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Fig. 8. Full-resolution image of color-coded polarization degree distribution over the martian disk (filter F435W, September 7) superposed over brightness
image.

the limb. Outside this belt a number of surface albedo fea-
tures and the largest topographic features (Valles Marineris,
Argyre Basin) are distinguishable. Faint semitransparent
clouds are seen, especially in the western (left) part of the
disk and in the south–east, close to the polar cap. These
clouds change dramatically between observation dates.
The contrast of all surface features outside of the northern

cloud belt, including the southern polar cap, is much lower
in the UV than in the visible band. This well-known effect is
due to the fact that in the visible spectral range, surface scat-
tering is the major contributor to the scattered light, while in
the UV range the atmospheric molecules and aerosol scat-
tering dominate. Semitransparent cloud features are denser
and more abundant in the UV also, since scattering by fine
aerosols is more effective at shorter wavelengths. In addition
the albedo contrast of mare and highland surface materials is
much lower in the UV than in the visible range.
We compare our results to data obtained with the Mars

Global Surveyor Thermal Emission Spectrometer (TES)—
atmospheric dust opacity (9.7 µm) and ice opacity (12.1 µm)

retrievals (Pearl et al., 2001; Smith et al., 2001). During the
observation period, close to perihelion, the atmosphere was
relatively dusty in comparison to the aphelion season. We
confirmed that the retrieved dust opacity strongly anticor-
relates with the surface topography; i.e., the opacity corre-
lates with the total atmospheric column. This means that the
dust is evenly distributed in the lower atmosphere. The TES
data do not show any pronounced dust-lifting events close in
space and time to our observations.
The retrieved ice opacity is scattered around zero within

accuracy of the inferred values. We do not see any cor-
relation between individual TES retrievals of ice opacity
and semitransparent clouds seen in the HST images. This
could be because the TES data for the best-expressed clouds
in the western portion of the martian disk were taken 4–
5 h later than the HST images were acquired, and clouds
might change during this time. Table 2 shows averaged TES-
derived ice opacity for period September 1–10, 2003 and
separately for September 5 and 7, when the most promi-
nent polarimetric features were observed in the western part
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polarization which is essentially anti-symmetric with respect to
the central meridian and a disk-integrated U-polarization close to
zero jU/Ij < 0.1% (e.g. Hall and Riley, 1968, 1974). This should also
hold for the ZIMPOL data, because they were taken for an epoch
where the scattering plane for Jupiter and Saturn was essentially
in East–West direction; With these assumptions we can derive
from our full Stokes polarimetry a cross talk corrected Q/I-image
(see Fig. 1). This Q/I-image still includes all instrument polarization
offsets induced by the inclined telescope mirrors. This offset was
derived for our observations of Jupiter from the polarization phase
curves of Morozhenko (1973), using the value Q/I = !0.2% for the
disk center with an uncertainty of less than ±0.1%. For Saturn the
ring polarization is reasonably well known (see e.g. Dollfus,
1996; Johnson et al., 1980) and for the offset correction we adopt
a value of Q/I = !0.4% for the polarization of the East and West
cusps.

3. Jupiter

3.1. Imaging polarimetry

Fig. 1 shows the ZIMPOL Stokes-Q and U images of Jupiter taken
in March 2003 in the 7300 Å filter. A strong positive Q or U polar-
ization flux is plotted white, while black indicates a strong negative
polarization, and grey denotes little or no polarization flux.

The Q flux image clearly shows the two strongly polarized poles
with a polarization in N–S direction. Further there is a weak N–S
polarization (parallel to the limb) near the equatorial limbs. In
the center of the disk the polarization is slightly negative in
East–West direction. The U image shows at the poles a positive
or negative component on the East and West side of the central
meridian. This indicates that the polarization at the poles is not
in N–S but in radial direction.

The fractional Q/I polarization at the poles reaches values of
about +7% in the 7300 Å filter. The disk-integrated (flux weighted)
Q/I-polarization is only +0.2%. The polarization of the disk center is
slightly negative according to the ‘‘imposed polarization’’ offset
calibration in accordance with the polarization phase curves of
Morozhenko (1973). Our spectropolarimetric data (Section 3.3)
confirm the calibration of the imaging polarimetry.

3.2. Limb to limb profiles

3.2.1. Comparison of North–South and East–West profiles
Fig. 2 shows the ZIMPOL 7300 Å intensity and polarization pro-

files through the disk of Jupiter in North–South direction along the

central meridian and in East–West direction along the equator. The
plots give the radial polarization where positive Qr or Qr/I values
stand for a polarization perpendicular to the limb. The position is
indicated in arcsec with 000 at the center of the apparent disk. The
nominal limb position is at ±20.400 for the N–S profile and at
±21.800 for the E–W profile (see Table 1).

The N–S intensity profile in the 7300 Å filter shows Jupiter’s
dark bands and bright zones structure very similar to many previ-
ous studies (e.g. Chanover et al., 1996; Moreno et al., 1991; West,
1979). The main feature of the equatorial intensity profile (dotted
line) is the asymmetry due to the a = 6.9! illumination offset, with
the bright limb in the West.

Fig. 1. Q (left) and U (right) polarization flux images of Jupiter in a filter centered at 7300 Å taken with ZIMPOL in March 2003 at Kitt Peak. North is up and East is left. The grey
scale is normalized to the central intensity and spans the range from !1.0% (black) to +1.0% (white). The lines in the Q-image indicate the slit positions for the
spectropolarimetric observations with EFOSC2.

Fig. 2. Observations of Jupiter from March 2003. Polarimetric profiles in N–S (full
line) and E–W (dotted line) direction, taken in the 7300 Å filter with ZIMPOL. The
top panel shows the intensity I, the middle panel the fractional (radial) polarization
Qr/I, and the bottom panel the polarization flux Qr.
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to the steep intensity slope I(x) at x = ±12.500. Much less critical is
the determination of the total polarization flux Qr from x = ±12.500

(where Qr ! 0) to the limb. The measured value can be related to
Islit, giving Qr(S+)/Islit and Qr(N+)/Islit according to Qr/Islit = I/
Islit " Qr/I (also for Ur/Islit). This relative limb polarization flux is an
interesting quantity for long term variability studies, since it does
not depend much on the spatial resolution of the observations and
can be derived from the counts data without flux calibration or
conversion into normalized reflectivity. It remains to be deter-
mined whether Qr(S+)/Islit and Qr(N+)/Islit depend on phase angle.

A conversion of the fractional intensity I/Islit into reflectivity f
can be made. If the average reflectivity along the central meridian
hfsliti is known, then the reflectivity in a bin is

f # hfsliti
I=Islit
x=xslit

:

From the full disk image we can derive the ratio K = hfdiski/hfsliti be-
tween the average reflectivity for the full planetary disk (= the geo-
metric albedo Ag) and fslit. With the geometric albedo from the
literature one can determine

hfsliti #
Ag

K
:

We deriveK = 0.92 from the ZIMPOL image for the ‘‘continuum’’ fil-
ter centered at 6010 Å (width 180 Å). This value is not much differ-
ent from KLam = 0.85 for a perfectly white Lambert sphere.
Karkoschka (1998) gives for this wavelength a geometric albedo
of Ag = 0.59 for data taken in 1995. This value can be used for our
calibration because the global reflectivity variations of Jupiter are
small ([5%) and also the phase dependence of the reflectivity
(!1.5% for a ! 0–10!) can be neglected. K = 0.92 can also be em-
ployed to derive the reflectivities for the continuum wavelength
8200 Å, because our intensity profiles along the central meridian
have a very similar shape for wavelengths from 5300 Å to 8700 Å.

