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ABSTRACT

We present results of numerical simulations of flux F and degree of polarization P of light that is reflected by Earth–like extrasolar
planets orbiting solar type stars. Our results are presented as functions of the wavelength (from 0.3 to 1.0 µm, with 0.001 µm spectral
resolution) and as functions of the planetary phase angle. We use different surface coverages for our model planets, including vegeta-
tion and a Fresnel reflecting ocean, and clear and cloudy atmospheres. Our adding-doubling radiative transfer algorithm, which fully
includes multiple scattering and polarization, only handles horizontally homogeneous planets, so we simulate fluxes and polarization
of horizontally inhomogeneous planets by weighting results obtained for homogeneous planets. Like F, P of the reflected starlight
is shown to depend strongly on the phase angle, on the composition and structure of the planetary atmosphere, on the reflective
properties of the underlying surface, and on the wavelength, in particular in wavelength regions with gaseous absorption bands. The
sensitivity of P to a planet’s physical properties appears to be different than that of F. Combining flux with polarization observations
thus makes for a strong tool for characterizing extrasolar planets. The calculated total and polarized fluxes are made available through
the CDS.
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1. Introduction

Polarimetry has been recognised as a powerful technique for en-
hancing the contrast between a star and an exoplanet, hence for
the direct detection of exoplanets. The reason for this is that,
when integrated over the stellar disk, the direct light of a solar
type star can be considered to be unpolarized (see Kemp et al.
1987), while the starlight that has been reflected by a planet will
usually be polarized, because it has been scattered within the
planetary atmosphere and/or because it has been reflected by the
surface (if there is any). The degree of polarization of the re-
flected starlight (the ratio of the polarized to the total flux) is
expected to be especially large around a planet’s quadrature (i.e.
when the planet is seen at a phase angle of 90◦). Because the an-
gular separation between a star and its planet is largest at quadra-
ture it is also an excellent phase angle for the detection of light
from an exoplanet.

Besides for detecting exoplanets, polarimetry can also be
used for characterising exoplanets, because the planet’s degree
of polarization as a function of wavelength and/or planetary
phase angle is sensitive to the structure and composition of the
planetary atmosphere and surface. This application of polarime-
try is well-known from remote-sensing of solar system plan-
ets, in particular Venus (see Hansen & Hovenier 1974a,b, for
a classic example), but also the outer planets; see Shkuratov
et al. (2005) for Hubble Space Telescope polarization observa-
tions of Mars, and Joos et al. (2005) and Schmid et al. (2006)

� Model spectra are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/482/989

for Earth-based polarimetry of Uranus and Neptune. Note that
Venus is much more favourable for observing with Earth-based
polarimetry than the outer solar system planets, because as an in-
ner planet, Venus can be observed from small to large phase an-
gles (including quadrature), whereas the outer planets are always
seen at small phase angles, where the observed light is mostly
backscattered light and degrees of polarization are thus usually
small; see Stam et al. (2004) for examples of the phase angle de-
pendence of the degree of polarization of starlight reflected by
gaseous exoplanets.

The strengths of polarimetry for exoplanet detection and
characterisation have been recognised and described before, for
example, by Seager et al. (2000); Saar & Seager (2003); Hough
& Lucas (2003); Stam (2003); Stam et al. (2003); Stam et al.
(2004), and Stam et al. (2005), who present numerically cal-
culated fluxes and degrees of polarization of gaseous exoplan-
ets. Note that Seager et al. (2000); Saar & Seager (2003), and
Hough & Lucas (2003) concentrate on the polarization signals
of exoplanets that are spatially unresolvable from their star; in
other words, the polarized flux of the planet is added to a huge
background of unpolarized stellar flux, while Stam (2003) and
Stam et al. (2003, 2004, 2005) aim at spatially resolvable plan-
ets, which are observed with a significantly smaller, unpolarized,
stellar background signal. Polarization signals of spatially un-
resolved non-spherical planets were presented by Sengupta &
Maiti (2006). Note that their calculations only include single-
scattered light and not all orders of scattering (like those of
Seager et al. 2000, and Stam et al. 2004), which, except for plan-
etary atmospheres with a very thin scattering or a very thick ab-
sorption optical thickness, significantly influences the predicted
degree of polarization, because multiple scattered light usually
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has a (much) lower degree of polarization than singly scattered
light.

Examples of ground-based telescope instruments that use
polarimetry for exoplanet research are PlanetPol, which aims at
detecting spatially unresolved gaseous exoplanets (see Hough
et al. 2006a,b, and references therein) and SPHERE (Spectro-
Polarimetric High-contrast Exoplanet REsearch) (see Beuzit
et al. 2006, and references therein) which aims at detecting spa-
tially resolved gaseous exoplanets. SPHERE is being designed
and built for ESO’s Very Large Telescope (first light is ex-
pected in 2010) and has a polarimeter based on the ZIMPOL
(Zürich IMaging POLarimeter) technique (see Schmid et al.
2005; Gisler et al. 2004, and references therein). Polarimetry
is also a technique used in SEE-COAST (the Super Earths
Explorer – Coronographic Off-AxiS Telescope), a space-based
telescope designed for the detection and the characterisation
of gaseous exoplanets and large rocky exoplanets, so-called
“Super-Earths” (Schneider et al. 2006), and in EPICS (Earth-like
Planets Imaging Camera Spectrograph), an instrument envi-
sioned for ESO’s ELT (Vérinaud et al. 2006).

The design and development of instruments for directly de-
tecting (polarized) light of exoplanets requires sample signals,
i.e. total and polarized fluxes as functions of the wavelength and
as functions of the planetary phase angle. Previously (see e.g.
Stam et al. 2004), we presented numerically calculated flux and
polarization spectra of light reflected by giant, gaseous exoplan-
ets, integrated over the illuminated and visible part of the plan-
etary disk, for various phase angles. In this paper, we present
similar spectra but now for light reflected by Earth-like exoplan-
ets. Our radiative transfer calculations include single and multi-
ple scattering and polarization. The model atmospheres contain
either only gas or a combination of gas and clouds. The clouds
are modelled as horizontally homogeneous layers of scattering
(liquid water) particles, which allows surface features to show
up in the reflected light even if the planet is fully covered. We
show results for surfaces with wavelength independent albedos
ranging from 0.0 to 1.0, as well as for surface albedos representa-
tive of vegetation and ocean. The ocean surface includes Fresnel
reflection.

Our disk integration method is based on expanding the ra-
diation field of the planet into generalized spherical functions
(Stam et al. 2006), and it only pertains to horizontally homoge-
neous planets. The planetary atmospheres can be vertically inho-
mogeneous. The main advantage of this method over more con-
ventional integration of calculated fluxes and polarization over
a planetary disk is that the flux and polarization of a planet
can be rapidly obtained for an arbitrary number of planetary
phase angles, without the need of new radiative transfer cal-
culations for each new phase angle. This is indeed a big ad-
vantage, because polarization calculations are generally very
computing-time consuming compared to mere flux calculations.
The disadvantage of our method is obviously its inability to
handle horizontally inhomogeneous planets. In this paper, we
approximate the light reflected by horizontally inhomogeneous
planets by using weighted sums of light reflected by horizontally
homogeneous planets. With such quasi horizontally inhomoge-
neous planets, we can still get a good impression of the influence
of horizontal inhomogeneities on the reflected signals. When di-
rect observations of Earth-like exoplanets become available in
the future, the more conventional disk integration method can be
applied straightforwardly.

Our numerical simulations cover the wavelength region from
0.3 to 1.0 µm, thus from the UV to the near infrared. The spectral
resolution of our simulations is 0.001 µm, which is high enough

for spectral features due to absorption of atmospheric gases to
be clearly visible in the flux and polarization spectra. Such high
spectral-resolution observations of Earth-like exoplanets will not
be possible for years to come. Our spectra, however, show the
potential information content of high spectral-resolution spectra,
and they can be convolved with instrument response functions
to simulate observations by instruments with a lower spectral
resolution.

The spectra were calculated for planets with a radius equal to
one Earth radius that orbit their star at a distance equal to one as-
tronomical unit. In addition, the incoming stellar flux is assumed
to be equal to one. The spectra can straightforwardly be scaled
to other planet sizes and orbital distances, and to other incom-
ing (wavelength dependent) stellar fluxes (note that the degree
of polarization is insensitive to such scalings). To facilitate the
use of our flux and polarization spectra for instrument design
and performance studies, they are made available at the CDS.

Which polarization features presented in this paper can
actually be observed will depend strongly on the telescope and
instrument characteristics (e.g. telescope size, adaptive optics
performance, optical design, polarimetry method, detector prop-
erties, spectral resolution), on integration times, and on prop-
erties of the planetary system (e.g. planet size, stellar type and
age, distance between planet and star, and the distance between
planet and observer).

Even if the stellar light that is reflected by a planet is strongly
polarized, high polarimetry accuracy is required to detect the
planet’s signal, because it will be superposed on a background
of unpolarized stellar light. To give an idea of the degrees of
polarization that can be measured, PlanetPol, designed for ob-
serving polarized signals of spatially unresolved exoplanets, has
a photon-noise-limited precision of 10−6 (Hough et al. 2006a)
(meaning that it can distinguish one “polarized photon” on a
million “unpolarized photons”). The ZIMPOL instrument on
SPHERE, designed for observing spatially resolved exoplanets,
reaches a polarimetric precision better than 10−5 (Schmid et al.
2005).

