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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: 



25-Apr-2011:UT09 10-Jun-2011:UT01
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surface vegetation (NDVI/VRE): 10%

25%

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

cloud cover: 45% 

SP of ES allows recovery of cloud fraction, surface properties, and TOC height

<10%
top of cloud: 800 hPa

ocean clear: 45% 75%



Earth Cloud Systems



Earth Cloud Systems



Variety of Aerosols







Sea Spray Aerosols (SSA)



Sea Spray Aerosols (SSA)



Sea Spray Aerosols (SSA)

T. Wilson et al. Nature 525, 234-238 (2015): 
A Marine biogenic source of atmospheric ice-nucleating particles



Models of the Earth’s Polarization

Stam, D. M. Spectropolarimetric signatures of Earth-like extrasolar planets. A&A 482, 989–1007 (2008)

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

VRT calc. include
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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,

atmosphere
geometry 
surfaces

ocean

forest missing
inhomogenities
realistic clouds
aerosols/haze

realistic surfaces



MYSTIC 3D-vec. rad. transfer

         w/ C. Emde (Monte Carlo code for the phYSically correct Tracing of photons In Cloudy atmospheres)
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Fig. 4. Wavelength dependent flux F , polarization difference Q and degree of polarization P . The solid lines show MYSTIC calculations
and the error bars correspond to the standard deviation. The dotted lines show results by Stam (2008). Lambertian surfaces with albedos 0,
0.2 and 1.0 are compared. For ocean and land surfaces (forest, gras) the suface properties are not exactly the same (see text for details).

Fig. 5. Same as Fig. 4 zoomed into the O2A-band region.

Fig. 6. Simulation in NIR region for Lambertian surface albedo.

Emde, C., Buras, R. & Mayer, B. An 
efficient method to compute high 
spectral resolution polarized 
solar radiances using the Monte 
Carlo approach. Journal of 
Quantitative Spectroscopy and 
Radiative Transfer 112, 1622–
1631 (2011).
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Abstract. Due to scattering by molecules and small parti-
cles in planetary atmospheres radiation becomes polarized.
The spectropolarimetric signature can be measured with tele-
scopes like the VLT in Chile which is operated by the Eu-
ropean Southern Observatory. To interpret the measurements5

accurate polarized radiative transfer simulations are required.
In order to test which information about the planet can be
obtained from the spectropolarimetric signature, the earth-
shine has been measured. Now we may investigate whether
information about the Earth’s atmosphere and the land-10

surface/ocean distribution may be retrieved from these ob-
servations. We present highly sophisticated radiative trans-
fer simulations of these measurements taking into account
scattering by molecules, aerosol particles, as well as cloud
droplets and ice crystals. Furthermore polarization by surface15

reflection is considered. We use a Monte Carlo approach and
can simulate the full Earth’s atmosphere without approxima-
tions regarding the geometry, in particular it is also possible
to simulate inhomogeneous planets. The spectral dependence
is taken into account using an importance sampling method20

which makes the calculations very efficient. Polarization due
to multiple scattering is fully considered. We show that the
measurements are highly sensitive to aerosols and high ice
clouds, atmospheric components which to our knowledge
have not been considered before in earthshine simulations.25

We also investigate the accuracy of the commonly used ap-
proximation of taking a weighted mean of simulations for
various homogeneous planets to obtain the spectropolarimet-
ric signature for an inhomogeneous planet. Finally we com-
pare our simulations to observations taken at the VLT in30

Chile in 2010.

1 Introduction

Cite Stam papers and summarize what they have been simu-
lated and what was missing ...35

2 Methodology

brief section about Monte Carlo method with polarization
Emde et al. (2010)

fully spherical geometry

Fig. 1. Example calculation for a simulation of the earth as seen
by the moon. Surface albedo is taken from ECHAM model and the
simulation is done without atmosphere. The phase angle is 80°.

2 C. Emde et al.: Spectropolarimetric signatures of Earth-like planets

Fig. 2. Example calculation for a simulation of the earth as seen by
the moon for a homogeneous atmosphere for a phase angle of 0°.

Fig. 3. Example calculation for a simulation of the earth as seen by
the moon for a homogeneous atmosphere for a phase angle of 90°.

show image of simulation for geometry of 25 April 2011,40

include clouds, atmosphere, aerosol
ALIS Emde et al. (2011) show spectrum for example

above
REPTRAN Gasteiger et al. (2014)

Emde, C., Buras, R., Mayer, B. & 
Blumthaler, M. The impact of aerosols 
on polarized sky radiance: model 
development, validation, and 
applications. Atmos. Chem. Phys. 10, 
383–396–396 (2010).



MYSTIC 3D-vec. rad. transfer

6 C. Emde et al.: Spectropolarimetric signatures of Earth-like planets

Fig. 7. Wavelength dependent flux F , polarization difference Q and degree of polarization P . The solid lines show MYSTIC calculations and
the error bars correspond to the standard deviation. A Lambertian surface albedo of 0 is assumed. The aerosol mixtures have been defined
according to Hess et al. (1998); Emde et al. (2010).

Fig. 8. Same as Fig. 7 but for a green surface.
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Fig. 9. Sensitivity on cirrus cloud top height. The geometrical thickness of the cloud layer is 1 km. The optical thickness of the cloud at
550 nm is 2 and a general habit mixture as in Baum et al. (2005) is assumed. The underlying surface albedo is 0.

Fig. 10. Sensitivity on cirrus optical thickness. The cloud layer is placed at 10km–11km altitude. A general habit mixture as in Baum et al.
(2005) is assumed. The underlying surface albedo is 0.
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Fig. 9. Sensitivity on cirrus cloud top height. The geometrical thickness of the cloud layer is 1 km. The optical thickness of the cloud at
550 nm is 2 and a general habit mixture as in Baum et al. (2005) is assumed. The underlying surface albedo is 0.

Fig. 10. Sensitivity on cirrus optical thickness. The cloud layer is placed at 10km–11km altitude. A general habit mixture as in Baum et al.
(2005) is assumed. The underlying surface albedo is 0.



Spectro-Polarimetry of Planet 
Earth through Earthshine

(+) robust tool to retrieve integrated surface and 
atmospheric properties


(+) sensitive on biosignatures (VRE, O2, H2O) 


(-) restricted phase coverage


(-) improve lunar depolarisation models


(-) improve Earth VRT atmosphere/surface/haze modeling


(-) long shot towards biosignatures on exo-planets…


(+) SP of Planet Earth can constrain the design of future 
exo-Life machines


