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ABSTRACT

Imaging polarimetry of Uranus and Neptune in the R, i, and z bands are presented. In all observations a radial limb polarization
on the order of 1% was detected with a position angle perpendicular to the limb. The polarization is higher in both planets for the
shorter wavelength bands. As a first approximation, the polarization seems to be equally strong along the entire limb. This is unlike
Jupiter and Saturn, where significant limb polarization is only observed at the poles. We determined flux-weighted averages of the
limb polarization and radial limb polarization profiles, and investigated the degradation and cancellation effects in the polarization
signal due to the seeing-limited spatial resolution of our observations. Taking this into account we derived corrected values for the
limb polarization in Uranus and Neptune. The results are compared with analytic models for Rayleigh scattering atmospheres for
the semi-infinite case and finite layers with ground albedo. The comparison shows that the detected polarization is compatible with
expectations. This indicates that limb-polarization measurements offer a powerful diagnostic tool for investigating the properties of
scattering particles in the upper atmospheres of Uranus and Neptune, in particular if more sophisticated numerical modeling of the
limb polarization becomes available. It is also concluded from the overall strength of the limb polarization that the disk-integrated
polarization of Uranus and Neptune for large phase angles is high (p > 20%). This is of interest for future polarimetric detections of
extra-solar planets with atmospheric properties similar to Uranus and Neptune.
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1. Introduction

Light reflected from planetary atmospheres is polarized. This ba-
sic property of planets provides a powerful diagnostic tool for
the investigation of the atmospheric structure and the charac-
terization of scattering particles as demonstrated e.g. for Venus,
Jupiter, and Saturn.

Polarization studies of Venus are particularly powerful for
constraining atmospheric particles, because a wide range of
phase angles can be covered with observations from the ground
(e.g. Dollfus & Coffeen 1970; Hansen & Hovenier 1974). For
the outer planets the possible phase angles for ground based ob-
servations are very limited, and the disk-integrated polarization
is close to zero due to the back-scattering situation. Nonetheless,
the limb polarization effect can be used to constrain polarimet-
ric properties of the atmosphere. Jupiter, for example, shows
strong limb polarization at the poles reaching about p = 7%
and a low limb polarization p < 1% at the equator (e.g. Hall &
Riley 1974, 1976; Gisler & Schmid 2003). The polarization is
much higher at the poles because they are covered with a scat-
tering layer consisting of highly polarizing haze particles and
Rayleigh scattering molecules. At the equator, the radiation is
predominately reflected by clouds and the resulting polarization
is small. This interpretation is supported by polarimetric obser-
vations of Jupiter for large phase angles with space missions.
The data show (e.g. in the R-band) a very high polarization of up

� Based on observations obtained at the ESO 3.6 m Telescope at
La Silla, Chile (ESO program 72.C-0498).

to 50% at the poles as expected for a Rayleigh scattering atmo-
sphere for phase angles near 90◦, and less than 5% at the equator
(Smith & Tomasko 1984; Braak et al. 2002). The polarization
of Saturn is qualitatively similar but lower than for Jupiter (e.g.
Tomasko & Doose 1984).

For Uranus and Neptune practically no polarimetric informa-
tion has been available up to now. For Uranus, a disk-integrated
polarization of p < 0.03% has been measured with aperture po-
larimetry (Michalski & Stokes 1977). From this, only very lim-
ited information can be gained about the polarimetric properties
of the atmosphere. To our knowledge space-based polarimetry of
Uranus and Neptune has not been taken in the past, nor is such a
mission planned for the coming decade. Thus, ground-based ob-
servations of the limb polarization of Uranus and Neptune seem
to be the best way currently to investigate these planets polari-
metrically. Up to now, such limb polarization data have not been
reported in the literature.

In this work we present imaging polarimetry of Uranus and
Neptune taken with the ESO 3.6 m Telescope at La Silla. Our
data resolve the planetary disk and we detect the limb polariza-
tion effect clearly.

The limb polarization is a well-known second order scatter-
ing effect occurring in reflecting atmospheres where Rayleigh-
type scattering processes are dominant (e.g. van de Hulst 1980).
To understand this effect, one has to consider a back-scattering
situation at the limb of a sphere, where we have locally a config-
uration of grazing incidence and grazing emergence (for a plane
parallel atmosphere) for the incoming and the back-scattered

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20053273

http://www.edpsciences.org/aa
http://dx.doi.org/10.1051/0004-6361:20053273


658 H. M. Schmid et al.: Imaging polarimetry of Uranus and Neptune. I.

photons, respectively. Photons reflected after one scattering are
practically unpolarized, because the scattering angle is 180◦.
Photons undergoing two scatterings travel after the first scatter-
ing predominantly parallel to the surface before being reflected
towards us by the second scattering process. Photons going up
will mostly escape without a second scattering, and photons go-
ing down have a low probability of being reflected towards us af-
ter the second scattering but a high probability to be absorbed or
to undergo multiple scatterings. Because the polarization angle
induced in a single dipole-type scattering process, like Rayleigh
scattering, is perpendicular to the propagation direction of the
incoming photon (which is often parallel to the limb), a polar-
ization perpendicular to the limb is produced.

After the description of the observational data (Sects. 2−4)
we derive the intrinsic limb polarization. The first step is to con-
vert the measured polarization into a radial limb polarization
and to determine a radial profile and a disk integrated average
(Sects. 5−7), which is then corrected in a second step for the
degradation of the polarization due to the limited resolution (see-
ing) of our measurements (Sect. 8). In Sect. 9 we compare our
measurements with the analytic model results for Rayleigh scat-
tering atmospheres from e.g. Chandrasekhar (1950), Coulson
et al. (1960) and Abhyankar & Fymat (1971).

Already these simple models, together with our limb polar-
ization measurements, provide important insight onto the global
polarimetric properties of Uranus and Neptune, which are dis-
cussed in the final sections of this paper.

2. Observations and data reduction

Imaging polarimetry of Uranus and Neptune was taken on
November 30, 2003 with EFOSC2 at the ESO 3.6 m telescope.
EFOSC2 is a multi-mode imager and grism spectrograph that
can be equipped with a Wollaston prism and a rotatable super-
achromatic half-wave plate for linear polarimetry and spectropo-
larimetry.

The Wollaston prism produces two images with opposite
linear polarization I‖ and I⊥ (the ordinary and extraordinary
beam) offset by 10′′ on the CCD. In order to avoid confusion,
a Wollaston mask was introduced at the telescope focus with al-
ternating open and opaque strips. The open strips have a width of
about 10′′ corresponding to the splitting of the Wollaston prism.
The strip period is 26.7′′. Since the diameters of Uranus and
Neptune are about 3.5′′ and 2.2′′, respectively, the whole planet
is well contained in one 10′′-strip. The data taken with different
filters were recorded with a 2k × 2k CCD (ESO CCD# 40) with
a pixel scale of 0.157′′ pixel−1.

The linear polarization was measured in a standard way (e.g.
Tinbergen & Rutten 1992) with one or several sets of four ob-
servations taken at half-wave position angles of 0◦, 22.5◦, 45◦,
and 67.5◦, respectively. Three sets with 4 exposures each were
taken for each broad-band filter in order to enhance the signal-
to-noise. Only one set was taken for the narrow-band filter (plus
mask) observations of Uranus (see Table 1).