Flux spectra of light reflected by Earth-like exoplanets
have been presented before (e.g. by Tinetti et al. 2006a,b,c;
Montañés-Rodríguez et al. 2006; Turnbull et al. 2006). New in
this paper are flux spectra with the corresponding polarization
spectra. Numerically calculated degrees and directions of polar-
ization of exoplanets are not only useful for designing and build-
ing polarimeters for exoplanet research, as described above, but
also for designing, building, and using instruments that aim at
measuring only the fluxes of exoplanets. Namely, unless care-
fully corrected for, the optical components of such instruments
will be sensitive to the state of polarization of the observed light.
Consequently, the measured fluxes will depend on the state of
polarization of the observed light. Provided an instrument’s po-
larization sensitivity is known, our simulations can help to esti-
mate the error that arises in the measured fluxes. Note that, in
order to actually correct measured fluxes for instrumental po-
larization sensitivity, knowing the polarization sensitivity of an
instrument does not suffice; instead the state of polarization of
the incoming light should be measured along with the flux; see
e.g. Stam et al. (2000b) for a discussion on flux errors in remote-
sensing due to instrumental polarization sensitivity.

Stam & Hovenier (2005) discuss another reason to include
polarization in numerical simulations of the light reflected by
exoplanets: neglecting polarization induces errors in numerically
calculated fluxes (thus also in e.g. the planet’s albedo). The rea-
son for these errors is that light can only be fully described by
a 4-vector (see Sect. 2.1), and a scattering process is only fully



D. M. Stam: Spectropolarimetry of Earth-like exoplanets 991

described by a 4×4 matrix. Consequently, the flux resulting from
the scattering of unpolarized light usually differs from the flux
resulting from the scattering of polarized light. Because the un-
polarized starlight that is incident on a planet is usually polarized
upon its first scattering, second and higher orders of scattering
induce errors in the fluxes when polarization is neglected (see
also Lacis et al. 1998; Mishchenko et al. 1994). For gaseous ex-
oplanets, with their optically thick atmospheres, the flux errors
due to neglecting polarization can almost reach 10% (Stam &
Hovenier 2005). For Earth-like exoplanets with optically thinner
atmospheres, we show in this paper that the errors are smaller:
typically a few percent at short wavelengths (0.4 µm) and they
decrease with wavelength (see Sect. 5).

This paper has the following structure. In Sect. 2, we
describe how we define and calculate flux vectors and polar-
ization for extrasolar planets. In Sect. 3, we describe the atmo-
spheres and surfaces of our Earth-like model extrasolar plan-
ets. In Sect. 4, we present the numerically calculated fluxes
and degrees of polarization of the starlight that is reflected
by our Earth-like model planets for both horizontally homoge-
neous planets and the so-called quasi horizontally inhomoge-
neous planets, i.e. weighted mixtures of light reflected by hor-
izontally homogeneous planets. Section 5, finally, contains the
summary and discussion of our results.

2. Describing and calculating reflected starlight

2.1. Flux vectors and polarization

The flux (irradiance) and state of polarization of stellar light that
is reflected by a planet can be described fully by a flux (column)
vector F as follows

F = [F,Q,U,V] . (1)

Here, F is the total reflected flux divided, Q and U describe the
linearly polarized flux, and V the circularly polarized flux (see
e.g. Hansen & Travis 1974; Hovenier et al. 2004). The fluxes F,
Q, U, and V in Eq. (1) have the dimension W m−2 m−1.

Fluxes Q and U are defined with respect to a reference plane,
for which we, unless stated otherwise, chose the so-called plan-
etary scattering plane, i.e. the plane through the centres of the
star and the planet that also contains the observer. We define Fx◦

as the flux that is measured through a polarization filter oriented
perpendicular to the direction of propagation of the light, with its
optical axis making an angle of x◦ with the reference plane. This
angle is measured rotating from the reference plane to the filter’s
optical axis in the anti-clockwise direction when looking in the
direction of propagation of the light (see Hansen & Travis 1974;
Hovenier et al. 2004). The so-called (linearly) polarized fluxes,
Q and U, can then in principle be obtained with the following
flux measurements

Q = F0◦ − F90◦ , (2)

U = F45◦ − F135◦ . (3)

Expressed in the fluxes of Eqs. (2) and (3), the total flux, F, is
simply equal to either F0◦+F90◦ or F45◦+F135◦ . Note that modern
polarimetry has many more options available than polarization
filters, such as various types of modulators (see e.g. Gandorfer
et al. 2004; Gisler et al. 2004; Schmid et al. 2005; Keller 2006).

Flux vectors can be transferred from one reference plane to
another, e.g. from the planetary scattering plane (which depends
on the location of the planet on the sky with respect to its star)
to the optical plane of a polarimeter, by multiplying them with a

so-called rotation matrix L that is given by (see Hovenier et al.
2004)

L(β) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 cos 2β sin 2β 0
0 − sin 2β cos 2β 0
0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ . (4)

Angle β is the angle between the two reference planes, measured
by rotating in the anti-clockwise direction from the old to the
new plane when looking in the direction of propagation of the
light (β ≥ 0).

The direction of linear polarization with respect to the refer-
ence plane is given by angle χ, which can be found with

tan 2χ = U/Q, (5)

where the convention is to choose χ such that 0 ≤ χ < π,
and such that cos 2χ and Q have the same sign (see Hansen &
Travis 1974; Hovenier et al. 2004). In particular, when χ = 90◦
(χ = 0◦), Q < 0 (Q > 0), and the direction of polarization is
perpendicular (parallel) to the reference plane, i.e. perpendicular
(parallel) to the imaginary line connecting the centres of the star
and the planet as seen from the observer.

The degree of polarization of the reflected starlight is de-
fined as

P =

√
Q2 + U2 + V2

F
· (6)

Note that P as defined in Eq. (6) is independent of the choice of
reference plane. Assuming that the planet is mirror-symmetric
with respect to the planetary scattering plane and assuming the
incoming starlight is unpolarized, the disk-integrated Stokes pa-
rameters U and V will equal zero because of symmetry (the in-
coming starlight is unpolarized). In that case, we can use an alter-
native definition of the degree of polarization (see also Eq. (2)),
namely,

Ps = −Q
F
= −F0◦ − F90◦

F0◦ + F90◦
· (7)

For Ps > 0, the light is polarized perpendicular to the reference
plane (i.e. χ = 90◦), and for Ps > 0, the light is polarized parallel
to the reference plane (i.e. χ = 0◦). The subscript s (from “sign”)
in Ps thus indicates that the direction of polarization is included
in the definition of the degree of polarization.

2.2. Computing reflected starlight

Given a spatially unresolved spherical planet with radius r, the
flux vector F (see Eq. (1)) of stellar light with wavelength λ that
has been reflected by the planet and that arrives at an observer at
a distance d (with d � r) can be written as (see also Stam et al.
2006)

F(λ, α) =
r2

d2

1
4

S(λ, α) πF0(λ). (8)

Here, α is the planetary phase angle, i.e. the angle between the
star and the observer as seen from the centre of the planet. Note
that α = 180◦ − Θ, with Θ the total scattering angle of the in-
coming starlight.

Furthermore in Eq. (8), S is the 4 × 4 planetary scattering
matrix (see below and Stam et al. 2006), and F0 represents
the flux (column) vector describing the stellar light that is in-
cident on the planet, with πF0 the stellar flux that arrives at the
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planet (in W m−2 m−1) measured perpendicular to the direction
of propagation of the stellar light. Integrated over the stellar disk,
the stellar light of a solar-type star can be assumed to be un-
polarized (Kemp et al. 1987), so in the following we will use
F0(λ) = F0(λ)[1, 0, 0, 0] = F0(λ)1, with 1 the unit column vec-
tor. We assume that the starlight is unidirectional when it arrives
at the planet.

The planetary scattering matrix, S, depends on the planetary
phase angle, α, and on the wavelength, λ. The relation between
S and α and λ depends on the composition and structure of the
planetary atmosphere and on the planetary surface. This depen-
dence will be described further in Sect. 3. Using the planetary
scattering plane as the reference plane and assuming the planet
is mirror-symmetric with respect to this reference plane, matrix
S is given by (see Stam et al. 2006, 2004)

S(λ, α) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
a1(λ, α) b1(λ, α) 0 0
b1(λ, α) a2(λ, α) 0 0

0 0 a3(λ, α) b2(λ, α)
0 0 −b2(λ, α) a4(λ, α)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ . (9)

Matrix element a1 is usually called the planetary phase function.
Matrix S is normalized such that the average of a1 over all di-
rections equals the planet’s (monochromatic) Bond albedo, AB,
which is the fraction of the incident stellar flux that is reflected
by the planet in all directions, i.e.

1
4π

∫
4π

a1(λ, α) dω =
1
2

∫ π
0

a1(λ, α) sinα dα ≡ AB(λ), (10)

where dω is an element of solid angle. The (monochromatic)
geometric albedo, AG, of a planet is the ratio of the flux reflected
by the planet at α = 0◦, to the flux reflected by a Lambertian
surface subtending the same solid angle (i.e. πr2/d2) on the sky.
Thus,

AG(λ) =
F(λ, 0◦)
F0(λ)

d2

πr2
=

1
4

a1(λ, 0◦). (11)

From Eqs. (8) and (9) it is clear that, with unpolarized incident
stellar light, the observable total flux, F, of starlight that is re-
flected by a planet is given by

F(λ, α) =
r2

d2

1
4

a1(λ, α) πF0(λ), (12)

and the observable polarized flux, Q, by

Q(λ, α) =
r2

d2

1
4

b1(λ, α) πF0(λ). (13)

With unpolarized incident stellar light and a planet that is mirror-
symmetric with respect to the planetary scattering plane, it fol-
lows from Eqs. (12) and (13) that the degree of polarization Ps of
the starlight that is reflected by the planet can simply be rewritten
as (cf. Eq. (7))

Ps(λ, α) = −b1(λ, α)
a1(λ, α)

· (14)

The degree of polarization of the reflected light then depends
solely on the planetary scattering matrix elements a1 and b1.
Because both P (Eq. (6)) and Ps (Eqs. (7) and (14)) are relative
measures, they are independent of the radii r and R, the distances
D and d, which is very convenient when analysing direct obser-
vations of extrasolar planets at unknown distances.