More difficult is the calibration of the reflectivity for the strong
methane band at k = 8870 Å. This profile shows a relatively high
reflectivity at the equator and the poles and relatively dark mid lat-
itudes (see Fig. 3). The overall reflectivity profile is flatter than for
the continuum wavelengths 6010 Å or 8200 Å, but not completely
flat (K = 1) as for a reflecting disk. Strongly absorbing atmospheres,
like Jupiter in a strong CH4 band, have a rather constant reflectivity
over the disk (see Buenzli and Schmid, 2009). Based on these con-
siderations we adopt K = 0.96 for the 8870 Å-methane band.

The uncertainties for the fractional polarization values Qr/I and
Ur/I given in Table 2 are mainly due to systematic errors like instru-
ment calibration or inaccuracies in the slit positioning. The derived
Qr/I and Ur/I values should be accurate to D(Qr/I), D(Ur/I) ! ±0.1–
0.2%, except for the Ur/I-values for S+ and N+, for which a Q? U
cross-talk error or/and slit positioning error at a level of up to
DUr/I ! ±0.3 to ±0.6% could be present. We therefore conclude that
our data show no significant Ur component for the central meridian
of Jupiter.

3.3. Spectropolarimetry

The EFOSC2 observations provide the spectropolarimetric signal
for each point along the slit. A general picture is provided in Fig. 4
which shows averages for the spatial regions S+, S$, N$, and N+,
defined in the previous section.

The reflection spectra I(k) are color-calibrated with respect to
the full disk albedo spectrum of Karkoschka (1998). Spectroscopic
features are very similar for all regions (see also Cochran et al.,
1981) but systematic differences do exist. For example the equiva-
lent width of the strong k8870CH4 band is smaller for the limb re-
gions S+ and N+, when compared to mid latitudes S$ or N$. This is

just another manifestation of the limb brightening effect for
CH4k8870 seen in Fig. 3.

The fractional polarization Qr/I(k) shows for the South polar re-
gion S+ a decrease of the continuum polarization with wavelength
from about Qr/I = 4.6% at 5300 Å to 2.8% at 9300 Å. The decrease is
much steeper for the northern limb from Qr/I = 5.0% to 1.2%. In the
strong absorption bands Qr/I is enhanced with respect to the adja-
cent continuum, most prominently in the CH4-band at k8870.

The fractional polarization for the mid-latitude regions S$ and
N$ is low, but negative, and the continuum polarization increases
slightly from about Qr/I = $0.3% at 5300 Å to $0.6% at 9300 Å. The
polarization in the methane bands is also enhanced, in this case
more negative (Fig. 4, Table 2).

The polarization flux spectrum Qr(k) = I " Qr/I shows a reduced
signal at the position of the strong absorption bands. This indicates
that the enhancement of Qr/I in the absorption bands is smaller
than the reduction in I, so that the polarization flux spectra still ex-
hibit a reduction in jQ(k)j at the wavelengths of the absorptions.

Essentially no previous spectropolarimetric data from Jupiter is
available in the literature apart from the multi-filter aperture
polarimetry of Gehrels et al. (1969) and the detection of a weak dif-
ferential polarimetric signal due to a methane band by Smith and
Wolstencroft (1983) measured with full disk observations. Gehrels
et al. (1969) found a similar wavelength dependence for the polar
limb polarization. Specifically, in 1960/63 they measured for longer
wavelength (>5000 Å) a higher polarization at the northern than at
the southern limb – the opposite N–S asymmetry when compared
to our observations. They also found that the polarization asymme-
try is reversed for shorter wavelength (<5000 Å), and the South
pole shows a higher polarization. Such a reversal of the N–S polar-

Fig. 4. Spectropolarimetry of Jupiter for the S+, S$ (solid lines) and the N$ and N+
(dashed lines) regions as defined in Fig. 3. The intensity I(k) for the polar region S+
and N+ are multiplied by a factor of 3 with respect to S$ and N$ for visibility
reasons. The middle panel gives Qr/I(k) and the bottom panel the polarization flux
Qr.
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(where Qr ! 0) to the limb. The measured value can be related to
Islit, giving Qr(S+)/Islit and Qr(N+)/Islit according to Qr/Islit = I/
Islit " Qr/I (also for Ur/Islit). This relative limb polarization flux is an
interesting quantity for long term variability studies, since it does
not depend much on the spatial resolution of the observations and
can be derived from the counts data without flux calibration or
conversion into normalized reflectivity. It remains to be deter-
mined whether Qr(S+)/Islit and Qr(N+)/Islit depend on phase angle.

A conversion of the fractional intensity I/Islit into reflectivity f
can be made. If the average reflectivity along the central meridian
hfsliti is known, then the reflectivity in a bin is

f # hfsliti
I=Islit
x=xslit

:

From the full disk image we can derive the ratio K = hfdiski/hfsliti be-
tween the average reflectivity for the full planetary disk (= the geo-
metric albedo Ag) and fslit. With the geometric albedo from the
literature one can determine

hfsliti #
Ag

K
:

We deriveK = 0.92 from the ZIMPOL image for the ‘‘continuum’’ fil-
ter centered at 6010 Å (width 180 Å). This value is not much differ-
ent from KLam = 0.85 for a perfectly white Lambert sphere.
Karkoschka (1998) gives for this wavelength a geometric albedo
of Ag = 0.59 for data taken in 1995. This value can be used for our
calibration because the global reflectivity variations of Jupiter are
small ([5%) and also the phase dependence of the reflectivity
(!1.5% for a ! 0–10!) can be neglected. K = 0.92 can also be em-
ployed to derive the reflectivities for the continuum wavelength
8200 Å, because our intensity profiles along the central meridian
have a very similar shape for wavelengths from 5300 Å to 8700 Å.

More difficult is the calibration of the reflectivity for the strong
methane band at k = 8870 Å. This profile shows a relatively high
reflectivity at the equator and the poles and relatively dark mid lat-
itudes (see Fig. 3). The overall reflectivity profile is flatter than for
the continuum wavelengths 6010 Å or 8200 Å, but not completely
flat (K = 1) as for a reflecting disk. Strongly absorbing atmospheres,
like Jupiter in a strong CH4 band, have a rather constant reflectivity
over the disk (see Buenzli and Schmid, 2009). Based on these con-
siderations we adopt K = 0.96 for the 8870 Å-methane band.

The uncertainties for the fractional polarization values Qr/I and
Ur/I given in Table 2 are mainly due to systematic errors like instru-
ment calibration or inaccuracies in the slit positioning. The derived
Qr/I and Ur/I values should be accurate to D(Qr/I), D(Ur/I) ! ±0.1–
0.2%, except for the Ur/I-values for S+ and N+, for which a Q? U
cross-talk error or/and slit positioning error at a level of up to
DUr/I ! ±0.3 to ±0.6% could be present. We therefore conclude that
our data show no significant Ur component for the central meridian
of Jupiter.

3.3. Spectropolarimetry

The EFOSC2 observations provide the spectropolarimetric signal
for each point along the slit. A general picture is provided in Fig. 4
which shows averages for the spatial regions S+, S$, N$, and N+,
defined in the previous section.

