this figure

confirms the conclusions of the previous section (jU sspj
much smaller than typical jQsspj, and mostly Qssp < 0).
Figures 4 and 5 differ notably in the range of Qssp values for
long wavelengths. This is likely caused by POLDER obser-
vations of strongly polarized scenes due to Sun glint, while
our radiative transfer code employs Lambertian surfaces.
[22] Figure 6 shows the behavior of cssp as a function of

wavelength. For most spectra cssp shows the largest devi-
ation from 90� for 300 � l � 400 nm. In this wavelength
range Rayleigh multiple scattering is important. For shorter
wavelengths, strong ozone absorption eliminates multiple
scattering contributions to Q and U. For longer wave-
lengths, the Rayleigh scattering atmosphere is optically
thin. Note however that cssp never strays far from 90�.
The exceptions are three spectra shown for aerosol and
cloud scenes. Each of these spectra shows strong variations
in cssp. Note that they also represent cases with very low
degrees of polarization.

5. SCIAMACHY: Radiometric Calibration

[23] The relation between Q(l) and U(l) may be
exploited to simplify the polarization retrieval of satellite

Figure 5. Radiative transfer calculations of U ssp and Qssp for different scattering geometries (q = 23�
and 18� � q0 � 75�) and scenes at 330, 450, 680, and 792 nm. This figure should be compared to
Figure 4. Only off-nadir viewing angles were used as observations for pure nadir result in U ssp = 0
anyway [Hovenier and de Haan, 1985].
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instruments like SCIAMACHY. This retrieval is the main
step in the polarization correction of radiances [Slijkhuis,
1998], which in itself is one of the most important calibra-
tion issues for polarization-sensitive spectrometers [Spurr,
2001].
[24] The single-scattering plane is the most natural choice

for reference plane. However, when discussing the results in
this section the local meridian plane is more practical. This
is the plane that contains the viewing and nadir directions
and is used in the SCIAMACHY operational algorithms
[Slijkhuis, 1998].
[25] SCIAMACHY yields six Q measurements (near 355,

490, 660, 850, 1580 and 2320 nm) and a single U
measurement (near 850 nm). Radiance signals S are mea-
sured from 240 to 2380 nm with a high spectral resolution
(0.2–1.5 nm). The calibrated radiance I is determined from

I ¼ 1

M1

S

1þ m2Q=I þ m3U=I
; ð11Þ

where the calibration factors M1, m2 and m3 have been
measured preflight and all parameters are wavelength-
dependent. Note that this equation results from the Müller
matrix expression for radiative transfer in an optical
instrument [Azzam and Bashara, 1987]. Also note that the
polarization correction becomes unimportant for unpolar-
ized scenes. Typical values for m2 and m3 are 0.2 and�0.075,
respectively (for both key data versions 2.4 and 3.0).
[26] The seven measurements of Q and U must be

interpolated in wavelength as best as possible to ensure a
correctly calibrated radiance. In the operational polarization
retrieval, a cubic spline interpolation is used to extend the
six Q measurements to the full wavelength range. Conse-
quently, the accuracy is limited by the approximation

Q lð Þ
I lð Þ �

X3

i¼0

aili: ð12Þ

However, interpolation of U/I can only be done using its
single-scattering value at 300 nm and a measurement at
850 nm. Instead, the operational algorithm interpolates c
using its single-scattering value at 300 nm and the
measurement at 850 nm. Equation (3) can then be used to
determine U, from interpolated Q and c, the idea being that
c changes less with wavelength than U/I.

[27] So, the operational algorithm uses the interpolation
of c to determine U. We, however, suggest to use the
single-scattering value of c for all wavelengths. The differ-
ence may seem small, but the simplification is useful for
two reasons: (1) any c measurement will suffer from
observational errors, and at present the SCIAMACHY U
measurement at 850 nm is unreliable [Krijger and Tilstra,
2003] and (2) it simplifies the retrieval as c no longer needs
to be determined iteratively from U and Q measurements at
850 nm but follows from a straightforward geometrical
formula [Tilstra et al., 2003]. For a general assessment of
the error made in U when applying this simplification, see
equation (7) and the discussion in section 3.
[28] Using simulated spectra (section 4), we can compare

the radiance errors due to either of the two previously
mentioned c strategies. Unfortunately, our simulated data
do not extend beyond 800 nm. We therefore assume only
four Q measurements (near 355, 490, 660 and 800 nm) and
a single (error-free) c measurement near 800 nm. Note that
the slightly reduced wavelength range can only improve the
quality of the interpolation in c. From the deviations
between interpolated and true Q/I and U/I, we can derive
radiance errors using SCIAMACHY’s documented polari-
zation sensitivity. Figure 7 shows a comparison of radiance
errors for both c strategies. The differences are minimal, as

Figure 6. Calculated cssp as a function of wavelength for three different scenes and 11 different
scattering geometries (q = 23� and 18� � q0 � 75�). The single-scattering angle is indicated by Q. Note
that cssp only deviates strongly from 90� when the degree of polarization is low.