To calculate the flux and degree of polarization of light re-
flected by a given Earth-like model planet (see Sect. 3) across

a given wavelength region and for a given planetary phase an-
gle, we have to calculate elements of the planetary scattering
matrix S (Eq. (9)). For this we use the algorithm as described in
Stam et al. (2006), which combines an accurate adding-doubling
algorithm (van de Hulst 1980; de Haan et al. 1987) to compute
the radiative transfer through a locally plane-parallel planetary
model atmosphere, and a fast, numerical, disk-integration algo-
rithm, to integrate the reflected flux vectors across the illumi-
nated and visible part of the planetary disk.

Our adding-doubling radiative transfer algorithm has fre-
quently been used and tested for Earth remote-sensing appli-
cations (see e.g. Stam et al. 2002, 2000a,b, 1999; Aben et al.
1999). Our disk-integration algorithm (Stam et al. 2006) is very
efficient, and its computing time depends only a little on the
number of planetary phase angles for which the disk-integrated
flux vectors are calculated. The disadvantage of the current ver-
sion of the algorithm is that it can only handle horizontally ho-
mogeneous planets (which are mirror-symmetric with respect to
the reference plane). Thus, while a planetary model atmosphere
can be inhomogeneous in the vertical direction, it varies neither
with latitude nor with longitude. Calculated flux and polariza-
tion spectra of horizontally homogeneous planets are presented
in Sects. 4.1 and 4.2. In this paper, we approximate horizontally
inhomogeneous planets by using weighted sums of horizontally
homogeneous planets. The flux vector of such a quasi horizon-
tally inhomogeneous planet is calculated according to

F(λ, α) =
N∑

n=1

fnFn(λ, α) with
N∑

n=1

fn = 1, (15)

with N the number of horizontally homogeneous planets.

2.3. Atmospheric extinction and instrumental response

The flux vector F as described in Eq. (8) includes neither ex-
tinction in the terrestrial atmosphere nor the response of a tele-
scope and an instrument. It thus pertains to the flux vector as it
can be observed in space. Adding atmospheric extinction and/or
telescopic and instrumental effects is straightforward by multi-
plying F from Eq. (8) with the matrix describing atmospheric
extinction, and/or with the matrices describing the telescope’s
and instrument’s responses.

Atmospheric extinction usually affects only the flux of the
directly transmitted light, not its state of polarization, and can
then simply be described by the scalar exp(−τ) cos−1(θ0), with
τ the (wavelength dependent) extinction optical thickness of the
atmosphere between the observer and space, and θ0 the zenith
angle of the observed exoplanet.

Since most instruments affect not only the flux of the light
that enters the instrument, but also its state of polarization, (see
e.g. Stam et al. 2000b, regarding polarization sensitive Earth-
observation instruments) an instrumental response matrix can be
quite complicated. With a polarization sensitive instrument, the
flux that is measured depends not only on F (see Eq. (12)) of the
light that is reflected by the planet, but also on its state of polar-
ization. Of course, a polarization-sensitive instrument will usu-
ally also change the state of polarization of the observed light.
Thus, when analysing flux and/or polarization observations of
starlight that is reflected by an exoplanet, one has to properly
account for the polarization sensitivity of one’s instrument. The
same holds for the response of the telescope.

In this paper, we ignore both atmospheric extinction and tele-
scopic and instrumental effects (apart from the spectral resolu-
tion of 0.001 µm), and thus limit ourselves to the total flux and
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degree of polarization as they can be observed in space. Since the
calculated total and polarized fluxes are made available through
the CDS, the atmospheric extinction and/or telescope and instru-
mental effects can be applied straightforwardly.

3. The model planets

The atmospheres of our Earth-like model planets are described
by stacks of homogeneous layers containing gaseous molecules
and, optionally, cloud particles. Each model atmosphere is
bounded below by a flat, homogeneous surface. In the next sec-
tions, we describe the composition, structure, and optical prop-
erties of our model atmospheres (Sect. 3.1) and the reflection
properties of our model surfaces (Sect. 3.2).

3.1. The model atmospheres

All of our model atmospheres consist of a stack of homogeneous
layers. For the radiative transfer calculations, we need to know,
for each atmospheric layer, its optical thickness b, the single-
scattering albedo a, and scattering matrix Fsca (see Hovenier
et al. 2004) of the mixture of molecules and cloud particles.

An atmospheric layer’s optical thickness, b, is the sum of its
molecular and cloud extinction optical thicknesses, bm and bc,
i.e.

b(λ) = bm(λ) + bc(λ) = bm
sca(λ) + bm

abs(λ) + bc
sca(λ) + bc

abs(λ). (16)

Here, bm
sca and bm

abs are the molecular scattering and absorption
optical thicknesses, respectively, and bc

sca and bc
abs are the cloud

scattering and absorption optical thicknesses.
The molecular scattering optical thickness of each atmo-

spheric layer, bm
sca, is calculated as described in Stam et al.

(2000a), and it depends among other things on the molecular
column density (molecules per m2), the refractive index of dry
air under standard conditions (Peck & Reeder 1972), and the de-
polarization factor of air, for which we adopt the (wavelength
dependent) values provided by Bates (1984). The molecular col-
umn density depends on the ambient pressure and temperature,
the vertical profile of which is given in Table 1 (McClatchey
et al. 1972). To avoid introducing too many variables, we use this
mid-latitude summer vertical profile, which consists of 16 homo-
geneous layers, for each model atmosphere. In Table 1, we also
give for each atmospheric layer bm

sca calculated at λ = 0.55 µm.
The total molecular scattering optical thickness of the model at-
mosphere is 0.0975 (at λ = 0.55 µm).

The molecular absorption optical thickness of each atmo-
spheric layer, bm

abs, depends on the molecular column density, the
mixing ratios of the absorbing gases, and their molecular absorp-
tion cross-section (in m2 per molecule) (see Stam et al. 1999,
2000a, for the details). The terrestrial atmosphere contains nu-
merous types of absorbing gases. In the wavelength region of
our interest, i.e. between 0.3 µm and 1.0 µm, the main gaseous
absorbers (and the only absorbers we take into account here) are
ozone (O3), oxygen (O2), and water (H2O). Unless stated other-
wise, the mixing ratio of O2 is 2.1·104 ppm (parts per million)
throughout each model atmosphere. The altitude-dependent
mixing ratios of the trace gases O3 and H2O are given in Table 1.
We calculate the molecular absorption cross-sections of O2, O3,
and H2O using absorption line data from Rothman et al. (2005).
Because the absorption cross-sections of O2 and H2O are rapidly
varying functions of the wavelength, we have transformed them
into so-called k-distributions (see Lacis & Oinas 1991; Stam
et al. 2000a), using a wavelength spacing of 0.001 µm, a spectral

Table 1. Altitude z (km), pressure p (hPa), temperature T (K), and
the O3 and H2O mixing ratios (ppm) at the 17 atmospheric levels
(McClatchey et al. 1972), and the molecular scattering optical thick-
ness bm

sca (at λ = 0.55 µm) of the 16 atmospheric layers. Here, x(−y)
stands for x × 10−y.

Nr. z p T O3 H2O bm
sca

1 0 1013.00 294 0.3041(–1) 0.1890(+5) 0.203(–1)
2 2 802.00 285 0.3712(–1) 0.9724(+4) 0.167(–1)
3 4 628.00 273 0.4830(–1) 0.3820(+4) 0.136(–1)
4 6 487.00 261 0.6420(–1) 0.1512(+4) 0.111(–1)
5 8 372.00 248 0.9126(–1) 0.6463(+3) 0.876(–2)
6 10 281.00 235 0.1306(0) 0.2475(+3) 0.693(–2)
7 12 209.00 222 0.2216(0) 0.2952(+2) 0.539(–2)
8 14 153.00 216 0.4409(0) 0.6526(+1) 0.404(–2)
9 16 111.00 216 0.7053(0) 0.5727(+1) 0.287(–2)

10 18 81.20 216 0.1295(+1) 0.6161(+1) 0.209(–2)
11 20 59.50 218 0.2171(+1) 0.7655(+1) 0.152(–2)
12 22 43.70 220 0.3162(+1) 0.1193(+2) 0.111(–2)
13 24 32.20 223 0.3852(+1) 0.1924(+2) 0.183(–2)
14 30 13.20 234 0.9131(+1) 0.4379(+2) 0.950(–3)
15 40 3.33 258 0.7431(+1) 0.2077(+2) 0.229(–3)
16 50 9.51(–1) 276 0.2728(+1) 0.1065(+1) 0.915(–4)
17 100 3.00(–4) 210 0.5191(–1) 0.3216(+1) –

resolution of 0.001 µm, 20 Gaussian abscissae per wavelength
interval of 0.001 µm, and a block-shaped instrumental response
function. The absorption cross-sections of O3 vary only gradu-
ally with wavelength (at least between 0.3 µm and 1.0 µm), so
we assume them to be constant across each wavelength inter-
val of 0.001 µm. Molecular absorption cross-sections in general
depend not only on the wavelength, but also on the ambient pres-
sure and temperature. For the purpose of this paper, i.e. present-
ing flux and polarization spectra of Earth-like extrasolar planets
and addressing the occurrence of spectral features in them, we
use the absorption cross-sections calculated for the lowest atmo-
spheric layer (see Table 1) throughout our model atmospheres.

For each wavelength and each atmospheric layer, the cloud
scattering and absorption optical thicknesses, bc

sca and bc
abs, are

calculated from the user-defined cloud particle column density
(in cloud particles per m2), and the extinction cross-section and
the single-scattering albedo of the cloud particles. The only
cloud particles we consider in this paper are spherical, homo-
geneous, watercloud droplets. We assume that these droplets are
distributed in size according to the standard size distribution de-
scribed by Hansen & Travis (1974), with an effective radius of
2.0 µm and an effective variance of 0.1. On Earth, large vari-
ations in cloud droplets size distributions are found, which in-
fluence the flux and the degree of polarization of the reflected
light. Exploring the detailed effects of cloud droplet microphys-
ical properties is, however, beyond the scope of this paper.