The reflection spectra I(k) are color-calibrated with respect to
the full disk albedo spectrum of Karkoschka (1998). Spectroscopic
features are very similar for all regions (see also Cochran et al.,
1981) but systematic differences do exist. For example the equiva-
lent width of the strong k8870CH4 band is smaller for the limb re-
gions S+ and N+, when compared to mid latitudes S$ or N$. This is

just another manifestation of the limb brightening effect for
CH4k8870 seen in Fig. 3.

The fractional polarization Qr/I(k) shows for the South polar re-
gion S+ a decrease of the continuum polarization with wavelength
from about Qr/I = 4.6% at 5300 Å to 2.8% at 9300 Å. The decrease is
much steeper for the northern limb from Qr/I = 5.0% to 1.2%. In the
strong absorption bands Qr/I is enhanced with respect to the adja-
cent continuum, most prominently in the CH4-band at k8870.

The fractional polarization for the mid-latitude regions S$ and
N$ is low, but negative, and the continuum polarization increases
slightly from about Qr/I = $0.3% at 5300 Å to $0.6% at 9300 Å. The
polarization in the methane bands is also enhanced, in this case
more negative (Fig. 4, Table 2).

The polarization flux spectrum Qr(k) = I " Qr/I shows a reduced
signal at the position of the strong absorption bands. This indicates
that the enhancement of Qr/I in the absorption bands is smaller
than the reduction in I, so that the polarization flux spectra still ex-
hibit a reduction in jQ(k)j at the wavelengths of the absorptions.

Essentially no previous spectropolarimetric data from Jupiter is
available in the literature apart from the multi-filter aperture
polarimetry of Gehrels et al. (1969) and the detection of a weak dif-
ferential polarimetric signal due to a methane band by Smith and
Wolstencroft (1983) measured with full disk observations. Gehrels
et al. (1969) found a similar wavelength dependence for the polar
limb polarization. Specifically, in 1960/63 they measured for longer
wavelength (>5000 Å) a higher polarization at the northern than at
the southern limb – the opposite N–S asymmetry when compared
to our observations. They also found that the polarization asymme-
try is reversed for shorter wavelength (<5000 Å), and the South
pole shows a higher polarization. Such a reversal of the N–S polar-

Fig. 4. Spectropolarimetry of Jupiter for the S+, S$ (solid lines) and the N$ and N+
(dashed lines) regions as defined in Fig. 3. The intensity I(k) for the polar region S+
and N+ are multiplied by a factor of 3 with respect to S$ and N$ for visibility
reasons. The middle panel gives Qr/I(k) and the bottom panel the polarization flux
Qr.
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272 E. Buenzli and H.M. Schmid: Polarization models for planetary atmospheres

Fig. 16. Model spectra for the intensity, polarization, and polarized intensity at quadrature (left) and intensity, radial polarization, and radial
polarized intensity at opposition (right). Lines as in Fig. 15.

of the smaller scattering optical depth above the di!usely scat-
tering cloud. In the second case there is only polarizing Rayleigh
scattering and no depolarization e!ect, so that the increasing ab-
sorption with wavelength in the lower layer results in a higher
polarization.

Similar spectropolarimetric models but with a Jupiter-like
homogeneous atmosphere (higher column density, less methane
than in our example) above both a dark surface AS = 0 and a re-
flecting extended cloud were discussed by Stam et al. (2004) for
! = 90!. The qualitative behavior of intensity and polarization
with wavelength is quite similar to our example. However, for
the same column density and methane fraction we find a signif-
icantly lower intensity and higher polarization within methane
bands. The origin of this discrepancy is unclear. A further com-
parison with intensity calculations for a Neptune-like atmo-
sphere by Sromosvky (2005a) shows a very good agreement at
all wavelengths. Based on this we conclude that our model spec-
tra should be correct.

Intensity and polarized intensity at opposition behave qual-
itatively similar to the large phase angle case. However the
fractional polarization qr(") is completely di!erent. Absorbing
particles in the upper layer tend to reduce the fractional limb
polarization, while absorption in the lower layer enhances it.
Observations of the limb polarization of Uranus and Neptune
(Joos & Schmid 2007) show that the fractional polarization is in-
deed enhanced within methane bands. Clearly for modeling limb
polarization of these planets in absorption bands it is important
to take into account the proper vertical stratification of the ab-
sorbing component. A detailed model accounting for methane
saturation and freeze-out to fit the observations is beyond the
scope of this paper.

6. Special cases and diagnostic diagrams

We explore some special and extreme model cases in diagnostic
diagrams of observational parameters for phase angle ! = 90!
and opposition.

6.1. Fractional polarization versus intensity

Figure 17 displays the diagnostic diagram for the reflectiv-
ity I(90!) and the relative polarization q(90!) at phase angle
! = 90!. Also indicated are the iso-contours for the polarization
flux Q(90!).

The diagram shows points for special model cases and curves
for the dependence on specific model parameters. The shaded
area defines the area of observational parameters covered by
our 3-parameter model grid for Rayleigh scattering (Sect. 3).
Including isotropic scattering (Sect. 4.1) or having a vertically
inhomogeneous atmosphere (Sect. 4.3) does not expand the cov-
ered area.

Figure 17 emphasizes that it is not possible to have a
Rayleigh scattering planet with both very high albedo and polar-
ization. A high albedo implies either a lot of multiple or isotropic
scattering, which both reduce the fractional polarization. On the
other hand a high polarization implies mainly single scattering
and therefore strong absorption and a low reflectivity. The max-
imal polarization at a fixed intensity is given by the model with
a conservative (# = 1) scattering layer over a dark (AS = 0)
surface and appropriate $sc. The semi-infinite atmosphere with
varying # gives only slightly lower results than the former mod-
els. The maximum of the product Q = q ·I = 0.060 is reached for
the conservative semi-infinite atmosphere ($sc = "). Since the
polarized intensity Q is independent of the surface albedo AS, a
change in AS is equivalent to a shift along the Q iso-contours in
the diagram.

The diagram also indicates the location of the haze models
discussed in Sect. 4.2. Most of the haze models lie within the
same area as Rayleigh scattering. Only for very thick haze layers
with high single-scattering albedo is it theoretically possible to
get somewhat higher fractional polarization for a given intensity.

Figure 18 is the same diagram at opposition for the geomet-
ric albedo I(0!), the disk-integrated limb polarization #qr$ and
iso-contours for the radial polarized intensity #Qr$. Like for large

Buenzli, E. & Schmid, H. M. A grid of polarization models for Rayleigh scattering planetary atmospheres. A&A 504, 259–276 (2009).
Schmid, H. M., Joos, F., Buenzli, E. & Gisler, D. Long slit spectropolarimetry of Jupiter and Saturn. Icarus 212, 701–713 (2011).
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Early Polarimetry of Planet Earth

Dollfus, A. Étude des planètes par la polarisation de leur lumière. Supplements aux Annales d'Astrophysique 4, 3–114 (1957).

19
57
SA
nA
p.
..
4.
..
.3
D

19
57
SA
nA
p.
..
4.
..
.3
D

Difficult!

Wavelength dependency Moon surface depolarization

19
57
SA
nA
p.
..
4.
..
.3
D

19
57
SA
nA
p.
..
4.
..
.3
D

Phase Angle

fr
ac

tio
na

l P
ol

ar
iz

at
io

n 
[‰

]

Friday, March 23, 2012



POLDER Polarimetry of Planet Earth
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Polarimetric Signatures of Planet Earth

“cloudbow”

primary rainbow polarization

Bailey, J. Rainbows, Polarization, and the Search for Habitable Planets. Astrobiology 7, 320–332 (2007).

occurring at the minimum scattering angle, and
this occurs at:

x0 ! !"((4 " n2)/3) (2)

For water, the resulting scattering angle is about
139° (for blue light), which gives a rainbow with
a semivertex angle of 41° about the anti-solar
point. Light that internally reflects twice inside a
droplet gives a secondary rainbow at a scattering
angle of about 128°. The region between the pri-
mary and secondary rainbows is dark (Alexan-
der’s dark band), but some light is scattered into
angles inside the primary rainbow and outside
the secondary rainbow.