Exposures with the half-wave plate rotation angles at 0◦
and 45◦ yield Stokes Qinst and the other two yield Stokes Uinst in
the instrument coordinate system. Important in the data reduc-
tion procedure is that the different planetary images (e.g. I‖(0◦),
I⊥(0◦), I‖(45◦) and I⊥(45◦)), are centered in the same way and
with an accuracy of about 1/10 of a pixel. One Qinst/I frame re-
sults from the combination of 4 planet images according to

Qinst

I
=

R − 1
R + 1

with R2 =
I‖(0◦)/I⊥(0◦)

I‖(45◦)/I⊥(45◦)
,

Table 1. Parameters for the imaging polarimetry of Uranus and Neptune
for November 30, 2003. The planet parameters were taken from the
“The Astronomical Almanac 2003”. The South pole coordinates are
given as distance from the disk center and position angle (see Fig. 1).
For the filters the central wavelength λc and the band width ∆λ (FWHM)
are given.

Uranus Neptune λc ∆λ
[nm] [nm]

planet parameters
diameter 3.51′′ 2.24′′
phase angle 2.8◦ 1.7◦
S pole dist. 1.62′′ 0.97′′
S pole PA 78◦ 169◦

exposures
R (Bessell) – 3 × (4 × 1 s) 644 167
i (Gunn) 3 × (4 × 1 s) 3 × (4 × 4 s) 803a 151a

zb (Gunn) 3 × (4 × 4 s) 3 × (4 × 10 s) a,b a,b

λ673+mask 4 × 300 s – 673 6.1
λ729+mask 4 × 300 s – 729 7.6

a The effective central wavelengths λc and filter widths ∆λ differ signifi-
cantly if the efficiency curve of the detector is included. They are for the
i-filter λc = 786 nm and ∆λ = 140 nm and for the z-filter λc = 890 nm
and ∆λ = 100 nm.
b the z-filter is a long-wave pass filter for λ > 837 nm.

and equivalent for Stokes Uinst/I with the I‖ and I⊥ images taken
at half-wave plate angles 22.5◦ and 67.5◦.

Unpolarized (HD 14069) and polarized (BD +25◦727,
HD 80558) standard stars were observed with the same instru-
mental set-up as for Uranus and Neptune in order to check the
instrumental polarization and to rotate the Qinst − Uinst polariza-
tion coordinate system into the celestial Q − U coordinate sys-
tem. For this the wavelength dependence of the position angle of
the optical axis of the superachromatic half wave plate has to be
considered. The instrumental polarization was found to be less
than 0.2%, and the polarization angle calibration should be ac-
curate to about θ ≈ 2◦. During the same run spectropolarimetric
observations of Uranus and Neptune were also made with the
same instrument (see Joos et al. 2005). The calibration of the
imaging polarimetry presented here was checked and verified
with the spectropolarimetric data.

An effective seeing of about 0.8′′ was estimated for the
Uranus and Neptune observations. This value was derived from
the stellar point spread functions measured in the standard star
polarimetry taken during the same night.

Filters. Central wavelengths and widths (FWHM) of the R, i,
and z broad-band filters and the red narrow-band filters used for
our polarimetry are given in Table 1. For the i and z filter ob-
servations the strong wavelength dependence of the CCD effi-
ciency curve has to be considered, which drops from about 80%
at 750 nm to 10% at 1 µm. The effective wavelengths and band
widths for these filter observations are therefore added in the
footnote of Table 1. The broad-band filters R, i, and z were used
for Neptune and i, z for Uranus. Uranus was too bright to be ob-
served in the R filter. For this reason we observed Uranus in two
narrow band filters centered at 673 nm and 729 nm. These nar-
row filters were combined with an occulting mask, an opaque
plate with a few dozen small holes allowing about 1% of the
light through. The mask was installed in the filter wheel near the
instrument pupil. This mask/filter setup was mainly used for ob-
servations of brighter planets such as Jupiter and Mars. It turned
out that the throughput for Uranus was too low for high-quality
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Fig. 1. Intensity image of Uranus (left) and Neptune (right) in the
i-Band. North is up and East to the left. The size of the images is
6.1′′ × 6.1′′.

polarimetric imaging. But the data can still be used for a rough
estimate of the polarization level at these wavelengths.

3. Intensity images

Figure 1 shows intensity images of Uranus and Neptune taken
in the i-band. Also indicated are the limb, the equator, and the
south pole of the planets. The south pole of Uranus is near the
east limb of the planet.

The Uranus image clearly shows the higher reflectivity of
the southern high latitude regions compared to the northern lat-
itudes. The same asymmetric intensity distribution is also visi-
ble in HST images of Uranus (e.g. Karkoschka 2001). In addi-
tion HST images of Uranus and Neptune from August 2003 are
available (see press release STScI-PRC2004-05), which were
taken just a few months before our observations. Of course the
HST data show many more details due to the significantly higher
spatial resolution when compared to our seeing-limited observa-
tions.

4. Stokes Q and U images for Uranus and Neptune

Stokes Q and U images of Uranus and Neptune are shown in
Figs. 2 and 3, respectively. The Stokes parameters for the linear
polarization are defined as Q = I0 − I90 and U = I45 − I135,
where Ix is the intensity for a polarization angle x measured from
North over East. The grey scale in the Stokes Q and U images is
normalized to the peak intensity Ipeak on the planetary disk and
goes from −0.005 Ipeak (black) to +0.005 Ipeak (white).

The same quadrant pattern is visible in Q and U for Uranus
and Neptune. Q is positive at the northern and southern limbs,
negative at the eastern and western limbs, and essentially zero in
the center of the planetary disk. For U the same pattern is visible
but rotated by 45 degrees. In Neptune the polarization pattern
is significantly stronger for the R-band when compared to the
z-band (Fig. 3). This indicates that the polarization is lower for
longer wavelengths. The same trend is seen for the i and z-band
observations of Uranus.

The Stokes Q and U images of Uranus and Neptune indi-
cate that in both planets the polarization is low near the disk
center and high at the limb. The position angle of polarization
is perpendicular to the limb everywhere. This basic polarization
pattern is expected for backscattering from a Rayleigh-scattering
atmosphere. The quadrant pattern in the Stokes Q and U images
is highly symmetric. This indicates that the limb polarization has
along the entire limb a similar strength.

It should be noted that, due to the very steep intensity gra-
dients at the limb the resulting strength of the Q and U limb

Fig. 2. Stokes Q (left) and U (right) images for Uranus in the i-band.
The grey scale in the Stokes Q and U images is normalized to the
peak intensity Ipeak and spans the range from −0.5% (black) to +0.5%
(white).

Fig. 3. Stokes Q and U images for Neptune taken in the R-filter (top) and
z-filter (bottom). The grey scale is normalized to the peak intensity Ipeak

and ranges from −0.5% (black) to +0.5% (white).

polarization features critically depend on an exact centering
of the different planet images (e.g. I‖(0◦), I⊥(0◦), I‖(45◦), and
I⊥(45◦) for the Q image). Experiments with the Q images of
Uranus show that an artificial displacement of one of the four
images by 0.2 pixel in the North-South direction reduces the
positive Q-feature at the northern limb to almost zero, while
the feature at the southern limb is strengthened. A displacement
in the opposite direction reverses the effect at the northern and
southern limbs. Standard star observations show that the relative
position of the two star images on a given frame (the ordinary
and extraordinary images from the Wollaston) is only stable to a
precision of about 0.05 pixels for different half-wave plate posi-
tions and telescope pointings. From this limited stability of the
instrument (and the lack of adequate calibration measurements),
we have to conclude that small differences in the polarization
level on opposite limbs should not be over-interpreted because
of the limited resolution and alignment precision of our data.
Despite this, we would however see extended polarization struc-
tures along the limb that deviate more than 50% from the average
limb polarization. Such features are not seen in our data.
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Fig. 4. Radial Stokes Qr (left) and Ur (right) for Uranus in the i-band.
The grey scale is normalized to the peak intensity Ipeak and goes from
−0.5% (black) to +0.5% (white).