The refractive index of the cloud particles is chosen to be
wavelength independent and equal to 1.33 + 0.0001i. We cal-
culate the extinction cross-section, single-scattering albedo, and
the scattering matrix, Fc

sca, of the cloud droplets for wavelengths
between 0.3 µm and 1.0 µm using Mie-theory (see van de Hulst
1957; de Rooij & van der Stap 1984). Unless stated other-
wise, we assume a cloud with an optical thickness, ba, of 10
at λ = 0.55 µm, with its bottom at 802 hPa and its top at
628 hPa (according to Table 1, it thus extends vertically from
2 km to 4 km). Because of the wavelength dependence of the
droplets’ extinction cross-section, the cloud’s optical thickness
varies with wavelength. In particular, at λ = 0.3 µm, bc = 9.6,
and at λ = 1.0 µm, bc = 10.7.
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Fig. 1. The phase function (scattering matrix
element F11) (on the left) and the degree of
linear polarization (–F21/F11) (on the right)
as functions of the scattering angle Θ, for
light singly scattered by gaseous molecules
and cloud droplets. The wavelength of the
light is 0.44 µm (dashed line, only for the
cloud droplets), 0.55 µm (solid lines), and
0.87 µm (dotted line, only for the cloud
droplets).

The single-scattering albedo of the mixture of gaseous
molecules and cloud particles in an atmospheric layer is calcu-
lated according to

a(λ) =
bm

sca(λ) + bc
sca(λ)

bm
sca(λ) + bm

abs(λ) + bc
sca(λ) + bc

abs(λ)
, (17)

and the scattering matrix (see Hovenier et al. 2004) of the mix-
ture according to

Fsca(Θ, λ) =
bm

sca(λ)Fm
sca(Θ, λ) + bc

sca(λ)Fc
sca(Θ, λ)

bm
sca(λ) + bc

sca(λ)
, (18)

where Θ is the scattering angle (with Θ = 0◦ indicating forward
scattering), and Fm

sca and Fc
sca are the scattering matrices of, re-

spectively, the molecules and the cloud particles. The scattering
matrix Fm

sca of the gaseous molecules is calculated as described
by Stam et al. (2002), using the (wavelength dependent) depolar-
ization factor of air (Bates 1984). We do not explicitly account
for rotational Raman scattering, an inelastic molecular scattering
process (see e.g. Grainger & Ring 1962; Aben et al. 2001; Stam
et al. 2002; van Deelen et al. 2005; Sromovsky 2005), which
gives rise to a slight “filling-in” of high-spectral resolution fea-
tures in reflected light spectra, such as stellar Fraunhofer lines
and gaseous absorption bands. Each scattering matrix is normal-
ized such that the average of the phase function, which is rep-
resented by scattering matrix element F11

sca, over all scattering
directions, is one (see Hansen & Travis 1974; Hovenier et al.
2004).

Figure 1a shows the phase functions of the gaseous
molecules and the cloud droplets at λ = 0.55 µm. To illus-
trate the wavelength dependence of the elements of the cloud
droplets’ scattering matrix, we have also plotted curves for λ =
0.44 µm and λ = 0.87 µm (these particular wavelengths will
be used again later on, in Sect. 4). For the same wavelengths,
Fig. 1b shows Ps (Eq. (7)) of light that is singly-scattered by
the molecules and the cloud droplets as functions of the single-
scattering angle, Θ, assuming unpolarized incident light. The
reference plane for this singly-scattered light is the plane through
the incoming and the scattered light beams. Note that the phase
function and degree of polarization of light singly scattered by
gaseous molecules depends on the wavelength, too, through the
wavelength dependence of the depolarization factor (see Bates
1984), but only slightly so.

From Fig. 1, it is clear that both the phase function and
the degree of polarization pertaining to single-scattering by
molecules vary smoothly with the single scattering angle Θ.
The degree of polarization, Ps, of the light that is singly scat-
tered by the molecules is positive (i.e. the direction of polariza-
tion is perpendicular to the reference plane) for all values of Θ.

Furthermore, Ps of this light is highest at Θ = 90◦. At this scat-
tering angle, the light is not completely (i.e. 100%) polarized, but
only about 95%, because of the molecular depolarization fac-
tor (Bates 1984). Both for the light scattered by the molecules
and for the light scattered by the cloud droplets, Ps vanishes for
Θ = 0◦ and Θ = 180◦, because of symmetry.

The degree of polarization of the light scattered by the cloud
droplets (Fig. 1b) changes sign (i.e. the direction of polariza-
tion changes with respect to the reference plane) a number of
times between Θ = 0◦ and Θ = 180◦, and shows strong angu-
lar features, in particular in the backward scattering directions
(Θ > 90◦). The peak in the polarization occurring at Θ = 148◦
for λ = 0.44 µm, at Θ = 150◦ for λ = 0.55 µm, and at Θ = 155◦
for λ = 0.87 µm, pertains to what is commonly known as the pri-
mary rainbow, which is caused by light that has been reflected
inside the droplets once. The primary rainbow is seen in the
flux phase functions (Fig. 1a), too, only less prominently than
in Ps. The angular features in Ps near Θ = 120◦ pertain to the
secondary rainbow, which is caused by light that has been re-
flected inside the the droplets twice. In the cloud droplets’ phase
functions (Fig. 1a), only a hint of the secondary rainbow can
be seen and only for λ = 0.44 µm. The occurrence of a rain-
bow in reflected light is a well-known indicator of spherically
shaped atmospheric particles; see e.g. Hansen & Travis (1974)
and more recently Liou & Takano (2002) and references therein,
and Bailey (2007).

3.2. The model surfaces

To describe the reflection of light by the homogeneous, locally
flat surfaces below the atmospheres of our model planets, we
have to specify the surface reflection matrix, As. The surface
reflection matrix is normalized such that the average of matrix
element (1, 1) of As over all reflection directions equals the sur-
face albedo, i.e. the fraction of the incident stellar flux that the
surface reflects in all directions. We denote the surface albedo
by As.

The Earth’s surface is covered by numerous surface types
with myriads of (wavelength dependent) albedos, many of which
vary with e.g. their moistness and/or the season. To avoid mak-
ing our model planets too detailed at this stage, we compose the
surfaces of our Earth-like model planets out of only two surface
types: (deep) ocean and (green) vegetation. We assume that the
surface that is covered by vegetation completely depolarizes all
incident light, i.e. except for element (1, 1) of As all elements
of the vegetation’s surface reflection matrix equal zero. In addi-
tion, we assume that the reflection by the surface is isotropic, i.e.
reflection matrix element (1, 1) is independent of the directions
of both the incoming and the reflected light and simply equals
the surface albedo, As. We thus describe a surface that is covered
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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
effects of differences in the albedos of different 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 differences 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
sufficient.

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 πF0 = 1,
independent of λ. 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 α 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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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 α 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 λ−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 γ-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 difficult 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 Θ and thus on the planetary phase an-
gle α. 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. 4. F (left) and Ps (right) of starlight re-
flected by the model planets with As = 0.0,
0.4, and 1.0 of Fig. 3 as functions of the
phase angle α. F and Ps have been plotted for
two wavelengths: 0.44 µm (solid lines) and
0.87 µm (dashed lines).

extrasolar planets with gaseous absorption bands due to
methane. An increase in Ps across gaseous asorption bands has
been measured in so-called zenith sky observations on Earth
(Stammes et al. 1994; Preusker et al. 1995; Aben et al. 1997,
1999) and, recently, in observations of Jupiter, Uranus, and
Neptune (Joos & Schmid 2007; Schmid et al. 2006; Joos et al.
2005), with methane as the absorbing gas.

It is interesting to note that the polarization spectrum of an
extrasolar planet will generally be insensitive to the absorption
that takes place between the planet and the observer because it is
a relative measure (see Eqs. (6) and (7)). Thus, if the telescope
were located on the Earth’s surface, the polarization features as
shown in Fig. 3b would be unaffected by absorption within the
Earth’s atmosphere, so polarimetry would in principle allow the
detection of e.g. O2 in an extrasolar planetary atmosphere de-
spite the O2 in the Earth’s atmosphere (the number of photons re-
ceived by the telescope, i.e. the flux, would of course be strongly
affected by absorption in the Earth’s atmosphere).

4.1.2. Phase angle dependence

Figure 4 shows the phase angle dependence of F and Ps of the
starlight that is reflected by three of the six Earth-like plan-
ets appearing in the previous section, namely, the planets with
As = 0.0, 0.4, and 1.0. The phase angle dependence has been
plotted for two wavelengths: 0.44 µm and 0.87 µm. Remember
that the flux at phase angle α = 0◦ is just the planet’s geometric
albedo AG (Eq. (11)). For As = 0.0, AG = 0.14 at λ = 0.44 µm,
and AG = 0.011 at λ = 0.87 µm. For As = 0.4 and 1.0, we
find, respectively, AG = 0.34 (0.44 µm) and 0.27 (0.87 µm), and
0.72 (0.44 µm) and 0.67 (0.87 µm) (see Fig. 4a). The planets’
geometric albedos at λ = 0.87 µm are close to 2

3 As, i.e. the ge-
ometric albedo of a planet with a Lambertian reflecting surface
but without an atmosphere (see Stam et al. 2006), because at this
wavelength, the scattering optical thickness of the model atmo-
sphere is only 0.015. At 0.44 µm, this optical thickness is 0.24,
and the light scattered within the model atmosphere does con-
tribute significantly to the planet’s geometric albedo, especially
when As is small.