Figure 1 shows the variation of primary rain-
bow scattering angle with refractive index de-
rived from Eqs. 1 and 2. This variation of scat-
tering angle with refractive index gives rise to the
familiar colors of the rainbow since the refractive
index of water varies from about 1.344 at 400 nm
to 1.329 at 800 nm, which gives a range of scat-
tering angles from 139.5° to 137.4°. It also means
that different scattering liquids will give rise to
different rainbow angles. Liquid droplet clouds,
and probably rain, are known to occur in the at-
mospheres of Venus and Titan as well as Earth.

On Venus, the liquid is sulfuric acid (about 75%
H2SO4 to 25% H2O) with a refractive index of 1.44
(Hansen and Hovenier, 1974), whereas on Titan,
it is liquid methane at a temperature of #100K,
which has a refractive index of 1.29 (Badoz et al.,
1992).

The light of the rainbow is highly polarized in
a direction perpendicular to the scattering plane.
This arises because the angle of incidence within
the drop is close to the Brewster angle, at which
light with parallel polarization is fully transmit-
ted, but light with perpendicular polarization is
partially reflected. For water, the primary rain-
bow has a polarization of about 96% and the sec-
ondary rainbow about 90% for large droplets
(Adam, 2002).

Rainbows in Lorenz-Mie theory

The familiar brightly colored rainbows arise
from water droplets with a size of 1 mm or larger.
However, the rainbow scattering phenomenon
persists for much smaller droplets. As the drop-
lets become smaller, diffraction effects broaden
the scattering peak (as a function of scattering an-
gle), and this means that rainbows from small
droplets (fogbows or cloudbows) no longer show
distinct colors. Nevertheless, there is still a strong,
highly polarized scattering peak at the primary
rainbow angle. It is the ability to observe rainbow
scattering from cloud droplets that makes rain-
bow scattering a feasible technique for studying
extrasolar planets.

The rainbow scattering from small particles can
be best studied using Lorenz-Mie scattering the-
ory. To investigate the rainbow properties, I have
carried out a series of calculations of the normal-
ized scattering matrix Fij (Mishchenko et al., 2002,
Eq. 4.51) for a size distribution of spherical
droplets. The calculations used the code of
Mishchenko et al. (2002, section 5.10). The size dis-
tribution of spherical droplets is specified using
the power-law distribution of Hansen and Travis
(1974):

n(r) ! $constant # r"3, r1 $ r $ r2,
0, otherwise (3)

As described by Mishchenko et al. (1997), the val-
ues of r1 and r2 can be expressed in terms of the
cross-section-area weighted effective radius reff
and effective variance !eff.

The components of the normalized scattering
matrix describe the intensity and polarization of

BAILEY322

FIG. 1. Primary rainbow scattering angle as a function
of refractive index, as determined by the ray optics ap-
proximation. The rainbow angles are indicated (at a
wavelength of 400 nm) for three substances known to
form liquid droplet clouds in the solar system: liquid
methane (Titan), water (Earth), and sulfuric acid (Venus).

Venus

Earth

Titan

Bréon, F. M. & Goloub, P. Cloud droplet effective radius from spaceborne polarization measurements. Geophysical research letters 25, 1879–1882 (1998).
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– 27 –

Fig. 12.— Polarization fractions. Planets of various surfaces are simulated with an Earth-
like atmosphere that is entirely clear (upper curves) or has clouds with Earth-like covering

fraction and reflectance (lower curves). From left to right and top to bottom, surfaces are
ocean, land, desert, snow, an ocean with only its specular reflection, and an ocean with the

specular-reflection component eliminated. Filled circles are data scaled from observations of
Earthshine (Dollfus 1957).
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Fig. 3. The flux F (left) and the degree of
linear polarization Ps (right) of starlight re-
flected by model planets with clear atmo-
spheres and isotropically reflecting, com-
pletely depolarizing surfaces as functions
of the wavelength, for various values of
the (wavelength independent) surface albedo:
0.0, 0.1, 0.2, 0.4, 0.8, and 1.0. The planetary
phase angle ! is 90!.

(quadrature) is relatively high (provided there is an observable
exoplanet).

Each curve in Fig. 3 can be thought of as consisting of a
continuum with superimposed high-spectral resolution features.
The continua of the flux and polarization curves are determined
by the scattering of light by gaseous molecules in the atmosphere
and by the surface albedo. The high-spectral resolution features
are due to the absorption of light by the gases O3, O2, and H2O
(see below). Note that the strength and shape of the absorption
bands depend on the spectral resolution (0.001 µm) of the nu-
merical calculations.

In the total flux curves (Fig. 3a), the contribution of light
scattered by atmospheric molecules is greatest around 0.34 µm:
at shorter wavelengths, light is absorbed by O3 in the so-called
Huggins absorption band, and at longer wavelengths, the amount
of starlight that is scattered by the atmospheric molecules de-
creases, simply because the atmospheric molecular scattering
optical thickness decreases with wavelength, as bm

sca is roughly
proportional to ""4 (see e.g. Stam et al. 2000a). For the planet
with the black surface (As = 0.0), where the only light that is
reflected by the planet comes from scattering by atmospheric
molecules, the flux of reflected starlight decreases towards zero
with increasing wavelength. For the planets with reflecting sur-
faces, the contribution of light that is reflected by the surface
to the total reflected flux increases with increasing wavelength.
Because the surface albedos are wavelength-independent, the
continua of the reflected fluxes become independent of wave-
length, too, at the longest wavelengths. This is not obvious from
Fig. 3a, because of the high-spectral resolution features.

The high-spectral resolution features in the flux curves of
Fig. 3 are all caused by gaseous absorption bands. As men-
tioned above, light is absorbed by O3 at the shortest wavelengths.
The so-called Chappuis absorption band of O3 gives a shallow
depression in the flux curves, which is visible between about
0.5 µm and 0.7 µm, in particular in the curves pertaining to
a high surface albedo. The flux curves contain four absorption
bands of O2, i.e. the #-band around 0.63 µm, the B-band around
0.69 µm, the conspicuous A-band around 0.76 µm, and a weak
band around 0.86 µm. These absorption bands, except for the
A-band, are di!cult to identify from Fig. 3a, because they are
located either next to or within one of the many absorption bands
of H2O (which are all the bands not mentioned previously).

The polarization curves (Fig. 3b) are, like the flux curves,
shaped by light scattering and absorption by atmospheric
molecules, and by the surface reflection. The contribution of
the scattering by atmospheric molecules is most obvious for
the planet with the black surface (As = 0.0), where there is no
contribution of the surface to the reflected light. For this model
planet and phase angle, Ps has a local minimum around 0.32 µm.
At shorter wavelengths, Ps is relatively high because there the

absorption of light in the Huggins band of O3 decreases the
amount of multiple scattered light, which usually has a lower
degree of polarization than the singly-scattered light. In gen-
eral, with increasing atmospheric absorption optical thickness,
Ps will tend towards the degree of polarization of light singly-
scattered by the atmospheric constituents (for these model plan-
ets: only gaseous molecules), which depends strongly on the
single-scattering angle " and thus on the planetary phase an-
gle !. From Fig. 1b, it can be seen that at a scattering angle of
90!, Ps of light singly-scattered by gaseous molecules is about
0.95. This explains the high values of Ps at the shortest wave-
lengths in Fig. 3b. With increasing wavelength, the amount of
multiple-scattered light decreases, simply because of the de-
crease in the atmospheric molecular scattering optical thickness.
Consequently, Ps of the planet with the black surface increases
with wavelength, to approach its single-scattering value at the
smallest scattering optical thicknesses.