In any case the general quadrant pattern is present and real in
all our Q and U images of Uranus and Neptune. It is practically
impossible, with the applied observing and reduction technique,
to obtain such a pattern artifically due to image misalignments,
image distortions, or other spurious effects.

5. The radial polarization

The data are presented in the previous section as separate im-
ages of the Stokes Q and U flux instead of the polarized flux
p × I = (Q2 + U2)1/2. The square of Q and U in the formula for
the polarized flux introduces large systematic errors, if the abso-
lute value of the measured signals |Q| and |U | is not significantly
higher than the measuring noise ∆Q and ∆U. In our Uranus and
Neptune data, there is ∆Q ≈ |Q| (and ∆U ≈ |U |) in the middle of
the planetary disk and between the positive and negative Q and
U features. Therefore the use of the polarized flux p × I (or the
normalized polarization p) as measuring parameter would lead
to wrong results.

With radial Stokes parameters these problems can be
avoided, and averaged (radial) polarization values for the limb
polarization and the polarization as a function of radius can
be derived without introducing systematic errors in the data
reduction process. In particular, radial Stokes parameters are
well-suited for characterizing a centro-symmetric polarization
pattern.

The radial Stokes parameters Qr and Ur describe the polar-
ization in radial and tangential direction on the planetary disk.
Qr and Ur are given by

Qr = +Q cos 2φ + U sin 2φ

Ur = −Q sin 2φ + U cos 2φ,

where φ is the polar angle of a given position (x, y) (equivalent to
(α, δ)) on the apparent planetary disk (disk center (x0, y0)) with
respect to the North direction:

φ = arctan
x − x0

y − y0
·

Qr > 0 is equivalent to a radial polarization or a polarization
perpendicular to the limb, while Qr < 0 indicates a tangential
polarization component. Ur describes the polarization in the di-
rections ±45◦ with respect to the radial direction.

Figures 4 and 5 show the resulting radial polarization im-
ages Qr and Ur for Uranus in the i-band and Neptune in the
R-band. In both cases the limb polarization is clearly visible
as a bright ring with positive Qr polarization. The level of the

Fig. 5. Radial Stokes Qr (left) and Ur (right) for Neptune in the R-band.
The grey scale is normalized to the peak intensity Ipeak and goes from
−0.5% (black) to +0.5% (white).

Fig. 6. Radial Stokes parameter Qr for Uranus in the narrow λ 673 nm
filter (left) and the z filter (right); grey scale as in Fig. 5.

Fig. 7. Radial Stokes parameter Qr for Neptune in the i (left) and z filters
(right); grey scale as in Fig. 5.

±Ur-polarization for an area of the size of the seeing disk is typ-
ically 5−10 times lower than the positive Qr signal along the
limb. The negative Ur patch (spurious signal due to two “hot”
pixels?) near the NE limb of Uranus in Fig. 4 or the negative Ur
southern limb of Neptune in Fig. 5 are about 3−4 times weaker
than the positive Qr signal at these positions. We suspect that
these localized Ur features are not real, and in any case they are
significantly weaker than the positive (radial) Qr polarization.
From this we conclude that the radial polarization component
(positive Qr) dominates. Observations in the other filters look
similar, and the corresponding Qr-images are shown in Figs. 6
and 7.

For the z-filter observations of Uranus (Fig. 6), it may be sus-
pected that the limb of the northern hemisphere (the limb to the
west in sky coordinates) has a higher polarization than the limb
near the South pole (limb to the east). Due to the strong depen-
dence of such an asymmetry pattern on the image centering, as
described in Sect. 4 it cannot be clarified that this feature is real.
Higher resolution data are required to resolve this issue.
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Table 2. Normalized, disk-integrated polarization parameters 〈Q/I〉 and
〈U/I〉 in the celestial coordinate system and the radial polarization pa-
rameters 〈Qr/I〉 and 〈Ur/I〉 for a centro-symmetric (radial) coordinate
system centered on the planetary disk. The next column gives the ra-
dial polarization 〈Qr/I〉corr corrected for the seeing-limited resolution
according to Sect. 8. The chosen seeing-correction factors are 1.22 for
Uranus and 1.54 for Neptune. The last column gives the effective ge-
ometric albedo Ag for Uranus and Neptune in the corresponding filter
pass band.

〈Q/I〉 〈U/I〉 〈Qr/I〉 〈Ur/I〉 〈Qr/I〉corr Ag

[%] [%] [%] [%] [%]
Uranus
λ673 −0.06 +0.00 +0.69 −0.07 +0.84 0.32
λ729 +0.02 +0.02 +0.77 −0.12 +0.94 0.05
i −0.06 −0.01 +0.61 −0.06 +0.74 0.19
z −0.01 −0.02 +0.35 −0.02 +0.43 0.12

Neptune
R +0.03 +0.02 +0.96 +0.02 +1.48 0.32
i −0.03 −0.00 +0.70 −0.02 +1.08 0.13
z +0.04 −0.03 +0.43 −0.04 +0.66 0.06

6. Disk-integrated polarization

A first basic quantity to describe our polarimetry is the disk-
integrated polarization. For this we sum up all counts in the I, Q,
and U, respectively Qr and Ur images. This yields ΣQ, ΣU, etc.,
from which we can calculate normalized polarization parame-
ters 〈Q/I〉 (= ΣQ/ΣI), 〈U/I〉 and 〈Qr/I〉, 〈Ur/I〉, respectively
(Table 2).

The 〈Q/I〉, 〈U/I〉 are disk-averaged values equivalent to a
measurement with aperture polarimetry, where the aperture is
larger than the planet. Our imaging polarimetry yields essen-
tially null results (|〈Q/I〉| and |〈U/I〉| <∼ 0.05%) for the integrated
polarization of Uranus and Neptune (Table 2). For Uranus,
this agrees with previous full-disk polarimetry of Michalski &
Stokes (1977) who obtained a polarization for their red filter con-
sistent with <0.02%. This agreement indicates that systematic
measuring errors in our disk-integrated polarization parameters
given in Table 2 are smaller than 0.05%.

The absence of net polarization in the disk averages indicates
that the sum of both negative QE and QW polarization features at
the East and West limbs cancels the sum of the positive QN and
QS features at the North and South limbs. For example, for the i-
band polarimetry of Uranus, there is QN ≈ QS ≈ −QE ≈ −QW ≈
0.1% of the total intensity of the entire planetary disk. Thus the
limb polarization in one of these quadrants of the planetary disk
is significantly higher than the resulting net polarization that is
obtained by summing up all positive and negative components.
The same can be said for the NE/SW and SE/NW polarization
features in the U images. Note that the disk-integrated parame-
ters 〈Q/I〉 and 〈U/I〉 cannot be affected by inaccuracies in the
image centering procedure.