The strong phase angle dependence of F (Fig. 4a) is, for
a given value of As, largely due to the variation in the illumi-
nated and visible fraction of the planetary disk with the phase
angle. Smaller variations are related to the reflection properties
of the surface and the scattering properties of the overlying at-
mosphere. These variations can be seen more clearly in Fig. 5,
where we show the curves of Fig. 4a normalized at α = 0◦. The
curves for λ = 0.87 µm and As = 0.4 and As = 1.0 coincide
with the theoretical (normalized) curve expected for Lambertian
reflecting spheres (see van de Hulst 1980; Stam et al. 2006),
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Fig. 5. The fluxes of Fig. 4a, normalized to 1.0 at α = 0◦. For
λ = 0.87 µm (dashed lines), the curves for As = 1.0 and As = 0.4 are
virtually indistinguishable, and they follow the theoretical (normalized)
curve expected for a Lambertian reflecting sphere (see van de Hulst
1980; Stam et al. 2006), i.e. F(α) = 1

π
(sinα + (π − α) cosα), with α in
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because, as explained above, the contribution of light scattered
within the model atmosphere is almost negligible at this wave-
length.

In Fig. 4b, we show the degree of polarization, Ps, as a
function of the phase angle. Like the reflected flux, Ps depends
strongly on the phase angle. Note that, for α = 0◦ and α = 180◦,
Ps equals zero because of symmetry (the incoming starlight is
unpolarized). For the planet with the black surface, Ps appears to
be fairly symmetric around α = 90◦, mainly because the degree
of polarization of light singly scattered by gaseous molecules
is symmetric around Θ = 90◦ (see Fig. 1b). This symmetry is
particularly apparent for λ = 0.87 µm, where there is much less
multiple scattering than for λ = 0.44 µm. Across most of the
phase angle range, Ps of the planet with the black surface is pos-
itive, indicating that the reflected light is polarized perpendicular
to the scattering plane (i.e. perpendicular to the imaginary line
connecting the planet and the star as seen by the observer). Only
for the largest scattering angles, Ps < 0 (which is difficult to see
in Fig. 4b for λ = 0.87 µm). At these angles, the reflected light
is thus polarized parallel to the scattering plane (i.e. parallel to
the imaginary line connecting the planet and the star). The neg-
ative polarization is mainly due to second-order scattered light.
Although this light comprises only a small fraction of the re-
flected light at these large phase angles, it does leave its traces in
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Fig. 6. F (left) and Ps (right) of starlight
with λ = 0.44 µm that is reflected by the
model planet with As = 0.4 as functions of
the orbital position angle for the following
orbital inclination angles i: 0◦ (dot-dashed
lines), 30◦ (dashed lines), 60◦ (dotted lines),
and 90◦ (solid lines).

the polarization signature of the planet, because the degree of po-
larization of the first-order scattered light (which is the main con-
tributor to the reflected light) is close to zero. For λ = 0.44 µm,
Ps < 0 when α > 164◦, while for λ = 0.87 µm, Ps < 0 only when
α > 174◦, because with increasing wavelength, the amount of
second-order scattered light decreases, and with that the phase
angle at which the second-order scattered light changes the sign
of Ps increases.

For the planets with the reflecting surfaces, the maximum
degree of polarization occurs at phase angles larger than 90◦
(see Fig. 4b). In particular, with increasing wavelength and/or
increasing surface albedo, the maximum degree of polarization
shifts to larger phase angles, because with increasing α, the frac-
tion of reflected light that has touched the depolarizing surface
at least once decreases. The contribution of light that has been
polarized within the planetary atmosphere to the reflected light
thus increases with increasing α. This also explains why at the
highest values of α, Ps in Fig. 4b, is independent of As.

Figure 6 shows F and Ps as functions of the planet’s orbital
position angle for orbital inclination angles i ranging from 0◦
(the orbit is seen face-on) to 90◦ (the orbit is seen edge-on).
Given an inclination angle i, an exoplanet can in principle be
observed at phase angles α, ranging from 90◦ − i to 90◦ + i. If
the orbital position angle equals 0◦ or 360◦, α ranges from 90◦
(i = 0◦) to 0◦ (i = 90◦). If the orbital position angle equals 90◦
or 270◦, α = 90◦ (independent of i). If the orbital position an-
gle equals 180◦, α ranges from 90◦ (i = 0◦) to 180◦ (i = 90◦).
The curves in Fig. 6 clearly show that, with increasing orbital
inclination angle, the variations in F and Ps along the planetary
orbit increase. Interestingly, the orbital position angles where a
planet is easiest to observe directly, because it is farthest from its
star in angular distance, are those where Ps is largest (namely, at
orbital position angles equal to 90◦ and 270◦) This emphasises
the strength of polarimetry for extrasolar planet detection and
characterisation. Incidentally, Ps is smallest for the inclination
angles and orbital position angles where it is the most difficult
or even impossible to directly observe the planet, i.e. at large in-
clination angles and orbital position angles equal to 0◦, 180◦, or
360◦, when the planet is close to, or even in front of or behind
its star.

4.2. Clear and cloudy planets with wavelength-dependent
surface albedos

4.2.1. Wavelength dependence

Figure 7 shows the wavelength dependence of F and Ps of
starlight that is reflected by planets that are completely covered
by, respectively, ocean and deciduous forest, with atmospheres
that are either clear, i.e. cloudless, or cloudy, i.e. that contain

a homogeneous cloud layer. The cloud and the cloud particles
have been described in Sect. 3.1. For comparison, we have also
plotted F and Ps of the clear white and black planets discussed in
Sect. 4.1. The planetary phase angle α is 90◦. First, we discuss F
and Ps of the planets with the clear atmospheres, and then those
of the cloudy planets.

The surface albedo of the clear planet that is covered by
ocean equals zero, regardless of wavelength (see Sect. 3.2). The
differences between F and Ps of the clear black planet and F
and Ps of the clear, ocean-covered planet (see Fig. 7), are thus
due to the specular reflecting interface between the model atmo-
sphere and the ocean, which increases the total amount of light
that is reflected back towards the observer. In Fig. 7a, the specu-
lar reflection increases F in the continuum with about 10% at the
short wavelengths and with about 20% at the long wavelengths
(where more incoming starlight reaches the surface, because of
the smaller atmospheric optical thickness). Although very diffi-
cult to see in Fig. 7a, the influence of the specular reflection on
F is weak within the gaseous absorption bands, because at those
wavelengths, little light reaches the surface and, after a reflection
there, reaches the top of the atmosphere again.

As can be seen in Fig. 7b, the specular reflection decreases Ps
in the continuum with a few percentage points, because with the
specular reflection, a fraction of the light that is incident on the
surface is reflected back towards the atmosphere, mainly adding
to the unpolarized flux (at least at this phase angle). In gaseous
absorption bands, the influence of the specular reflection on Ps
is weaker than in the continuum, because at these wavelengths
less light reaches the surface and after a reflection there, the top
of the atmosphere again.

The wavelength variation in the continuum F and Ps per-
taining to the clear, forest-covered planet reflects the wavelength
variation in the surface albedo (see Fig. 2) except at the short-
est wavelengths. There, F and Ps are mainly determined by the
light that has been scattered by the gaseous molecules within
the planet’s atmosphere, because (1) the atmospheric scattering
optical thickness increases with decreasing wavelength and (2)
the surface albedo is only about 0.05 at the shortest wavelengths
(see Fig. 2). At longer wavelengths, the characteristic reflec-
tion by chlorophyll (around 0.54 µm) and the red edge (long-
wards of 0.7 µm) can easily be recognised both in F and in Ps.
The red edge in flux spectra of the Earth has been detected by
instruments onboard the Galileo mission on its way to Jupiter
(Sagan et al. 1993), and from the ground it has been observed
and in some cases modelled by different research groups (see e.g.
Hamdani et al. 2006; Montañés-Rodríguez et al. 2006; Tinetti
et al. 2006b,a; Seager et al. 2005; Woolf et al. 2002; Arnold
et al. 2002) in spectra of Earthshine, the sunlight that has first
been reflected by the Earth and then by the moon and that can
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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 effects
of different 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 λ = 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 diffusely 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
λ > 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 effects on the strengths of the
absorption bands of O2 and H2O both in F and in Ps. Because
the cloud particles scatter light very efficiently, 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 effects 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 differences 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 affected,
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Fig. 8. F (left) and Ps (right) of starlight
reflected by cloudy ocean planets, at λ =
0.762 µm, with absorption by O2 (along
the x-axes) and without absorption by O2

(along the y-axes). The top of the cloud
layer was located at 802 hPa (the “low
cloud”; the nominal altitude), 628 hPa (the
“middle cloud”), or 487 hPa (the “high
cloud”). The O2 mixing ratio was 11%,
21% (the nominal value), or 31%. The plan-
etary phase angle is 90◦.

because the error in the continuum is usually much greater than
the error in the deepest part of the absorption band. In Sect. 5, we
show that neglecting polarization does not significantly change
the depth of the absorption bands in the flux spectra of these
Earth-like model planets.

In the polarization spectra (Fig. 7b), the effects of clouds on
the strength of the absorption band features are more compli-
cated than in flux spectra, because the absorption changes not
only the amount of multiple scattering that takes place in the
atmosphere, but also the altitude where the reflected light has
obtained its state of polarization. In an inhomogeneous atmo-
sphere, like a cloudy one, different particles at different altitudes
can leave the light they scatter in different states of polarization.
This also affects the scattered fluxes, but less so; see e.g. Stam
et al. (1999). In Fig. 7b, Ps increases slightly within absorption
bands in wavelength regions where the continuum Ps is positive
(λ < 0.73 µm), whereas Ps decreases slightly (in absolute sense)
within absorption bands in wavelength regions where the contin-
uum Ps is negative (λ > 0.73 µm). In these cloudy model atmo-
spheres, both the increase and the decrease (in absolute sense)
in Ps in absorption bands are due to (1) a decrease in multiple
scattering (which also takes place in purely gaseous model atmo-
spheres), and (2) an increase in the relative amount of photons
that are scattered by gaseous molecules instead of by cloud parti-
cles, since the latter are located in the lower atmospheric layers.