With a reflecting surface below the atmosphere, Ps also tends
to its single-scattering value at the shortest wavelengths, be-
cause with increasing atmospheric absorption optical thickness,
the contribution of photons that have been reflected by the de-
polarizing surface to the total number of reflected photons de-
creases (both because with absorption in the atmosphere, less
photons reach the surface and less photons that have been re-
flected by the surface reach the top of the atmosphere; see e.g.
Stam et al. 1999). In case the planetary surface is reflecting, Ps
of the planet will start to decrease with wavelength, as soon as
the contribution of photons that have been reflected by the de-
polarizing surface to the total number of reflected photons be-
comes significant. As can been seen in Fig. 3b, the wavelength
at which the decrease in Ps starts depends on the surface albedo:
the higher the albedo, the shorter this wavelength. It is also ob-
vious that with increasing wavelength, the sensitivity of Ps to As
decreases. This sensitivity clearly depends on the atmospheric
molecular scattering optical thickness.

Like with the flux curves, the high-spectral resolution fea-
tures in the polarization curves of Fig. 3b all come from gaseous
absorption. The explanation for the increased degree of polar-
ization inside the O2 and H2O absorption bands is the same as
given above for the Huggins absorption band of O3: with in-
creasing atmospheric absorption optical thickness, the contribu-
tion of multiple scattered light to the reflected light decreases,
hence Ps increases towards the degree of polarization of light
singly scattered by the atmospheric constituents, i.e. gaseous
molecules. In case atmospheres contain aerosol and/or cloud par-
ticles, Ps both inside and outside the absorption bands will de-
pend on the single-scattering properties of those aerosol and/or
cloud particles, too; see Stam et al. (1999) for a detailed descrip-
tion of Ps across gaseous absorption lines. Stam et al. (2004) and
Stam (2003) show calculated polarization spectra of Jupiter-like
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Fig. 7. The wavelength dependent F (left)
and Ps (right) of starlight that is reflected by
clear and cloudy horizontally homogeneous
model planets with surfaces covered by de-
ciduous forest (thin solid lines) and a specu-
lar reflecting ocean (thin dashed lines). Note
that the lines pertaining to Ps of the cloudy
atmospheres are virtually indistinguishable
from each other. For comparison, we have
also included the spectra of the clear model
planets with surface albedos equal to 0.0 and
1.0 (thick solid lines), shown before in Fig. 3.
The planetary phase angle is 90!.

be observed on the moon’s nightside. Interestingly, the reflection
by chlorophyll leaves a much stronger signature in Ps than in F,
because in this wavelength region Ps appears to be very sensitive
to small changes in As, as can also be seen in Fig. 3b.

Adding a cloud layer to the atmosphere of a planet covered
with either vegetation or ocean increases F across the whole
wavelength interval (see Fig. 7a). A discussion of the e!ects
of di!erent types of clouds on flux spectra of light reflected
by exoplanets is given by Tinetti et al. (2006b,a). Our simu-
lations show that, although the cloud layers of the two cloudy
planets have a large optical thickness (i.e. 10 at ! = 0.55 µm,
as described in Sect. 3.1), both cloudy planets in Fig. 7a are
darker than the white planet with the clear atmosphere (the flux
of which is also plotted in Fig. 7a). The cloud particles them-
selves are only slightly absorbant (see Sect. 3.1). Apparently, on
the cloudy planets, a significant amount of incoming starlight
is di!usely transmitted through the cloud layer (through multi-
ple scattering of light) and then absorbed by the planetary sur-
face. Thus, even with an optically thick cloud, the albedo of the
planetary surface still influences the light that is reflected by the
planets, and approximating clouds by isotropically or anisotrop-
ically reflecting surfaces, without regard for what is underneath,
as is sometimes done (see e.g. Montañés-Rodríguez et al. 2006;
Woolf et al. 2002) is not appropriate. Assuming a dark surface
beneath scattering clouds with non-negligible optical thickness
(Tinetti et al. 2006b,a) will lead to planets that are too dark.
The influence of the surface albedo is particularly clear for the
cloudy planet that is covered with vegetation, because longwards
of 0.7 µm, the continuum flux of this planet still shows the veg-
etation’s red edge. The visibility of the red edge through opti-
cally thick clouds strengthens the detectability of surface biosig-
natures in the visible wavelength range, as discussed by Tinetti
et al. (2006b), whose numerical simulations show that, averaged
over the daily time scale, Earth’s land vegetation would be vis-
ible in disk-averaged spectra, even with cloud cover and even
without accounting for the red edge below the optically thick
clouds. Note that the vegetation’s albedo signature due to chlo-
rofyll, around 0.54 µm, also shows up in Fig. 7a, but is hardly
distinguishable.

The degree of polarization Ps of the cloudy planets is low
compared to that of planets with clear atmospheres, except at
short wavelengths. The reasons for the low degree of polariza-
tion of the cloudy planets are (1) the cloud particles strongly
increase the amount of multiple scattering of light within the at-
mosphere, which decreases the degree of polarization, (2) the de-
gree of polarization of light that is singly-scattered by the cloud
particles is generally lower than that of light singly-scattered by
gaseous molecules, especially at single-scattering angles around
90! (see Fig. 1b), and (3) the direction of polarization of light
singly-scattered by the cloud particles is opposite to that of light

singly-scattered by gaseous molecules (see Fig. 1b). Thanks to
the last fact, the continuum Ps of the cloudy planets is neg-
ative (i.e. the direction of polarization is perpendicular to the
terminator) at the longest wavelengths (about –0.03 or 3% for
! > 0.73 µm in Fig. 7b). At these wavelengths, the atmospheric
molecular-scattering optical thickness is negligible compared to
the optical thickness of the cloud layer, and therefore almost all
of the reflected light has been scattered by cloud particles.

Unlike in the flux spectra, the albedo of the surface be-
low a cloudy atmosphere leaves almost no trace in Ps of
the reflected light. In particular, at 1.0 µm, Ps of the cloudy,
vegetation-covered planet is -0.030 (–3.0%), while Ps of the
cloudy, ocean-covered planet is –0.026 (–2.6%) (Fig. 7b). The
reason for the insensitivity of Ps of these two cloudy planets to
the surface albedo is that the light reflected by the surfaces in
our models mainly adds unpolarized light to the atmosphere, in
a wavelength region where Ps is already very low because of the
clouds.

