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Spectropolarimetry of Planet 
Earth allows to:

- constrain surface, atmosphere & cloud properties
- discriminate ocean, land and vegetated surface areas
- see the polarized sunglint reflected on water
- characterize Oxygen (Ozone)
- study Earth as a template for exo-Earths
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Fig. 12.— Polarization fractions. Planets of various surfaces are simulated with an Earth-
like atmosphere that is entirely clear (upper curves) or has clouds with Earth-like covering

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

specular-reflection component eliminated. Filled circles are data scaled from observations of
Earthshine (Dollfus 1957).

Dollfuss, 1957
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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. 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

Models of Earth’s Polarization
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The Moon as a Mirror



Observing Earthshine



Observing Date 25-Apr-2011:UT09 10-Jun-2011:UT01
View of Earth as seen from 

the Moon

12

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

Earthshine
7% 3%

tundra, shrub, ice and desert 
fraction in Earthshine

3% 1%

total cloud fraction in 
Earthshine

72% 50%

cloud fraction t > 6 42% 27%

Spectropolarimetry of ES: 



line vers. continuum
25-Apr-2011:UT09 10-Jun-2011:UT01

D. Stams model spectra (3nm resolution) agree qualitatively with the 
measurements (1nm): O2A strength, water, NDVI. 

Sterzik, M. F., Bagnulo, S. & Pallé, E. Biosignatures as revealed by spectropolarimetry of Earthshine. Nature 483, 64–66 (2012).



Spectropolarimetry of Earthshine

Stam 2008 (2D)

Sterzik et al., 2012 (FORS)

Weighted sum surfaces

Emde et al., 2017, A&A 605, A2

Ocean BPDF
2D surface from MODIS



Contribution of the Sun-Glint:
enhanced polarization
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Williams & Gaidos, 2008, Icarus: glint on exoplanets
McCullough, arXiv/0610518v1, 2006: models of 
polarized light from earth-like exoplanets

Emde et al., 2017, A&A 605, A2



Prospect of Earthshine Spectropolarimetry:
Understanding variability (temporal, spatial)

hours??



Prospect of Earthshine Spectropolarimetry:
High-resolution (O2)

Emde et al., 2017, A&A in press



Prospect of Earthshine Spectropolarimetry:
High-resolution (O2)



Transmission spectroscopy of O2 w/ ELT
Snellen et al., 2013, ApJ

Rodler, F., & López-Morales, M., 2014, ApJ



Spectropolarimetry of Planet 
Earth allows to:

- constrain surface, atmosphere & cloud properties
- discriminate ocean, land and vegetated surface areas
- see the polarized sunglint reflected on water
- characterize Oxygen (Ozone)
- study Earth as a template for exo-Earths
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Earth Cloud Systems