Figure 7. Comparison of radiance errors D I (%) (330–
800 nm) in the case of the operational Spectrometer for
Atmospheric Cartography (SCIAMACHY) algorithm and
two different c strategies. (left) Maximum radiance errors
per spectrum. (right) RMS radiance errors per spectrum.
Each diamond corresponds to a single simulated spectrum
(section 4).
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the radiance errors are dominated by the interpolation
scheme of equation (12).
[29] An improved interpolation for Q was presented by

Schutgens and Stammes [2003]. It uses an a priori calcu-
lated Q spectrum, Qref(l). The accuracy of the polarization
retrieval is now limited by the approximation

Q lð Þ
I lð Þ � Qref lð Þ

I lð Þ
XN�1

i¼0

aili; ð13Þ

where N is the number of Q measurements. In the new
algorithm, I(l) is determined iteratively. It was shown that,
irrespective of the atmospheric scenario for which Qref was
calculated, such an interpolation is superior to equation (12).
Using equation (3) and either of the two c strategies
outlined above, we can implement this interpolation
algorithm for SCIAMACHY as well.
[30] Figure 8 shows a comparison of radiance errors when

using the improved interpolation scheme for Q. Note first
the substantially smaller errors compared to Figure 7, due to
the improved Q interpolation scheme. Second, there is no
difference in maximum radiance errors regardless of our
choice of c strategy. A slight improvement when c is
interpolated between its theoretical value at 300 nm and a
measurement at 800 nm becomes noticeable for RMS
errors. It would appear that interpolation of c leads to better
radiances but only if other (e.g., Q interpolation) errors have
been reduced to levels that are unattainable with the current
operational algorithm.
[31] Finally, we wish to point out that both algorithms

have problems dealing with situations where c � 45� or
135�. In these cases Q � 0 and tan 2c becomes very large.
An entirely different approach must then be used.

6. Summary

[32] In this paper we argue that the top-of-atmosphere
Stokes parameter jUj is usually much smaller than typical
values for jQj, and that usually Q < 0, where the Stokes
vector is defined with respect to the single-scattering plane.
We have used POLDER data as evidence and found that

usually jUj < 0.003 (twice the typical standard variation
found from Figure 4) for a variety of scenes and scattering
geometries, while less than 5% of the considered POLDER
data shows Q > 0. We argue that due to current calibration
uncertainties, POLDER U cannot be distinguished from
zero.
[33] A direct consequence of jUj < 0.003 and most Q < 0

is that c � 90� for most viewing geometries and scenes
considered. We have confirmed that c � 90� through
radiative transfer modeling which allows for very accurate
determination of U and Q. As a drawback to radiative
transfer modeling we mention that it was done for non-
polarizing surfaces. This drawback is only minor as there is
strong evidence in the literature that surface scattering
hardly contributes to U [Wolff, 1975].
[34] We explain the findings in this paper by pointing out

that polarization is mainly caused by single atmospheric or
surface scattering and that this generally causes U = 0 and
Q < 0. U may become nonzero due to multiple scattering
but will remain small as higher-order scatterings tend to
cancel polarization. Q may become positive due to the
scattering from some cloud and aerosol particles for specific
scattering geometries. In particular, backscattering geome-
tries where second-order scattering dominates polarization
[Chandrasekhar, 1960] are likely candidates for c 6¼ 90�.
[35] As a consequence, retrieval of atmospheric or surface

properties using polarization measurements will not benefit
from U measurements. Most information is contained in Q.
[36] We suggest that, as an application, we may use U =

Q tan 2css in the SCIAMACHY polarization calibration,
where the Stokes vector is now defined relative to the local
meridian plane. The SCIAMACHY field-of-view (�4�) is
small enough to allow application of our conclusions from
POLDER measurements, which may be shown by integrat-
ing the Stokes vector from a single-scattering atmosphere
over a finite field-of-view (exercise is left to the reader).
The operational algorithm [Slijkhuis, 1998] interpolates c
between its single-scattering value and a measurement at
850 nm. We show that our algorithm is just as accurate as
the more elaborate operational algorithm, when the latter
uses an error-free c measurement. Note that currently this
c measurement is known to be highly inaccurate [Krijger
and Tilstra, 2003].

[37] Acknowledgments. The Space Research Organisation Nether-
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