The cloud layer has interesting e!ects on the strengths of the
absorption bands of O2 and H2O both in F and in Ps. Because
the cloud particles scatter light very e"ciently, their presence
strongly influences the average pathlength of a photon within
the planetary atmosphere. At wavelengths where light is ab-
sorbed by atmospheric gases, clouds thus strongly change the
fraction of light that is absorbed, and with that the strength
of the absorption band. These are well-known e!ects in Earth
remote-sensing; in particular, the O2 A-band is used to derive
e.g. cloud-top altitudes and/or cloud coverage within a ground
pixel (see e.g. Kuze & Chance 1994; Fischer & Grassl 1991;
Fischer et al. 1991; Saiedy et al. 1967; Stam et al. 2000b), be-
cause oxygen is well-mixed within the Earth’s atmosphere. In
general, clouds will decrease the relative depth (i.e. with re-
spect to the continuum) of absorption bands in reflected flux
spectra (see Fig. 7a), because they shield the absorbing gases
that are below them. However, because of the multiple scat-
tering within the clouds, the absorption bands will be deeper
than expected when using a reflecting surface to mimic the
clouds. For example, the discrepancy between absorption band
depths in Earth-shine flux observations and model simulations
as shown by Montañés-Rodríguez et al. (2006), with the obser-
vation yielding e.g. a deeper O2-A band than the model can fit,
can be due to neglecting (multiple) scattering within the clouds,
as Montañés-Rodríguez et al. (2006) themselves also point out.

Another source for di!erences between absorption band
depths in observed and modelled flux spectra could be that, when
modeling albedo and/or flux spectra, the state of polarization of
the light is usually neglected. Stam & Hovenier (2005) show for
Jupiter-like extrasolar planets that neglecting polarization can
lead to errors of up to 10% in calculated geometric albedos and
that in particular the depths of absorption bands are a!ected,
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Fig. 3. The flux F (left) and the degree of
linear polarization Ps (right) of starlight re-
flected by model planets with clear atmo-
spheres and isotropically reflecting, com-
pletely depolarizing surfaces as functions
of the wavelength, for various values of
the (wavelength independent) surface albedo:
0.0, 0.1, 0.2, 0.4, 0.8, and 1.0. The planetary
phase angle ! is 90!.

(quadrature) is relatively high (provided there is an observable
exoplanet).

Each curve in Fig. 3 can be thought of as consisting of a
continuum with superimposed high-spectral resolution features.
The continua of the flux and polarization curves are determined
by the scattering of light by gaseous molecules in the atmosphere
and by the surface albedo. The high-spectral resolution features
are due to the absorption of light by the gases O3, O2, and H2O
(see below). Note that the strength and shape of the absorption
bands depend on the spectral resolution (0.001 µm) of the nu-
merical calculations.

In the total flux curves (Fig. 3a), the contribution of light
scattered by atmospheric molecules is greatest around 0.34 µm:
at shorter wavelengths, light is absorbed by O3 in the so-called
Huggins absorption band, and at longer wavelengths, the amount
of starlight that is scattered by the atmospheric molecules de-
creases, simply because the atmospheric molecular scattering
optical thickness decreases with wavelength, as bm

sca is roughly
proportional to ""4 (see e.g. Stam et al. 2000a). For the planet
with the black surface (As = 0.0), where the only light that is
reflected by the planet comes from scattering by atmospheric
molecules, the flux of reflected starlight decreases towards zero
with increasing wavelength. For the planets with reflecting sur-
faces, the contribution of light that is reflected by the surface
to the total reflected flux increases with increasing wavelength.
Because the surface albedos are wavelength-independent, the
continua of the reflected fluxes become independent of wave-
length, too, at the longest wavelengths. This is not obvious from
Fig. 3a, because of the high-spectral resolution features.

The high-spectral resolution features in the flux curves of
Fig. 3 are all caused by gaseous absorption bands. As men-
tioned above, light is absorbed by O3 at the shortest wavelengths.
The so-called Chappuis absorption band of O3 gives a shallow
depression in the flux curves, which is visible between about
0.5 µm and 0.7 µm, in particular in the curves pertaining to
a high surface albedo. The flux curves contain four absorption
bands of O2, i.e. the #-band around 0.63 µm, the B-band around
0.69 µm, the conspicuous A-band around 0.76 µm, and a weak
band around 0.86 µm. These absorption bands, except for the
A-band, are di!cult to identify from Fig. 3a, because they are
located either next to or within one of the many absorption bands
of H2O (which are all the bands not mentioned previously).

The polarization curves (Fig. 3b) are, like the flux curves,
shaped by light scattering and absorption by atmospheric
molecules, and by the surface reflection. The contribution of
the scattering by atmospheric molecules is most obvious for
the planet with the black surface (As = 0.0), where there is no
contribution of the surface to the reflected light. For this model
planet and phase angle, Ps has a local minimum around 0.32 µm.
At shorter wavelengths, Ps is relatively high because there the

absorption of light in the Huggins band of O3 decreases the
amount of multiple scattered light, which usually has a lower
degree of polarization than the singly-scattered light. In gen-
eral, with increasing atmospheric absorption optical thickness,
Ps will tend towards the degree of polarization of light singly-
scattered by the atmospheric constituents (for these model plan-
ets: only gaseous molecules), which depends strongly on the
single-scattering angle " and thus on the planetary phase an-
gle !. From Fig. 1b, it can be seen that at a scattering angle of
90!, Ps of light singly-scattered by gaseous molecules is about
0.95. This explains the high values of Ps at the shortest wave-
lengths in Fig. 3b. With increasing wavelength, the amount of
multiple-scattered light decreases, simply because of the de-
crease in the atmospheric molecular scattering optical thickness.
Consequently, Ps of the planet with the black surface increases
with wavelength, to approach its single-scattering value at the
smallest scattering optical thicknesses.

With a reflecting surface below the atmosphere, Ps also tends
to its single-scattering value at the shortest wavelengths, be-
cause with increasing atmospheric absorption optical thickness,
the contribution of photons that have been reflected by the de-
polarizing surface to the total number of reflected photons de-
creases (both because with absorption in the atmosphere, less
photons reach the surface and less photons that have been re-
flected by the surface reach the top of the atmosphere; see e.g.
Stam et al. 1999). In case the planetary surface is reflecting, Ps
of the planet will start to decrease with wavelength, as soon as
the contribution of photons that have been reflected by the de-
polarizing surface to the total number of reflected photons be-
comes significant. As can been seen in Fig. 3b, the wavelength
at which the decrease in Ps starts depends on the surface albedo:
the higher the albedo, the shorter this wavelength. It is also ob-
vious that with increasing wavelength, the sensitivity of Ps to As
decreases. This sensitivity clearly depends on the atmospheric
molecular scattering optical thickness.

Like with the flux curves, the high-spectral resolution fea-
tures in the polarization curves of Fig. 3b all come from gaseous
absorption. The explanation for the increased degree of polar-
ization inside the O2 and H2O absorption bands is the same as
given above for the Huggins absorption band of O3: with in-
creasing atmospheric absorption optical thickness, the contribu-
tion of multiple scattered light to the reflected light decreases,
hence Ps increases towards the degree of polarization of light
singly scattered by the atmospheric constituents, i.e. gaseous
molecules. In case atmospheres contain aerosol and/or cloud par-
ticles, Ps both inside and outside the absorption bands will de-
pend on the single-scattering properties of those aerosol and/or
cloud particles, too; see Stam et al. (1999) for a detailed descrip-
tion of Ps across gaseous absorption lines. Stam et al. (2004) and
Stam (2003) show calculated polarization spectra of Jupiter-like
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Fig. 7. The wavelength dependent F (left)
and Ps (right) of starlight that is reflected by
clear and cloudy horizontally homogeneous
model planets with surfaces covered by de-
ciduous forest (thin solid lines) and a specu-
lar reflecting ocean (thin dashed lines). Note
that the lines pertaining to Ps of the cloudy
atmospheres are virtually indistinguishable
from each other. For comparison, we have
also included the spectra of the clear model
planets with surface albedos equal to 0.0 and
1.0 (thick solid lines), shown before in Fig. 3.
The planetary phase angle is 90!.

be observed on the moon’s nightside. Interestingly, the reflection
by chlorophyll leaves a much stronger signature in Ps than in F,
because in this wavelength region Ps appears to be very sensitive
to small changes in As, as can also be seen in Fig. 3b.