A strong positive signal is obtained for the disk-integrated ra-
dial polarization 〈Qr/I〉 (Table 2). The measured radial polariza-
tion is higher for Neptune compared to Uranus. The polarization
decreases in both planets for longer wavelengths. The measuring
error for 〈Qr/I〉 is <0.05% as estimated for the measuring error
for 〈Q/I〉 and 〈U/I〉. This does not include the polarization can-
cellation due to the limited spatial resolution, which determined
by the seeing conditions in our case. An assessment of the seeing
effect and corresponding correction factors are given in Sect. 8.

The integrated radial polarization 〈Qr/I〉 is a good parameter
for characterizing the overall limb polarization of a planet. Since
Qr is either positive or close to zero everywhere on the disk no

polarization compensation effect is present. Furthermore, there
is 〈Qr/I〉 
 〈Ur/I〉 ≈ 0, so that we can approximate

〈pr〉 =
√
〈Qr/I〉2 + 〈Ur/I〉2 ≈ 〈Qr/I〉.

Thus Qr and ΣQr can be considered as the radially polarized
flux and the disk integrated radially polarized flux, respectively.
Then, Qr/I and 〈Qr/I〉 are the corresponding normalized polar-
ization values.

Effective albedos. To characterize the scattering properties of a
planet, it is important to know the effective geometric albedo Ag
for a given filter observation. The evaluation of the effective
albedo requires a flux weighting of the wavelength-dependent
albedo, because the registered photons come predominantly
from those spectral regions (in a given filter pass band) with the
highest albedo, while only a few photons come from deep ab-
sorption bands where the albedo is low. Therefore we have given
the effective (flux weighted) geometric albedo for the different
filter observations in Table 2. For our evaluation we used the
spectrophotometric observations of Karkoschka (1998) avail-
able from the Planetary Data System (PDS). They provide the
geometric albedo as a function of wavelength for Uranus and
Neptune. We had also to consider the wavelength-dependent in-
strument efficiency curves that were derived from the transmis-
sion curves of the filters employed (see Table 1) and the effi-
ciency curve of the CCD (ESO CCD #40).

7. Polarization as function of radius

The observed polarization of Uranus and Neptune is essentially
centro-symmetric. For this reason it is useful to construct rota-
tionally averaged, radial profiles for the polarization, the normal-
ized polarization, and the intensity. Of course, all intrinsic non-
symmetric structures are neglected with this procedure. This is
important to consider with respect to effects that could be re-
lated to the strong albedo asymmetry of Uranus, which has a
brighter southern hemisphere (see e.g. Karkoschka 2001; Rages
et al. 2004). However, assuming as a first approximation a rota-
tional symmetry for the polarization structure seems to be rea-
sonable considering the quality of our observations.

Non-symmetries introduced by alignment-inaccuracies in
the reduction process hardly affect the resulting radial polariza-
tion profiles. A slight misalignment that produces a radial polar-
ization too low on the one limb would at the same time cause
too high a polarization on the opposite limb. The corresponding
smearing effect in the rotationally averaged profile is small and
certainly negligible with respect to the seeing resolution.

Figures 8 and 9 show the radial polarization structure for
Uranus and Neptune in the R, i, and z bands. The radial pro-
files are very similar for both planets and in all filters. The po-
larization Qr in the disk center at r = 0 is essentially zero. The
normalized radial polarization Qr/I increases steadily with ra-
dius and seems to reach a constant value in the seeing halo at
r > Rplanet before the photon noise starts to dominate the mea-
surements. It is clearly visible that the normalized polarization is
higher at shorter wavelengths. We measure for the last four data
points in the Qr/I curves in Figs. 8 and 9 the average polariza-
tion of 1.14%, 1.21%, and 0.68% in the λ 673, i, and z filters for
Uranus and 1.56%, 1.14%, and 0.70% in the R, i, and z filters for
Neptune.

Stokes Qr, the radial polarization flux, also increases with
radius up to about r ≈ Rplanet and decreases further out to zero
in step with the intensity profile. It should be noted that the
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Fig. 8. Uranus radial profile for intensity I and radial polarization Qr

(upper panel) in the i and z filters. Both I and Qr are normalized to the
peak flux at r = 0. The lower panel shows the corresponding normalized
radial polarization Qr/I. The squares indicate the same curve for the
narrow-band filter λ = 673 nm. The error bars for the latter points are
about twice the size of the broad-band filters. The radial distance is
given in arcsec; Rplanet = 1.75′′ for Uranus.

obtained radial profiles in Figs. 8 and 9 depend on the seeing
conditions.

8. Seeing corrections

The seeing-limited resolution of our planet observations causes
a polarization cancellation effect. This has to be taken into ac-
count for interpreting the polarization properties of Uranus and
Neptune. Due to the seeing, the opposite polarization compo-
nents +Q and −Q overlap and cause a reduction in the result-
ing net polarization. In the most extreme case of an unresolved
centro-symmetric planetary disk, the polarization cancellation
would be perfect and only a zero net polarization level could
be measured. Of course the compensation effect is stronger for
Neptune than for Uranus because of the smaller apparent diam-
eter of the former planet.

For an estimate of the polarization cancellation, we adopted
a “typical” model for the expected polarization pattern (from
Sect. 9). From this model we constructed 2-dimensional inten-
sity maps for I0, I90, I45, and I135 and applied a folding with
a Gaussian function (filter/Gauss task of the MIDAS package
providing a Gaussian image smoothing). From the “smeared” I-
images, the corresponding Stokes Q and Stokes U maps can be
constructed. Figure 10 illustrates the cancellation effect in the
Stokes Q image due to the seeing for a semi-infinite, conser-
vative Rayleigh scattering model atmosphere (see Sect. 9). The
seeing, which is equivalent to the spatial resolution of the mod-
eled observations, is characterized as full width at half maximum

Fig. 9. The radial profile of Neptune with intensity I and the radial po-
larization Qr (upper panel) and the corresponding normalized radial po-
larization Qr/I (lower panels) in the R, i, and z filters (as in Fig. 8). The
radial distance is given in arcsec; Rplanet = 1.12′′ for Neptune.

(FWHM) of the Gaussian filter function and given in units of the
planet radius Rplanet.

The Q and U maps can be converted into maps for the radial
polarization Qr and Ur, as for the observations. From Qr the in-
tegrated radial polarization 〈Qr/I〉seeing is calculated for different
seeing parameters. The ratio between the 〈Qr/I〉seeing/〈Qr/I〉0
then yields the value for the expected seeing degradation of
the disk-integrated radial polarization 〈Qr/I〉. The correspond-
ing curve is shown in Fig. 11. The polarization cancellation de-
scribed by the curve in Fig. 11 depends not on the strength, but
on the geometric structure of the polarization pattern. As can be
seen for the analytic Rayleigh scattering models (Sect. 9), the
polarization pattern is very similar for the different model pa-
rameters. Thus the same seeing-correction curve (Fig. 11) can
be applied to all our observations of Uranus and Neptune. The
uncertainty of the correction factor in the end depends predom-
inantly on the atmospheric seeing parameter that is not very ac-
curately known.