The change in the strength of an absorption band in F or Ps
due to a cloud layer, depends strongly on the altitude of the cloud
layer, its optical thickness, the cloud coverage, the mixing ratio,
and the vertical distribution of the absorbing gas. For example,
in both the flux and the polarization spectra of the cloudy planets
in Fig. 7, the absorption bands of H2O are weak compared to the
same bands in the spectra of the cloudless planets, because most
of the H2O is located below the clouds. The absorption bands of
O2 are also weaker for the cloudy planets than for the cloudless
planets, although the influence of the clouds on these absorption
bands is weaker than on the bands of H2O, simply because O2
is well-mixed throughout the atmosphere, and thus not located
primarily below the clouds, like H2O.

When a terrestrial type extrasolar planet is discovered, it
will of course be extremely interesting to try to identify oxy-
gen in the planet’s atmosphere and, in particular, to determine
the O2-mixing ratio from absorption bands such as the A-band.
As discussed above, the depth of such an absorption band will
depend not only on the absorber’s mixing ratio, but also on the
cloud cover. As an example, Fig. 8 shows the influence of the
cloud top altitude and the O2-mixing ratio on the depth of the O2-
A absorption band, both for F and Ps, and for α = 90◦. The fig-
ure shows the results of numerical calculations for model plan-
ets covered by ocean and with cloud layers of optical thickness

10 (at 0.55 µm) placed with their tops at, respectively, 802 hPa,
628 hPa, and 487 hPa, and with O2-mixing ratios of, respec-
tively, 11%, 21%, and 31%. From Fig. 8a, it is clear that the con-
tinuum flux is independent of the O2-mixing ratio, as it should
be, and that it is virtually independent of the cloud-top altitude
(note the vertical scale). The latter is easily understood by real-
ising that at these wavelengths, the gaseous molecular scatter-
ing optical thickness above the different cloud layers is negli-
gible compared to the scattering optical thickness of the cloud
layers themselves. Not surprisingly, the flux in the absorption
band increases significantly with a decreasing O2-mixing ratio
and with increasing cloud-top altitude (i.e. decreasing cloud-top
pressure). In conclusion, the depth of the O2 A-band in plan-
etary flux spectra depends on the O2-mixing ratio, as well as
on the cloud-top altitude, and it can thus not be used for deriv-
ing the mixing ratio if the cloud-top altitude is unknown or vice
versa. Figure 8b shows the relation between Ps in the contin-
uum and in the absorption band, and the cloud-top altitude and
O2-mixing ratio. Apparently, the continuum Ps depends signif-
icantly on the cloud-top altitude, because Ps is very sensitive
to even small amounts of gaseous molecules and depends only
very slightly on the O2-mixing ratio. Ps in the absorption band
depends on the O2-mixing ratio, as well as on the cloud-top al-
titude. Concluding, the strength of the O2-A band in planetary
polarization spectra can be used to derive both the cloud-top alti-
tude and the O2-mixing ratio. The influence of e.g. broken cloud
layers, and clouds at different altitudes on F and Ps, will be sub-
ject for later studies.

4.2.2. Phase angle dependence

Figure 9 shows the phase angle dependence of F and Ps of
the starlight that is reflected by the clear, cloudy, ocean, and
vegetation-covered planets appearing in the previous section
(see Sect. 4.2.1 and Fig. 7) at λ = 0.44 µm and 0.87 µm.
Remember that, at phase angle α = 0◦, the fluxes plotted in
Figs. 9a and c are just the planets’ geometric albedos, AG, at
those wavelengths. For the clear, ocean-covered planet, AG is
0.15 at λ = 0.44 µm, and 0.014 at 0.87 µm. For the clear,
vegetation-covered planet, AG is 0.16 at 0.44 µm, and 0.37 at
0.87 µm. For the cloudy, ocean-covered planet, AG is 0.49 at
0.44 µm, and 0.52 at 0.87 µm, and for the cloudy, vegetation-
covered planet, AG is 0.49 at 0.44 µm (like for the cloudy, ocean-
covered planet), and 0.60 at 0.87 µm.

For the two cloudy planets, the reflected flux is not a
smoothly decreasing function of phase angle, but instead shows
some bumpy features near α = 5◦ and 30◦ for λ = 0.44 µm
(Fig. 9a), and near 10◦ and 35◦ for λ = 0.87 µm (Fig. 9c). These
angular features trace back to features in the single-scattering
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Fig. 9. F (left) and Ps (right) of starlight re-
flected by the model planets of Fig. 7 as func-
tions of the phase angle α, for λ = 0.44 µm
(top) and 0.87 µm (bottom). The thin solid line
pertains to the vegetation-covered planet, and
the thin dashed line to the ocean-covered planet.
The lines pertaining to the cloudy planets are
virtually indistinguishable from each other.

phase function of the cloud particles (at scattering angles, Θ,
larger than 140◦) (see Fig. 1a). Because at λ = 0.44 µm, the
gaseous molecules above the cloud layer scatter light more effi-
ciently than at λ = 0.87 µm, the angular features in F are more
subdued at 0.44 µm than at 0.87 µm. Interestingly, at phase an-
gles near 60◦ and for λ = 0.87 µm, the cloudy, ocean-covered
planet is about as bright as the clear, vegetation-covered planet.
Apart from the high surface albedo of the vegetation at this
wavelength, this can partly be attributed to the single-scattering
phase function of the cloud particles, too, because this func-
tion has a broad minimum between Θ = 90◦ and Θ = 120◦
(see Fig. 1a). Furthermore, only at the largest phase angles, i.e.
α > 120◦, are the cloudy planets brighter than the clear planet
with the surface albedo equal to 1.0. This is particularly obvious
at λ = 0.87 µm (Fig. 9c) and is due to the strong forward scat-
tering peak in the single-scattering phase functions of the cloud
particles (Fig. 1a). At these large phase angles, the light that is
reflected by the cloudy planets has not reached the surface, and
the reflected flux is therefore independent of the surface albedo
(see Fig. 9c).

The phase angle dependence of the degree of linear polariza-
tion, Ps, of the light reflected by the two cloudy planets (Figs. 9b
and d) shows, for α < 40◦, angular features that are due to angu-
lar features in the single-scattering polarization phase function of
the cloud particles (see Fig. 1b), just like the phase angle depen-
dence of the reflected flux (Figs. 9a and c). At λ = 0.44 µm, Ps
is determined not only by light scattered by the cloud particles,
but also by light scattered by the gaseous molecules, whereas
at λ = 0.87 µm, Ps is predominantly determined by the cloud
particles. As a result, at λ = 0.87 µm, the characteristic polar-
ization signatures of light scattered by the cloud particles (i.e.
the angular features at α < 40◦ and also the negative values for
60◦ < α < 160◦) are much stronger than at λ = 0.44 µm (taking
into account the wavelength dependence of the single-scattering
features themselves, cf. Fig. 1).

The angular features around α = 32◦ for λ = 0.44 µm,
and around α = 25◦ for λ = 0.87 µm, pertain to the so-
called primary rainbow feature. At λ = 0.44 µm, the degree of

polarization of this feature is about 0.1 (10%) and about 0.06
(6%) at λ = 0.87 µm. This is much lower than the predicted
20%, for a completely cloudy Earth, by Bailey (2007). This dis-
crepancy is probably due to how Bailey (2007) arrives at his
disk-integrated value by integrating local observations by the
POLDER-satellite instrument (Deschamps et al. 1994), while
our multiple-scattering calculations and disk-integration method
take into account the variation of illumination and viewing an-
gles across the planetary disk. In addition, differences in single-
scattering properties of cloud particles (which depend on the par-
ticle size distribution and composition) and the optical thickness
of the clouds will influence the strength of the feature, although
probably not more than a few percent.

At neither of the two wavelengths is Ps of the cloudy planets
sensitive to the albedo of the surface below the clouds (Figs. 9b
and d); only at 0.87 µm and for α < 40◦, is Ps of the cloudy,
ocean-covered planet at most 0.01 (1%) larger than Ps of the
cloudy, vegetation-covered planet, mainly because of the dark-
ness of the ocean.

For the clear planets with the Lambertian reflecting surfaces,
the phase angle dependence of Ps at both wavelengths (Figs. 9b
and d) is similar to that shown in Fig. 4b, taking the differences
in surface albedo into account. Compared with the clear, black
planet, the specular reflecting surface of the clear, ocean-covered
planet decreases Ps at all phase angles (with at most 0.04 at α =
90◦ and λ = 0.87 µm), except at phase angles greater than about
130◦ at 0.44 µm and about 145◦ at 0.87 µm.

4.3. Clear and cloudy planets with horizontal
inhomogeneities

4.3.1. Wavelength dependence

In Sects. 4.1 and 4.2, we have presented numerically simulated
fluxes and degrees of polarization of light reflected by horizon-
tally homogeneous planets. In this section, we show the results
for quasi horizontally inhomogeneous planets using Eq. (15) and
the flux vectors calculated for the clear and cloudy, ocean – and
vegetation-covered planets presented in Sect. 4.2 and Figs. 7
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Fig. 10. Similar to Fig. 7, except for quasi
horizontally inhomogeneous planets with
70% of their surfaces covered by specular re-
flecting ocean and 30% by deciduous forest.
The cloud coverage ranges from 0.0 to 1.0,
in steps of 0.2. The planetary phase angle is
90◦.

and 9. The resulting spectra can be thought of as the Earth be-
ing observed as if it were an exoplanet, using an integration
time of at least a day. Since we use a weighted sum of homo-
geneous planets, our spectra might differ from those obtained
with a model planet covered by continents and oceans, even if
the coverage fractions are the same. Our spectra will, however,
give a good estimate of what might be expected.

Although endless combinations of these flux vectors can be
made, we limit ourselves here to Earth-like combinations and
leave other combinations and retrieval algorithms for subsequent
studies. In addition, including more types of surface coverage,
different types of clouds, and e.g. different cloud coverages for
different surface types would add details to the modelling results
that are beyond the scope of this paper; see e.g. Tinetti et al.
(2006a,b) for examples of flux spectra for different cloud types
and surface coverages.