Adding a cloud layer to the atmosphere of a planet covered
with either vegetation or ocean increases F across the whole
wavelength interval (see Fig. 7a). A discussion of the e!ects
of di!erent types of clouds on flux spectra of light reflected
by exoplanets is given by Tinetti et al. (2006b,a). Our simu-
lations show that, although the cloud layers of the two cloudy
planets have a large optical thickness (i.e. 10 at ! = 0.55 µm,
as described in Sect. 3.1), both cloudy planets in Fig. 7a are
darker than the white planet with the clear atmosphere (the flux
of which is also plotted in Fig. 7a). The cloud particles them-
selves are only slightly absorbant (see Sect. 3.1). Apparently, on
the cloudy planets, a significant amount of incoming starlight
is di!usely transmitted through the cloud layer (through multi-
ple scattering of light) and then absorbed by the planetary sur-
face. Thus, even with an optically thick cloud, the albedo of the
planetary surface still influences the light that is reflected by the
planets, and approximating clouds by isotropically or anisotrop-
ically reflecting surfaces, without regard for what is underneath,
as is sometimes done (see e.g. Montañés-Rodríguez et al. 2006;
Woolf et al. 2002) is not appropriate. Assuming a dark surface
beneath scattering clouds with non-negligible optical thickness
(Tinetti et al. 2006b,a) will lead to planets that are too dark.
The influence of the surface albedo is particularly clear for the
cloudy planet that is covered with vegetation, because longwards
of 0.7 µm, the continuum flux of this planet still shows the veg-
etation’s red edge. The visibility of the red edge through opti-
cally thick clouds strengthens the detectability of surface biosig-
natures in the visible wavelength range, as discussed by Tinetti
et al. (2006b), whose numerical simulations show that, averaged
over the daily time scale, Earth’s land vegetation would be vis-
ible in disk-averaged spectra, even with cloud cover and even
without accounting for the red edge below the optically thick
clouds. Note that the vegetation’s albedo signature due to chlo-
rofyll, around 0.54 µm, also shows up in Fig. 7a, but is hardly
distinguishable.

The degree of polarization Ps of the cloudy planets is low
compared to that of planets with clear atmospheres, except at
short wavelengths. The reasons for the low degree of polariza-
tion of the cloudy planets are (1) the cloud particles strongly
increase the amount of multiple scattering of light within the at-
mosphere, which decreases the degree of polarization, (2) the de-
gree of polarization of light that is singly-scattered by the cloud
particles is generally lower than that of light singly-scattered by
gaseous molecules, especially at single-scattering angles around
90! (see Fig. 1b), and (3) the direction of polarization of light
singly-scattered by the cloud particles is opposite to that of light

singly-scattered by gaseous molecules (see Fig. 1b). Thanks to
the last fact, the continuum Ps of the cloudy planets is neg-
ative (i.e. the direction of polarization is perpendicular to the
terminator) at the longest wavelengths (about –0.03 or 3% for
! > 0.73 µm in Fig. 7b). At these wavelengths, the atmospheric
molecular-scattering optical thickness is negligible compared to
the optical thickness of the cloud layer, and therefore almost all
of the reflected light has been scattered by cloud particles.

Unlike in the flux spectra, the albedo of the surface be-
low a cloudy atmosphere leaves almost no trace in Ps of
the reflected light. In particular, at 1.0 µm, Ps of the cloudy,
vegetation-covered planet is -0.030 (–3.0%), while Ps of the
cloudy, ocean-covered planet is –0.026 (–2.6%) (Fig. 7b). The
reason for the insensitivity of Ps of these two cloudy planets to
the surface albedo is that the light reflected by the surfaces in
our models mainly adds unpolarized light to the atmosphere, in
a wavelength region where Ps is already very low because of the
clouds.

The cloud layer has interesting e!ects on the strengths of the
absorption bands of O2 and H2O both in F and in Ps. Because
the cloud particles scatter light very e"ciently, their presence
strongly influences the average pathlength of a photon within
the planetary atmosphere. At wavelengths where light is ab-
sorbed by atmospheric gases, clouds thus strongly change the
fraction of light that is absorbed, and with that the strength
of the absorption band. These are well-known e!ects in Earth
remote-sensing; in particular, the O2 A-band is used to derive
e.g. cloud-top altitudes and/or cloud coverage within a ground
pixel (see e.g. Kuze & Chance 1994; Fischer & Grassl 1991;
Fischer et al. 1991; Saiedy et al. 1967; Stam et al. 2000b), be-
cause oxygen is well-mixed within the Earth’s atmosphere. In
general, clouds will decrease the relative depth (i.e. with re-
spect to the continuum) of absorption bands in reflected flux
spectra (see Fig. 7a), because they shield the absorbing gases
that are below them. However, because of the multiple scat-
tering within the clouds, the absorption bands will be deeper
than expected when using a reflecting surface to mimic the
clouds. For example, the discrepancy between absorption band
depths in Earth-shine flux observations and model simulations
as shown by Montañés-Rodríguez et al. (2006), with the obser-
vation yielding e.g. a deeper O2-A band than the model can fit,
can be due to neglecting (multiple) scattering within the clouds,
as Montañés-Rodríguez et al. (2006) themselves also point out.

Another source for di!erences between absorption band
depths in observed and modelled flux spectra could be that, when
modeling albedo and/or flux spectra, the state of polarization of
the light is usually neglected. Stam & Hovenier (2005) show for
Jupiter-like extrasolar planets that neglecting polarization can
lead to errors of up to 10% in calculated geometric albedos and
that in particular the depths of absorption bands are a!ected,
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http://www.eso.org/public/news/eso1210/ Sterzik, M. F., Bagnulo, S. & Pallé, E. Biosignatures as revealed by spectropolarimetry of Earthshine. Nature 483, 64–66 (2012).
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Observations of Earth’s Polarization
Observing Date 25-Apr-2011:UT09 10-Jun-2011:UT01
View of Earth as seen from 
the Moon

12

Sun-Earth-Moon phase 87 deg 102 deg
ocean fraction in Earthshine 18% 46%
vegetation fraction in 
Earthshine

7% 3%

tundra, shrub, ice and desert 
fraction in Earthshine

3% 1%

total cloud fraction in 
Earthshine

72% 50%

cloud fraction  > 6 42% 27%
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Cloud Optical Depth Distribution
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Cloud data availability through MODIS: disc.sci.gsfc.nasa.gov/giovanni/overview
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25-Apr-2011:UT09
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25-Apr-2011:UT09
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“best fit” between 420nm ... 530nm

model satellite

Clear 56% 28% / 58%(!<6)

Clouded 44% 72% / 42%(!>6)
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10-Jun-2011:UT01
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10-Jun-2011:UT01
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“best fit” between 420nm ... 530nm

model satellite

Clear 73% 50% / 73%(!<6)

Clouded 27% 50% / 27%(!>6)
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10-Jun-2011:UT01
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10-Jun-2011:UT01
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10-Jun-2011:UT01
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“Null”
10 % vegetation does NOT fit !
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25-Apr-2011:UT09
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12 % vegetation DOES fit !
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Conclusions
1. Spectropolarimetry(SP) of Earthshine(ES) allows to 
sensitively constrain Earths surface and atmosphere.