In Sect. 2 we estimated a seeing of 0.8′′ for our observa-
tions. The uncertainty in the estimated seeing is about ±0.1′′.
Thus the seeing degradation factor for the integrated radial po-
larization 〈Qr〉seeing/〈Qr〉0 is roughly 0.82 for Uranus (seeing
0.46 Rplanet) and 0.65 for Neptune (seeing 0.71 Rplanet). For an
estimate of the intrinsic radial polarization 〈Qr/I〉, the values
derived from the observations (Table 2) have to be multiplied
by the inverse values, thus with 1.22 and 1.54 for Uranus and
Neptune, respectively.
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Fig. 10. Modeling of the degradation of the polarization Q due to the
cancellation of opposite polarization components +Q and −Q caused by
the seeing limited resolution; a) no seeing, b) seeing 0.3 Rplanet, c) seeing
0.5 Rplanet, and d) seeing 0.8 Rplanet. The grey scale spans for all panels
the range from −1% (black) to +1% (white) of the peak intensity of the
initial (no seeing) intensity image.

Fig. 11. Measurable radial polarization 〈Qr〉seeing relative to the initial
radial polarization 〈Qr〉0 as a function of the seeing for a planet with a
(semi-infinite, conservative) Rayleigh-scattering atmosphere. The see-
ing (FWHM) is expressed in units of the radius of the planetary disk.

9. Results for scattering atmospheres models
derived from the literature

Many papers describe the atmospheric structure of Uranus and
Neptune (see review by Lunine 1993). Very important with re-
spect to the limb polarization are the investigations of the at-
mospheric structure based on the reflected radiation as observed
via the geometric albedo spectrum (e.g. Baines & Bergstralh
1986; Baines & Smith 1990; Sromovsky 2005a,b). The reflec-
tion models employed there are rather sophisticated and they
can reproduce the observed geometric albedo spectra of Uranus
and Neptune well. Important radiative transfer processes to be
considered for the red to near-IR spectral region are Rayleigh
scattering, high-altitude haze scattering, molecular absorption
by methane, and the reflection from an optically thick cloud

layer. Additional processes should also be considered, such as
Raman scattering and absorption by other molecules.

Unfortunately, the existing radiative transfer models of
Uranus and Neptune provide no model results for the limb po-
larization that might be compared with our observations. For
this reason we consider the results from analytic calculations for
the polarized light reflected by Rayleigh-scattering atmospheres
from the seventies and earlier going back to the classical work
of Chandrasekhar (1950). A comprehensive overview of the ba-
sic theory and many modeling results is given in van de Hulst
(1980). However, not many results are available on the limb
polarization effect for gaseous planets in opposition. In partic-
ular the disk integrated (averaged) radial polarization 〈Qr/I〉, the
main parameter for characterizing the polarization of Uranus and
Neptune in this work, cannot be found in the literature. We found
only a short description in van de Hulst (1980, Sect. 18.3.2),
which describes the limb polarization and its dependence on dif-
ferent model parameters. However, the resulting polarization is
only presented in graphic form and then for only one particular
point on the disk (r = 0.91 Rplanet). Therefore, this study is not
suitable for comparison with our Uranus and Neptune data with
seeing-limited spatial resolution.

For this reason we put together radial profiles for the in-
tensity and polarization using formulas and tabulations based
on analytic models given in the literature. From this the disk-
integrated radial polarization 〈Qr/I〉 is calculated in order to
compare the measurements with these models. It is emphasized
that the results from these simple models of course allow only a
qualitative comparison with our observations, but it does provide
a useful first step. More sophisticated radiative transfer calcula-
tions, which actually do not exist for the limb polarization ef-
fect, would also require investigation of a huge model parameter
space that is beyond the scope of this paper.

The model results are significantly simplified if only the case
of exact opposition α = 0◦ is considered. Thus any position
on the planetary surface can be approximated by the case of
exact back-scattering from a plane-parallel atmosphere. Then
the angle of incidence θ0 with respect to the surface normal
(µ0 = cos θ0) is equal to the angle of emergence θ (or µ) with
an azimuthal angle φ = 180◦. For this case the reflected inten-
sity I(r) and the radial polarization flux Qr(r) are simply func-
tions of the fractional disk radius r. In our calculations the re-
flected intensity is defined as

I(r) = I0(r) µ(r)R(µ0(r), µ(r)),

where the initial (iradiating) intensity I0(r) is normalized to 1,
µ(r) = (1 − r2)1/2, and R(µ0(r), µ(r)) is the reflection function
(R = 1 for a perfect, diffusely reflection Lambertian surface).
Integration of I(r) over the planetary disk yields the geometric
albedo

Ag =

∫ 1

0
I(r) 2π r dr.

9.1. Semi-infinite Rayleigh-scattering atmospheres

For semi-infinite Rayleigh-scattering atmospheres, the reflected
intensity and polarization as function of radius (or µ) can be cal-
culated using the formulas and the tabulated functions given in
Abhyankar & Fymat (1970, 1971) and Chandrasekhar (1950).
The resulting curves for intensity I, radial polarization Qr, and
normalized polarization Qr/I are shown in Fig. 12 for eight dif-
ferent values for the single-scattering albedo ω. The Qr/I curve
for the conservative case (ω = 1) has already been discussed in
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Fig. 12. Normalized reflected intensity I, radial polarization flux Qr and
normalized polarization Qr/I as functions of disk radius r for a planet
at exact opposition (phase angle α = 0◦) with a semi-infinite, Rayleigh-
scattering atmosphere and single scattering albedos ω = 1 (thick solid),
0.99 (dash dotted), 0.95 (dashed), 0.90 (dotted), 0.80, 0.60, 0.40 and
0.20 (thin solid). Where space permits the curves are labeled with the
corresponding ω.

detail in van de Hulst (1980). Note that our definition of the ra-
dial polarization Qr yields positive values, while the definition
for the radial polarization used in the literature is often negative.

The curves for the normalized radial polarization Qr/I are
strongly peaked at the limb for all scattering albedos ω. The
Qr/I-polarization does not strongly depend on ω for the range
ω = 0.9 to 1.0 (see also Table 3). For lower ω, the normalized
limb polarization 〈Qr/I〉 decreases continuously. This occurs be-
cause a low single-scattering albedo strongly reduces the flux
from photons undergoing two or more scatterings that are re-
sponsible for the limb-polarization effects. Much less reduced by
the low scattering albedo are the photons that are reflected after
one single (back)-scattering and that produce no limb polariza-
tion effect. For all scattering albedos the maximum polarization
Qr/I|max occurs around r ≈ 0.97, very close to the limb.

Table 3 summarizes key parameters for the different models.
The geometric albedos Ag, which are obtained with an interpola-
tion and integration of the I(r) values are slightly, but systemati-
cally, lower by about 0.001−0.002 when compared to the results
from Prather (1974). In that work Ag was obtained with a so-
phisticated numerical solution of the radiative transfer equations

Table 3. Model results for a planet at opposition (phase angle α =
0◦) with a semi-infinite Rayleigh-scattering atmosphere. The columns
give the single-scattering albedo ω, the geometric albedo Ag, the disk-
integrated radial polarization 〈Qr/I〉, the line-integrated radial polariza-
tion for a line through the disk center, and the maximum radial polar-
ization Qr(r)/I(r)|max.