Figure 10 shows the flux and degree of polarization of light
reflected by an exoplanet that has, like the Earth, 70% of its
surface covered by a specular reflecting ocean and 30% by de-
ciduous forest. The cloud coverage ranges from 0.0 (a clear at-
mosphere) to 1.0 (a completely overcast sky) in steps of 0.2.
Recall that the mean global cloud coverage of the Earth is about
0.67 (Rossow et al. 1996). Note that to simulate F and Ps of
the cloudy fractions of the planets, we combined the cloudy,
ocean-covered planets with the cloudy, forest-covered planets.
In Eq. (15), we thus used N = 4.

The main, not surprising difference between the flux of the
clear, quasi horizontally inhomogeneous planet from Fig. 10a
and that of the clear, horizontally homogeneous forest-covered
planet in Fig. 7a is that the red edge (for λ > 0.7 µm) that is char-
acteristic of reflection by vegetation, is much weaker when 70%
of the planet is covered by ocean than when the whole planet is
covered by vegetation (the red edge continuum is approximately
0.035 for the inhomogeneous planet and 0.11 for the homoge-
neous one). The (black) ocean all but removes the local maxi-
mum in F at green wavelengths (between 0.5 and 0.6 µm), which
is due to chlorophyll in the vegetation. In Ps (Fig. 10b), the ocean
changes the spectral shape of the red edge feature somewhat and
decreases its depth by about 0.04 (at λ = 0.87 µm) when com-
pared to Fig. 7b. The ocean signficantly changes the spectral
feature in Ps that is due to chlorofyll. For the clear, completely
forest-covered planet (Fig. 7b), the minimum Ps across this fea-
ture is 0.38, while it is 0.63 for the clear planet in Fig. 10b.
Finally, in Ps, the gaseous absorption bands are stronger for the
clear planet covered by ocean and forest than for the clear, forest-
covered planet.

From Fig. 10a, it is clear that F in the continuum is very sen-
sitive to the cloud coverage. The continuum Ps is also sensitive
to the cloud coverage, but this sensitivity decreases with increas-
ing cloud coverage, in particularly at the longer wavelengths.

To get more insight into the sensitivity of the shape of the
flux and polarization spectra to the surface and the cloud cov-
erage, we have plotted in Fig. 11 F and Ps in the near-infrared
continuum (λ = 0.87 µm) against F and Ps in the blue con-
tinuum (λ = 0.35 µm) for planets with surface-coverage ratios
ranging from 0.0 (100% forest) to 1.0 (100% ocean), in steps
of 0.2. The cloud coverage ranges from 0.0 (a clear planet) to
1.0 (a completely cloudy planet). Looking at the reflected fluxes
(Fig. 11a), it can be seen that, for a given cloud coverage, F in
the blue is virtually independent of the surface coverage (ocean
or forest), while in the near-infrared, the sensitivity of F to the
surface coverage depends strongly on the cloud coverage: it is
relatively large when the cloud coverage is small, and relatively
small when the cloud coverage is large, as could be expected.
Figure 11a shows that our completely cloudy planets are some-
what brighter in the near-infrared than in the blue (assuming a
wavelength-independent stellar flux, or, after correcting obser-
vations for the incoming stellar flux). Looking at the degree of
polarization of the reflected fluxes (Fig. 11b), it is clear that the
larger the cloud coverage, the smaller the dependence of Ps at
both 0.35 µm and 0.87 µm, on the surface coverage. For a given
cloud coverage smaller than about 0.5, Ps can be seen to depend
on the surface coverage. In particular, the larger the fraction of
ocean on the planet, the larger Ps in the near-infrared. In the blue,
Ps also increases with increasing fraction of ocean coverage, but
only slightly so.

It is important to remember that the precise location of the
data points in Fig. 11, and thus the retrieval opportunities, will
depend on the physical parameters of the model cloud, such as
the cloud optical thickness, the microphysical properties of the
cloud particles, and the altitude of the cloud. We will explore
such dependencies in later studies.

4.3.2. Phase angle dependence and diurnal variation

As a horizontally inhomogeneous planet like the Earth rotates
around its axis, the surface fraction of, for example, ocean that
is turned towards a distant observer will vary during the day
(except when the observer is located precisely above one of
the planet’s geographic poles). Assuming a planet with a sur-
face that is covered only by land and water, the diurnal varia-
tion in the distribution of land and water across the part of the
planetary disk that is illuminated and turned towards a distant
observer depends on many factors, such as the actual distribu-
tion of land and water across the planet, the sub-observer lati-
tude, the planet’s phase angle, and the location of the termina-
tor (the division between day and night on the planet, that will
depend on the obliquity of the planet and the time of year). The
variation that can actually be observed would, of course, also de-
pend on the cloud cover. Calculated diurnal variations of fluxes
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Ps (right) in the blue (λ = 0.35 µm) and
the near-infrared (λ = 0.87 µm) for plan-
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covered by forest, indicated by the stars), to
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the black circles), in steps of 0.2. In addi-
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1.0, in steps of 0.1. The planetary phase an-
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on the left, and that at λ = 0.87 µm, Ps of the
clear, 100% ocean planet falls off the vertical
figure scale; its value is 0.9.
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Fig. 12. The percentage of surface covered by water along the equa-
tor of the Earth. This curve is derived from data of the Clouds and
the Earth’s Radiant Energy System (CERES) instrument on NASA’s
Earth Observing System (EOS). The longitude of 0◦ corresponds to the
Greenwich meridian.

of Earth-like exoplanets have been presented by Ford et al.
(2001), using a single-scattering Monte Carlo radiative trans-
fer code and horizontally inhomogeneous model planets, and by
Tinetti et al. (2006b).

Here, we show a few examples of the diurnal variation of
the flux and in particular the degree of polarization of a quasi
horizontally inhomogeneous exoplanet with a longitudinal dis-
tribution of land and water similar to that along the Earth’s
equator (see Fig. 12). For simplicity, we assume the distribu-
tion is latitude-independent (we thus have a planet with “verti-
cal stripes”). Furthermore, the distant observer is located in the
planet’s equatorial plane, and we assume the planet’s obliquity
equals zero. Our model planets are somewhat simpler than those
of Ford et al. (2001) and Tinetti et al. (2006b), who use realisti-
cally horizontally-inhomogeneous planets, but we do use multi-
ple scattering, like Tinetti et al. (2006b), and polarization.

In Figs. 13 and 14, we have plotted F and Ps of cloudless
and cloudy planets seen under phase angles of 50◦ (when more
than half of the illuminated part of the planetary disk is visible),
90◦ (quadrature, when half of the illuminated planetary disk is
visible), and 130◦ (when less than half of the illuminated plan-
etary disk is visible). We show curves for λ = 0.44 µm and
for λ = 0.87 µm. The cloudy planet is, like an average Earth
(Rossow et al. 1996), two-thirds covered by clouds.

For the cloudless planet (Fig. 13), F and Ps show much
more variation in the near-infrared (0.87 µm) than in the blue
(0.44 µm) for all three phase angles. This is not surprising, since
in the blue, the vegetation and the ocean are both dark, and F and
Ps are thus mostly determined by the gaseous atmosphere. In the
near-infrared, the contrast between the (red edge of the) vegeta-
tion and the ocean shows up clearly in both F and Ps. A similar
wavelength dependence of the variation in the reflected flux (at
α = 90◦) was found by Ford et al. (2001) and by Tinetti et al.
(2006b). The latter have 0.50 to 0.55 µm as the shortest wave-
length region. In the blue (0.44 µm in our plots, and 0.45 µm in
the plots by Ford et al. 2001), our reflected flux (for α = 90◦)
shows far less diurnal variation than Ford et al. (2001). This is
most likely due to the multiple scattering that we include in our
calculations. In the infrared (0.87 µm in our plots, and 0.75 µm in
the plots by Ford et al. 2001), our maximum fluxes (for α = 90◦)
are larger than those of Ford et al. (2001), namely about 0.06 ver-
sus about 0.03, which cannot be attributed to multiple scattering,
because the atmospheric molecular-scattering optical thickness
at these wavelengths is very small. This difference in maximum
flux is most probably due to the difference in surface coverage
(vegetation versus Sahara sand and ocean) and hence in surface
albedo at these wavelengths.

The diurnal variation in the degree of polarization, Ps, has
not been studied before. In the blue, Ps is strongly determined
by Rayleigh scattering, and thus depends closely on the plane-
tary phase angle. Here, the average Ps for α = 50◦ is very sim-
ilar to the one for α = 130◦, because of the symmetry of the
degree of polarization of light that is singly-scattered by gaseous
molecules with the single-scattering angle (see Figs. 1b and 9b).
The variation in Ps is greatest (in absolute sense) for α = 90◦,
and can be traced back to the difference, at α = 90◦, between the
curves for the vegetation-covered and the ocean-covered plan-
ets in Fig. 9b. Furthermore according to the difference between
these two curves in Fig. 9b, the diurnal variation for α = 50◦
should be significantly larger than for α = 130◦. However, as
can be seen in Fig. 13, the diurnal variation for these two phase
angles is similar, and even slightly larger for α = 130◦ than for
α = 50◦. The reason for this is that, when α = 130◦, the il-
luminated and observable part of the planet is smaller than for
α = 50◦ and will therefore have a more uniform surface cover-
age (either ocean or vegetation) at any given time.

At red wavelengths (lower panels in Fig. 13), where the
largest contribution to the reflected light is from the surface,
the diurnal variation in the degree of polarization, Ps, depends
strongly on the planetary phase angle; the variation in Ps clearly
increases with the phase angle.