2. Biosignatures can readily be detected in SP@ES.

3. Whole Earth Vector Radiative Transfer (VRT) 
models require improvement and further validation.

4. Earth global climate and atmosphere models may 
benefit from systematic SP@ES monitoring. 

5. SP@ES + VRT models will feed concept and 
realization of exo-Life machines.
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The Earth In Time
One Month On the Moon

www.sc.eso.org/~msterzik
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The Earth In Time
One Month On the Moon

www.sc.eso.org/~msterzik
Friday, March 23, 2012

http://www.sc.eso.org/~msterzik
http://www.sc.eso.org/~msterzik


Caveats

1. Lunar depolarization is not well characterized.

2. Phase-monitoring of the ES is costly (?) 

3. What is the relation of  Earths biosignatures with  
exo-biosignatures? 

4. Biosignatures on exoplanets are probably not in 
reach even with the ELT (?)

Friday, March 23, 2012



Polarimetric Signatures of Planets

Schmidt, H.M., 2010, In the Spirit of Lyot Conference, Paris.

Phase dependence  
for Rayleigh-like scattering by 
molecules or haze particles  

inclination = 0o  
p = constant & high  
! rotates steadily 

inclination = 70o 
p = high for large separation 
! fast and slow rotation 

direct light from star is typically 
unpolarized 

Expected polarization signal 
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Polarimetric Signatures of  Vegetation

D. M. Stam: Spectropolarimetry of Earth-like exoplanets 995
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Fig. 2. The measured albedos of three types of common terrestrial vege-
tation as functions of the wavelength: conifers (dashed line), deciduous
forest (solid line), and grass (dotted line) (data from the ASTER spectral
library). For our model planets, we use the albedo of deciduous forest
to represent vegetated surfaces.

with vegetation as a Lambertian reflecting surface. This appears
to be a reasonable assumption, since according to Wolstencroft
et al. (2007) and (Wolstencroft & Breon 2005), who analysed
polarization observations by the Earth-orbiting POLDER instru-
ment (Deschamps et al. 1994), the maximum degree of polar-
ization to be expected from vegetation is a few percent. They
conclude that for a cloudy exoplanet with an Earth-like vege-
tation coverage, the contribution of vegetation to the polarized
signal will be negligible (Wolstencroft et al. 2007).

In Fig. 2, we have plotted measured, wavelength-dependent
albedos of three types of vegetation: conifers, deciduous forest,
and grass 1 These albedo spectra share the following character-
istics: (1) a local maximum between 0.5 µm and 0.6 µm, which
is mainly due to the presence of two absorption bands of chloro-
phyll, one near 0.45 µm and one near 0.67 µm; and (2) a high
albedo at wavelengths longer than about 0.7 µm, which is re-
lated to the internal leaf and cell structure. The sudden increase
in the surface albedo at wavelengths longer than 0.7 µm is usu-
ally referred to as the red edge (for an elaborate description of
the red edge, see Seager et al. 2005). The slight decrease in
the albedo around 0.97 µm is due to absorption by water in the
leaves. Stronger absorption bands of water occur at wavelengths
longer than 1.2 µm. Because in this paper we do not study the
e!ects of di!erences in the albedos of di!erent types of vege-
tation on the light that is reflected by a planet, we only use the
wavelength-dependent albedo of the deciduous forest to repre-
sent the reflectivity by vegetation on our model planets.

Whether vegetation on Earth-like extrasolar planets will have
the same spectral features, in particular the red edge, as we find
on Earth, is still an open question (see Wolstencroft & Raven
2002). Model studies for albedos of vegetation on Earth-like
planets around M stars have been published by Kiang et al.
(2007), Segura et al. (2005), and Tinetti et al. (2006c). For
our purpose, presenting flux and polarization spectra and, in
particular, their di!erences and similarities without focussing

1 These three albedos have been taken from the ASTER Spectral
Library through the courtesy of the Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, California.

on the detection of features, an Earth-like vegetation albedo is
su"cient.

Although on Earth deep oceans do show some colour, es-
pecially in shallow regions where algae and other small organ-
isms bloom, for the purpose of this paper it is safe to simply
assume the oceans are black across the wavelength interval of
our interest, i.e. from 0.3 to 1.0 µm. Even with an albedo As
equal to zero, however, our model oceans do reflect a fraction of
the light that is incident on them, because we include a specu-
lar (i.e. Fresnel) reflecting interface between the atmosphere and
the black ocean. Specular reflection is anisotropic and generally
leads to polarized reflected light. We use the specular reflection
matrix as described by Haferman et al. (1997), with a (wave-
length independent) index of refraction that is equal to 1.34. Our
model ocean surface is flat, i.e., without waves. The influence of
oceanic waves will be the subject of later studies, using the wave
distribution model by Cox & Munk (1954) (for a recent evalua-
tion of this model, see Bréon & Henriot 2006), which can be in-
cluded in our adding-doubling radiative transfer model (see e.g.
Chowdhary et al. 2002). We neglect the contribution of white-
caps to the ocean albedo, which appears to be a valid assump-
tion for average wind speeds measured on the Earth’s oceans
(Koepke 1984).

4. Calculated flux and polarization spectra

In this section, we present the numerically calculated total
flux and degree of polarization of starlight that is reflected by
Earth-like model planets as described in the previous section.
The reflected flux, F, is calculated according to Eq. (8). Unless
stated otherwise, we assume that r = 1, d = 1, and !F0 = 1,
independent of ". With unpolarized incident light, F thus equals
1
4 a1, which is the planet’s geometric albedo AG in the case the
planetary phase angle equals 0! (see Eq. (11)). The degree of po-
larization is calculated according to Eq. (14) and thus includes
the direction of polarization.

Tables containing elements a1 and b1 of the planetary scatter-
ing matrix S as functions of the wavelength (from 0.3 to 1.0 µm,
with 0.001 µm spectral resolution) and as functions of the plan-
etary phase angle (from 0! to 180!, in steps of 2!, for the vari-
ous horizontally homogeneous model planets that are presented
in the following sections, are made available through the CDS.
From the elements a1 and b1, and from given distance d, plan-
etary radius r, and the (wavelength dependent) incident stellar
flux (e.g. in W m"2 m"1), the observable total flux F, polarized
flux Q, and degree of polarization Ps, can be calculated using
Eqs. (12, 13), and (14), respectively. Ratio "b1/a1, i.e. Ps, is
also included in the published tables.

4.1. Clear planets with wavelength independent surface
albedos

4.1.1. Wavelength dependence

Figure 3 shows the wavelength dependence of the total flux F
and the degree of polarization Ps of starlight that is reflected by
six Earth-like model planets with similar clear (i.e. cloudless)
atmospheres and Lambertian reflecting (i.e. isotropically re-
flecting and completely depolarizing) surfaces with wavelength-
independent albedos As ranging from 0.0 to 1.0. The planetary
phase angle # is 90!; i.e. half of the observable planetary disk
is illuminated by the star. As explained in Sect. 1, the probabil-
ity of directly observing an exoplanet at or near this phase angle
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Umov effect (P ~ 1/Albedo)
Sterzik, M. et al. Astronomy meets biology: EFOSC2 and the chirality of life. The Messenger 142, 25–27 (2010).
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