ω Ag 〈Qr/I〉 〈Qr/I〉line Qr/I|max

[%] [%] [%]
1.00 0.796 2.73 1.64 7.7
0.99 0.638 3.29 2.03 8.1
0.95 0.489 3.48 2.19 7.9
0.90 0.398 3.35 2.13 7.4
0.80 0.291 2.90 1.86 6.3
0.60 0.171 2.01 1.29 4.3
0.40 0.096 1.24 0.80 2.6
0.20 0.042 0.57 0.37 1.2

using a Feautrier technique. For example, the exact value for
the maximum geometric albedo for a Rayleigh scattering atmo-
sphere (ω = 1) is Ag = 0.7975 (Prather 1974), while we obtain
only Ag = 0.796. However, we consider the accuracy of our re-
sults as sufficient for comparing the measured radial polarization
for Uranus and Neptune with simple model results.

The disk-integrated radial polarization 〈Qr/I〉 given in
Table 3 is useful for the comparison with our imaging polarime-
try of Uranus and Neptune (Table 2). For this we use the I(r) and
Qr(r) curves to calculate for a given ω the ratio

〈Qr/I〉 =
∫

Qr(r) r dr∫
I(r) r dr

·

The theoretical disk-integrated polarization stays at a high level
of 〈Qr/I〉 ≈ 2.5−3.5% for geometric albedos from the maximum
of Ag = 0.796 down to about Ag = 0.25.

Table 3 also gives the polarization integrated along a radial
line (or slit) through the disk center, thus

〈Qr/I〉line =

∫
Qr(r) dr∫
I(r) dr

·

These values will be useful for long-slit spectropolarimetric
studies (see Joos et al. 2005). Likewise, the maximum polariza-
tion of the Qr/I-curves is given.

9.2. Finite Rayleigh scattering atmospheres
with ground albedo

Results for the reflected intensity and polarization for finite
Rayleigh scattering atmospheres are tabulated in Coulson et al.
(1960). They give values for scattering atmospheres with an op-
tical thickness of bτ = 0.02, 0.05, 0.10, 0.15, 0.50, and 1.0 with
ground reflectivity Aground = 0.0, 0.25, and 0.80. For Aground =
0.25 and 0.80, the ground behaves like a grey isotropically re-
flecting surface (according to Lambert’s law), while the ground
surface is black for Aground = 0.0.

For a planet at opposition we need the reflected intensity
I(µ0, µ, φ) and polarization Q(µ0, µ, φ) for µ0 = µ and φ = 180◦.
Values that fulfill these conditions are given or can be eas-
ily obtained by interpolation from the tables in Coulson et al.
(1960) for µ = 0.1, 0.2, 0.4, 0.6, 0.8, 0.92, and 1.0. In order to
get well-sampled intensity I(r) and polarization curves Qr(r),
a spline interpolation was applied to generate I and Q values
for 101 equidistant radius points. Examples of the initial data
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Fig. 13. Intensity I (top), radial polarization Qr (middle), and normal-
ized polarization Qr/I (bottom) as functions of disk radius r for a planet
at exact opposition (phase angle α = 0◦) with a finite Rayleigh scat-
tering atmosphere. Models with an optical thickness of the Rayleigh-
scattering layer of bτ = 1.0 (thick lines) and bτ = 0.15 (thin lines)
are shown, each for three ground albedos Aground = 0.8, 0.25, or 0.0.
The curves were constructed with a spline interpolation from the tabu-
lated values from Coulson et al. (1960) indicated by � (Aground = 0.8),
× (Aground = 0.25), and � (Aground = 0.0).

points and the final interpolation curves are given in Fig. 13,
which shows the intensity I(r), the radially polarized flux Q(r),
and the normalized polarization Q(r)/I(r) for bτ = 1, 0.15 and
Aground = 0.8, 0.25, 0.0.

It can be seen from the I(r) curves that the limb darkening
for finite atmospheres with a high ground albedo Aground = 0.8
behaves like a high-albedo, semi-infinite Rayleigh scattering at-
mosphere (see Fig. 12). A limb brightening is present for low
ground albedos because relatively more photons are backscat-
tered from the Rayleigh-scattering layer at the limb than at the
center of the disk where a larger fraction of photons go down to
the dark surface and are absorbed.

It is interesting to note that the polarized flux Qr(r) only de-
pends on the thickness of the Rayleigh scattering layer but not
on the ground albedo. Of course the polarized flux is higher for
planets with thicker Rayleigh scattering layers. The curve Qr(r)
reaches a maximum around r = 0.90−0.95 for thick scattering
layers and then decreases significantly at the extreme limb. For a
thin Rayleigh scattering layer Q(r) shows a steady increase with
radius up to at least r = 0.995.

Table 4. Parameters for planets at opposition (phase angle α = 0◦)
with finite Rayleigh scattering layer (optical thickness bτ) and ground
albedo Aground. The tabulated values are the geometric albedo Ag, the
disk-integrated radial polarization 〈Qr/I〉, the line-integrated radial po-
larization for a line through the disk center, and the maximum radial
polarization Qr(r)/I(r)|max.

bτ Aground Ag 〈Qr/I〉 〈Qr/I〉line Qr/I|max

[%] [%] [%]
1.0 0.80 0.651 2.75 1.63 8.3
1.0 0.25 0.428 4.33 2.81 9.4
1.0 0.00 0.362 5.15 3.51 9.9

0.50 0.80 0.620 1.81 1.02 7.4
0.50 0.25 0.336 3.43 2.15 8.7
0.50 0.00 0.242 4.87 3.39 9.3

0.25 0.80 0.590 0.95 0.51 6.1a

0.25 0.25 0.267 2.11 1.25 6.7
0.25 0.00 0.142 4.01 2.80 7.5

0.15 0.80 0.572 0.51 0.27 5.2a

0.15 0.25 0.232 1.28 0.72 5.4a

0.15 0.00 0.093 3.22 2.27 5.7

0.10 0.80 0.561 0.29 0.15 4.2a

0.10 0.25 0.212 0.77 0.42 4.4a

0.10 0.00 0.065 2.53 1.79 4.5a

0.05 0.80 0.549 0.10 0.05 2.6a

0.05 0.25 0.191 0.29 0.15 2.9a

0.05 0.00 0.034 1.62 1.15 3.0a

0.02 0.80 0.540 0.02 0.01 1.1a

0.02 0.25 0.176 0.05 0.02 1.4a

0.02 0.00 0.014 0.73 0.05 1.6a

a Maximum value is reached at the extreme limb (r = 1).

Table 4 summarizes the calculated geometric albedo and po-
larization parameters for the finite Rayleigh scattering models as
in Table 3 for the semi-infinite atmospheres. The values clearly
indicate the main dependencies which are also visible in Fig. 13:

– The thickness of the Rayleigh scattering layer bτ defines the
amount of radially polarized flux Qr. In particular, the po-
larized flux Qr or the product Ag · 〈Qr/I〉 does not depend
essentially on the ground albedo.

– A low ground albedo reduces the amount of unpolarized re-
flected light for a given bτ. Thus for low Aground, the amount
of reflected light (geometric albedo Ag) is low, while the po-
larization degree Qr/I is enhanced. This effect is particularly
strong for planets with thin (small bτ) Rayleigh-scattering
layers.

Table 4 can be supplemented with the limiting Ag and polar-
ization values for the extreme cases bτ = 0 and ∞. The case
bτ = ∞ is equivalent to the semi-infinite, conservative (ω = 1)
Rayleigh scattering atmosphere discussed in the previous sec-
tion. For bτ = 0, the planet has no scattering atmosphere, and the
geometric albedo of an isotropically reflecting surface (accord-
ing to Lambert’s law) is Ag = 2/3 ·Aground, while the polarization
of the reflected light is zero everywhere.