Next, we discuss the influence of clouds on the diurnal
variation of F and Ps. As can be seen in Fig. 14 and as can
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Fig. 13. F (left) and Ps (right) of starlight
reflected by cloudfree, quasi horizontally in-
homogeneous planets as functions of the sub-
observer longitude. The longitudinal distribu-
tion of land (covered by vegetation) and water
(ocean) is as given in Fig. 12. The planetary
phase angles are 50◦ (solid lines), 90◦ (dashed
lines), and 130◦ (dash-dotted lines). The upper
panels are for λ = 0.44 µm, and the lower pan-
els for λ = 0.87 µm.
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Fig. 14. Similar to Fig. 13, except for planets
with a cloud coverage of 0.67 (Rossow et al.
1996).

be expected from Fig. 9, in the blue (0.44 µm), our clouds,
which cover two-thirds of the planet, smother virtually any
diurnal variation in F and in Ps. In the near-infrared (0.87 µm),
the flux F retains some of the diurnal variation, because at
this long wavelength the vegetation has a much higher albedo
than the ocean. The fluxes we calculate for the cloudy planets
(and α = 90◦) are very similar to those calculated by Ford
et al. (2001), because to describe the light reflected by the
cloudy regions on their model planets, Ford et al. (2001)
apparently do not rely on the single-scattering approach they
use for the cloud-free planets. Instead they adopt the reflected
fluxes presented by Hovenier & Hage (1989) for cloudy planet

models, the calculation of which does fully include multiple
scattering (though no vegetated surfaces underneath the clouds).
Qualitatively, our variation in F is very similar to what is
shown by Tinetti et al. (2006b), although the normalization is
different.

The degree of polarization in the near-infrared shows no
measurable variation; the higher albedo of the vegetation only
adds more unpolarized light to the total reflected light. All clouds
on our model planet are optically thick (bc = 10 at 0.55 µm, see
Sect. 3). Optically thinner clouds, that depolarize the light less,
would probably leave more diurnal variation in Ps, as would e.g.
polarizing vegetation surfaces (Wolstencroft et al. 2007).
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With our method for calculating the light reflected by hor-
izontally inhomogeneous planets (i.e. using Eq. (15)), light re-
flected by e.g. the cloud layer effectively comes from all loca-
tions on the illuminated and observed part of the planet, instead
of from a limited number of locations spread over the planet,
which would be a more realistic cloud deck. We might therefore
overestimate the contribution of the cloud layer to the total re-
flected signal. The difference between the signals of our quasi
inhomogeneous planets and those of more realistically inhomo-
geneous planets require more investigation, also with the view
on the retrieval of planetary characteristics. Such an investiga-
tion should also address the region-to-region variations in time-
averaged cloud coverage and cloud optical thickness, which are
found on Earth when cloud variations on time scales less than a
month (i.e. weather) are removed (for cloud data, see Rossow &
Dueñas 2004). Regarding flux calculations, examples of region-
to-region variations in cloud coverage are given by Ford et al.
(2001).

5. Summary and conclusion

We have presented numerical simulations of the flux and
state (degree and direction) of polarization of starlight re-
flected by various types of Earth-like extrasolar planets as
functions of the wavelength and as functions of the plane-
tary phase angle. Spectral fluxes of Earth-like extrasolar plan-
ets have been presented before (see, e.g. Tinetti et al. 2006a,c;
Montañés-Rodríguez et al. 2006; Turnbull et al. 2006, and ref-
erences therein), but not the spectral variation of the degree of
polarization of such planets.

Our results clearly show that the light reflected by an
Earth-like exoplanet can be highly polarized, with the degree and
direction of polarization depending on the physical characteris-
tics of the planetary atmosphere and surface, on the illumina-
tion and viewing geometries, and on the wavelength. Polarimetry
thus appears to be a useful tool in distinguishing the (polarized)
stellar light that has been reflected by an Earth-like extrasolar
planet from the (unpolarized) direct stellar light, and from that
to detect Earth-like extrasolar planets.

Our results also show that, for the given physical properties
of the Earth-like extrasolar planet, the degree of polarization of
the reflected light has similar spectral features to the flux of this
light: there are features related to the surface albedo of the planet
and high spectral resolution features that are due to absorption
of light by atmospheric gases. The latter features, although due
to different gases, were also present in calculated polarization
spectra of starlight reflected by extrasolar gaseous planets (Stam
et al. 2004). For Earth-like extrasolar planets, the occurence of
spectral features due to gaseous absorption in polarization spec-
tra is especially interesting because these features are conserved
upon transmission of the light through the Earth’s atmosphere
even if it has a similar composition to the extrasolar planet’s at-
mosphere (although the number of available photons in the ab-
sorption bands will be greatly reduced upon traveling through
the Earth’s atmosphere if it contains the same absorbing gases
as the extrasolar planet’s atmosphere).

Interestingly, the degree of polarization of reflected light ap-
pears to have a different sensitivity to the structure and composi-
tion of the planetary atmosphere and the albedo of the underlying
surface than the flux of the reflected light has. Compared to us-
ing only spectroscopy, polarimetry could thus provide more and
different information on the structure and composition of an ex-
trasolar planet’s atmosphere and surface. In particular, we have
shown that the degree of polarization at continuum wavelengths

near the O2 A-band (around 0.76 nm) is sensitive to the altitude
of the cloud’s top, whereas the continuum flux in this wavelength
region is virtually insensitive to this altitude. The degree of po-
larization could thus be used for cloud top altitude determina-
tion, a method that is also applied to observations of the Earth
observing POLDER instrument (Deschamps et al. 1994) and its
successors. We have also shown that the depth of the O2 A-band
in a polarization spectrum is sensitive to the oxygen mixing ratio,
whereas the flux in the O2 A-band is sensitive to both the cloud
top altitude and the oxygen-mixing ratio. Polarimetry could thus
help to disentangle crucial information on gaseous mixing ratios
and clouds from the sparse, spatially unresolved data that will
be available for exoplanets. Obviously, measuring such narrow
band changes in the degree of polarization of an Earth-like exo-
planet will at least be challenging.

Because of the strengths for detecting and characterising
Earth-like exoplanets, polarimetry is a technique used in SEE-
COAST (the Super Earths Explorer – Coronographic Off-AxiS
Telescope), a space-based telescope for the detection and the
characterisation of gaseous exoplanets and large rocky exoplan-
ets, so-called “Super-Earths” (Schneider et al. 2006), that was
proposed to ESA in response to its 2007 Cosmic Vision call.

Our numerical simulations should not be useful only
for researchers that are interested in designing and building
(spectro)polarimeters for the detection and characterisation of
Earth-like exoplanets and for researchers interested in measur-
ing and analysing the state of polarization of extrasolar planets.
Indeed, due to their optics, spectrometers tend to be sensitive to
the state of polarization of the incoming light (unless carefully
corrected for): the measured fluxes thus depend on the degree
and direction of polarization of the observed light (see e.g. Stam
et al. 2000b). In case the polarization sensitivity of a spectrom-
eter is known, e.g. because it has been measured during calibra-
tion, our numerical simulations can help in estimating the error
in the measured flux. To actually correct measured fluxes for the
polarization sensitivity of an instrument, one has to know the
instrument’s polarization sensitivity and one has to measure the
state of polarization of the incoming light, because as our simu-
lations show, this state of polarization varies with the illumina-
tion and viewing geometries and with the physical characteris-
tics of the planet. Because the state of polarization is wavelength
dependent and shows high spectral resolution features similar to
those in the total flux, the state of polarization should be mea-
sured with the same spectral resolution as the total flux if one
is interested in accurately measuring the depth and shape of e.g.
gaseous absorption bands.

Finally, Stam & Hovenier (2005) show that neglecting po-
larization when calculating disk-integrated total flux spectra of
gaseous planets induces errors of several percent across the con-
tinuum and gaseous absorption bands. The reason for these er-
rors is that the flux of scattered light depends on the state of po-
larization of the incident light (see also Mishchenko et al. 1994;
Lacis et al. 1998), and while the incident stellar light can be as-
sumed to be unpolarized (Kemp et al. 1987), it is usually polar-
ized upon the first scattering within the atmosphere. Hence, as
long as only single-scattering processes are taken into account,
polarization does not influence the scattered total flux so can thus
safely be ignored if one is only interested in total fluxes. When
multiple scattering has to be accounted for, however, neglecting
polarization and treating light as a scalar instead of as a vector
does influence the scattered total flux. The fluxes presented in
this paper have all been calculated taking polarization fully into
account.
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To investigate the influence of neglecting polarization on
fluxes of Earth-like extrasolar planets, we performed calcula-
tions for clear and cloudy planets without polarization. The max-
imum errors are found near λ = 0.35 µm, where there is a sig-
nificant amount of Rayleigh scattering. The errors decrease with
wavelength to virtually vanish near λ = 0.6 µm. The errors de-
pend strongly on the phase angle, with the maximum absolute
errors occuring near α = 0◦r: at 0.35 µm, the errors are about
0.02 (corresponding with about 4% for the cloudfree, vegetation
planet, and about 2.5% for the cloudy, vegetation planet). From
α = 0◦ to 50◦, neglecting polarization increases the fluxes; be-
tween 50◦ and 120◦, it decreases the fluxes; and at larger phase
angles, it increases them again.

The errors have a similar phase angle dependence, but are
smaller than those presented for gaseous planets by Stam &
Hovenier (2005). The errors are smaller because our Earth-like
atmosphere is optically much thinner than for a gaseous planet,
and hence less multiple scattering takes place. That, for an
Earth-like planet (with a total molecular scattering optical thick-
ness of about 0.1 at λ = 0.55 µm, see Table 1), the errors will
be smaller is also clear from Fig. 5 of Stam & Hovenier (2005),
which shows the errors due to neglecting polarization in plane-
tary albedos as functions of the atmospheric molecular scattering
optical thickness. For Earth-like exoplanets, the errors in calcu-
lated fluxes due to neglecting polarization appear to be too small
to detect with future flux measurements.
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