The accuracy of the calculated values given in Table 4 are
not very high, since they are derived from curves that are inter-
polated from only seven tabulated points for I(r) and Q(r). The
geometric albedos for bτ = 0.5, 1 and Aground = 0.8, 0.0 differ
by up to ±1% from those given in Kattawar & Adams (1971).
The values for the maximum polarization Qr/I|max are also not
very accurate due to uncertainties in the interpolation procedure.
We guess that the uncertainty is on the order of Qr/I|max ± 0.2%
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Fig. 14. Geometric albedo Ag versus averaged radial polarization for
the observations of Uranus (squares) and Neptune (×) and the Rayleigh
scattering models. Broad band filters are indicated with R, i, and z, and
narrow band filters for Uranus with CH4 (λ = 729 nm) and “c” for
continuum (λ = 673 nm). The semi-infinite Rayleigh scattering models
are plotted as triangles connected by a solid line, while the finite mod-
els define a grid (diamonds). Grid points with the same ground albedo
Aground = 0.8, 0.25, 0.0 are connected with a dashed line, and points
with the same optical thickness for the Rayleigh scattering layer bτ with
a dotted curve. From top to bottom the bτ-curves for 0.50, 0.25 (indi-
cated), 0.15, 0.10, 0.05, and 0.02 are plotted. The limiting case bτ = 0,
i.e. a bare Lambert surface, is indicated with filled circles (•).

for those cases where the maximum polarization occurs between
r = 0.9 and 0.98. For cases where the polarization increases
steadily out to the extreme limb r = 1, we had to extrapolate
from r = 0.995 (µ = 0.1) to r = 1.0 (µ = 0.0).

10. Comparison between observations and models

From our observations of Uranus and Neptune, we derived the
mean radial polarization 〈Qr/I〉 for various wavelength filters
(Table 2). Furthermore we obtained the flux weighted geomet-
ric albedo Ag from the spectrophotometry of Karkoschka (1998)
for the used filters pass bands (Table 2). In Fig. 14 the derived
values 〈Qr/I〉 and Ag for Uranus and Neptune are compared with
the semi-infinite and finite Rayleigh-scattering atmosphere mod-
els presented in the previous section.

The semi-infinite atmosphere models (Table 3) define points
along a curve (solid) in the plot of the geometric albedo vs. av-
eraged radial polarization. The finite atmosphere models from
Table 4 produce a grid (diamonds) in this plot. Dashed lines are
used to connect the grid points with the same ground albedo
Aground = 0.8, 0.25, 0.0. Models with the same bτ (vertical op-
tical thickness for the Rayleigh scattering layer) are connected
with dotted curves defined by Ag · 〈Qr/I〉 = const. This product,
the polarized flux, is essentially independent of Aground. The lim-
iting case bτ = 0 (filled circles) for a planet with a bare Lambert
surface is given by bτ = 2/3 · Aground and 〈Qr/I〉 = 0.

The finite and semi-infinite Rayleigh scattering models are
now used as first approximations for the limb polarization
of Uranus and Neptune. In addition we considered the con-
straints on the atmospheric structure from the modeling of the
geometric albedo spectrum by Baines & Bergstralh (1986),

Baines & Smith (1990), and Sromovsky (2005a,b). The follow-
ing conclusions can be drawn from the observed limb polariza-
tion:

– A large fraction of photons are absorbed in the strong
methane absorption bands in the red / near-IR before they
can penetrate into deeper layers down to e.g. the cloud level.
Only a small fraction of the photons are reflected in the
high-altitude atmosphere by Rayleigh scattering, or by haze
scattering (see Fig. 3 in Baines & Smith 1990 or Fig. 4 in
Sromovsky 2005a). The effective geometric albedo in these
bands is obviously low Ag < 0.2. This case can be roughly
approximated with a semi-infinite Rayleigh scattering atmo-
sphere with a low single-scattering albedo ω <∼ 0.5. And in-
deed, the observations taken in the deepest methane absorp-
tions (lowest effective albedos in Table 2 or Fig. 14), namely
the λ = 729 nm-filter and z-band for Uranus and the i- and
z-bands for Neptune, are located in the Ag vs. 〈Qr/I〉 plot
close to the solid line for the semi-infinite Rayleigh scat-
tering models. The polarization derived from our measure-
ments (Table 2 or Fig. 14) suggests a single-scattering albedo
for Rayleigh scattering of about ω = 0.2−0.3 in the strong
methane absorptions.

– In the red continuum, this means in the λ = 673 nm narrow-
band filter for Uranus and the R-band for Neptune, the strato-
sphere and upper troposphere are optically thin. The photons
can penetrate deeply into the atmosphere and are reflected
from clouds. This corresponds roughly to the Rayleigh-
scattering case for a finite layer and an intermediate ground
albedo. In the Ag–〈Qr/I〉 plot, the red filter points are not
compatible with the semi-infinite Rayleigh-scattering mod-
els. The finite Rayleigh-scattering models are more appropri-
ate and indicate an optical thickness of the Rayleigh scatter-
ing layer of bτ ≈ 0.15 for Uranus and bτ ≈ 0.20 for Neptune
and a ground albedo of about Aground = 0.4 for both planets.

From this comparison of the derived limb polarization 〈Qr/I〉
with model calculations, it can be concluded that the limb polar-
ization behaves as expected from the simple analytic models.

For the blue spectral region it is expected that Rayleigh scat-
tering is very dominant, because the cross section behaves like
σ ∝ 1/λ4. Thus for the blue an approximation with a semi-
infinte scattering model again yields a reasonable first approx-
imation; however, this time the single scattering albedo will be
high. From this we predict that the limb polarization must be
high in the blue for Uranus and Neptune.

11. Discussion and conclusions

11.1. Detection of the limb polarization

In this paper we present disk resolved imaging polarimetry of
Uranus and Neptune in the red/near-IR spectral region. Our data
show a limb polarization for the first time for both planets, as
expected for a Rayleigh-scattering atmosphere. In the literature
we found no previous imaging polarimetry which resolved these
two planets. The limb polarization in Uranus and Neptune is
high and measuring is straightforward with modern imaging po-
larimeters under sub-arcsecond seeing conditions.

The measured limb polarization for Uranus and Neptune is
centro-symmetric at least to a first approximation. This is un-
like Jupiter and Saturn where the limb polarization is essentially
only present at the poles, but not at the equator (see Gisler &
Schmid 2003). The resolution of our observations is not high
enough to reveal details of the polarization structure along the
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limb. However, strong deviations from a centro-symmetric po-
larization pattern as in Jupiter and Saturn would be easily seen
in our data.

Center-to-limb profiles are calculated for the radial Stokes
parameter Qr(r) and Qr(r)/I(r). The profiles qualitatively agree
with analytic models for Rayleigh-scattering atmospheres. The
radial polarization is essentially zero in the disk center due to
the symmetry of the scattering geometry. The normalized radial
polarization increases outwards and in the seeing halo reaches a
maximum between +0.5% and +1.7% depending on the planet
and the wavelength band. Because a high polarization is only ex-
pected very close to the limb, the maximum limb polarization is
averaged down by the seeing limited resolution of our observa-
tion of Uranus and Neptune.

We introduced the disk-averaged (flux-weighted) radial po-
larization 〈Qr/I〉, which characterizes well the strength of the
measured limb polarization effect for the two planets. 〈Qr/I〉
depends on the effective resolution defined by the seeing. We
have modeled the atmospheric seeing and derived seeing cor-
rected values for the intrinsic 〈Qr/I〉 polarization of Uranus and
Neptune.

The resulting (seeing corrected) values for the disk-averaged
radial polarization 〈Qr/I〉 are +0.43%, +0.74%, and +0.84% for
Uranus in the z-, i- and narrow band λ = 673 nm, respectively,
and +0.66%, +1.08%, and +1.48% for Neptune in the z-, i-, and
R-band. Thus, both planets show a higher limb polarization at
shorter wavelengths. Overall, the limb polarization is roughly
50% higher in Neptune than in Uranus.

11.2. Comparison with model calculations

We compared our observations with analytic models for semi-
infinite (non-conservative) Rayleigh scattering atmospheres and
finite Rayleigh scattering atmospheres with ground albedo.
These models can explain the measured polarization qualita-
tively in the different bands for Uranus and Neptune.

– The general tendency for the limb polarization to be higher
at shorter wavelengths is caused by the wavelength de-
pendence of the Rayleigh scattering cross section, which
increases rapidly towards the blue (like ∝1/λ4).

– The polarization in the red continuum, i.e. in the λ =
673 nm-filter for Uranus and R-band for Neptune, is sig-
nificantly lower than expected for a semi-infinite atmo-
sphere. The relatively low polarization can be explained by
a Rayleigh scattering layer above a reflecting, optically thick
cloud layer.

– In the strong methane absorption bands in the red and
near-IR, the photons are absorbed predominantly before
they reach the cloud tops. In this case the polarization
can be roughly approximated with a semi-infinite Rayleigh-
scattering atmosphere with a low single-scattering albedo
ω <∼ 0.5.

Our comparison with analytic models for the limb polarization
provides a rough qualitative analysis. The models consider a
strongly simplified atmospheric structure and neglect important
processes, such as scattering by haze particles, absorption within
a finite Rayleigh scattering layer, or Raman scattering. We ex-
pect that much more information will be extracted if the limb po-
larization measurements are analyzed using sophisticated model
calculations for the limb polarization in Uranus and Neptune.
Unfortunately, such model calculations do not exist yet. The di-
agnostic potential of the limb polarization measurements could

be particularly high for the investigation of the scattering haze
particles in the higher atmosphere.

Thus, we may conclude that limb polarization studies of
Uranus and Neptune offer a powerful new tool for the investi-
gation of the atmospheric structure of these two planets.

11.3. Polarization of extra-solar planets

Polarimetry may also provide an important tool for future inves-
tigations of extra-solar planets (Schmid et al. 2006; Stam et al.
2004). For planning future polarimetric instruments, we need es-
timates of the polarization expected in a “typical” extra-solar
planet. For this we have to consider that the best phase angles for
extra-solar planet observations lie in the range α ≈ 60◦−120◦.
For these phase angles the apparent separation will be largest,
so a faint planet will be easier to detect in the glare of a bright,
nearby star.

Currently, observational results on the polarization of plan-
ets are only available for solar-system targets. For the giant
planets only for Jupiter and Saturn polarimetric data exist for
large phase angles. Rough estimates of the disk-averaged (flux-
weighted) polarization 〈Q/I〉90◦ for phase angle α = 90◦ can be
made from e.g. the R-band maps of Pioneer 10 and 11 (Smith
& Tomasko 1984; Tomasko & Dose 1984). For Jupiter we esti-
mate an R-band polarization of 〈Q/I〉90◦ ≈ 10% for sight lines
in the equatorial plane and somewhat higher 〈Q/I〉90◦ ≈ 15% for
polar sight lines, for which one Rayleigh scattering pole is the
most visible. The polarization would be about 5% higher in the
blue, thus roughly 15% to 20%, depending on the sight line. For
Saturn, the polarization for large phase angles is significantly
lower than for Jupiter, roughly of the order 〈Q/I〉90◦ ≈ 5%.

For Uranus and Neptune, polarimetry for phase angles near
α ≈ 90◦ is not available. But we can now estimate the polariza-
tion 〈Q/I〉90◦ from our limb polarization measurement. For this
we use the model results for the polarization of reflecting atmo-
spheres for phase angle α = 90◦ for the scattering parameters
derived for Uranus and Neptune from Fig. 14 (the comparison
between observed limb polarization and the limb polarization
models).

We calculated the disk integrated polarization 〈Q/I〉90◦ for
phase angle α = 90◦ for the same parameters as for the limb
polarization models (α = 0◦) given in Tables 3 and 4. Our re-
sults, which were derived with the Monte Carlo code described
in Schmid (1992), are given in Table 5. They are in good agree-
ment with similar calculations by Kattawar & Adams (1971).
More sophisticated models for the expected disk-integrated po-
larization from planetary atmospheres are given in Stam et al.
(2004).

For the continuum in the red (R-band, λ673-filter), the limb
polarization for Uranus and Neptune suggest, according to
Fig. 14, that a finite Rayleigh scattering atmosphere with a thick-
ness of bτ ≈ 0.10−0.25 and ground albedo Aground ≈ 0.4 would
be a reasonable first approximation. Kattawar & Adams (1971)
have calculated the polarization for Aground = 0.4 and bτ = 0.20
and obtained a polarization of 〈Q/I〉90◦ = 27.6%.

The limb polarization in the strong methane bands of Uranus
and Neptune (i- and z-band observations) suggest that a semi-
infinite Rayleigh scattering atmosphere with a single scattering
albedo of ω ≈ 0.2−0.4 is a good proxy (Fig. 14). According to
Table 5 a very high polarization 〈Q/I〉90◦ ≥ 89% is expected for
ω ≤ 0.4.

The expectation that the polarization of Uranus and Neptune
is high is also supported by a comparison with Jupiter. The limb
polarization at a given limb position of Uranus and Neptune is
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Table 5. Polarization at quadrature 〈Q/I〉90◦ (phase angle α = 90◦) for
model planets with semi-infinite Rayleigh scattering atmosperes (single
scattering albedo ω) and with finite Rayleigh scattering layer (optical
thickness bτ) and ground albedo Aground. Results are based on Monte
Carlo simulations.

Semi-infinite Rayleigh scattering atmospheres
ω 〈Q/I〉90◦ ω 〈Q/I〉90◦

1.0 32% 0.80 67%
0.99 40% 0.60 80%
0.95 50% 0.40 89%
0.90 57% 0.20 95%
Finite Rayleigh scattering atmospheres
bτ 〈Q/I〉90◦

Aground = 0.80 0.25 0.0
1.0 35% 53% 64%
0.5 27% 52% 76%
0.25 18% 42% 85%
0.15 12% 32% 90%
0.10 9% 25% 92%
0.05 5% 14% 95%
0.02 2% 7% 97%

comparable to the limb polarization at the poles of Jupiter. The
R-band polarization map of Jupiter from Pioneer 11 for phase
angle α = 82◦ shows that the polarization is around 50% for the
polar regions (Smith & Tomasko 1984).

Hence, based on our limb-polarization measurements, the
expected polarization of Uranus and Neptune for phase angles
α ≈ 90◦ is certainly high, on the order of 25% for the continuum
in the R-band and higher in the strong methane absorptions. This
suggests that extra-solar planets with atmospheric parameters
similar to Uranus and Neptune are well suited for being searched
and investigated in the future with polarimetric instruments.
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