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Polarimetric Signatures of Planet Earth
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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).
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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,

Models of the Earth’s Polarization
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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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THE MOON AS A MIRROR

4.4. Phase-curve slope at small phase angles

We have produced a series of lunar images near opposition
(excluding the eclipse phase). During their acquisition the direc-
tion of the photometric equator continuously changed by 180!,
and the direction of the phase angle trend over the lunar disk
was also rotated. Using this, one can separate the phase trend from
the albedo pattern. For instance, Fig. 7a shows a phase ratio of
equigonal albedo images Aeq(2.59!)/Aeq(!2.59!) obtained before
and after opposition (hereafter, a corresponds to phase angle of
the lunar disk center). The albedo variations are suppressed, but
due to variations of a over the lunar disk by up to 0.5!, one can

see a significant gradient of the phase ratio because the photomet-
ric equator directions on the two images are almost perpendicular
to each other.

We then estimate how much the phase-produced gradient de-
pends on the type of lunar surface. Fig. 7b shows a phase ratio of
equigonal albedo images 1.6!/2.7!. One can see that values of the
phase ratio are almost the same for mare and highland regions,
the difference being approximately 1%. More detailed study is im-
peded by the noise related to the lunar surface relief and Earth’s
atmosphere distortions. That is, in general, the lunar surface has al-
most equal slopes of the phase curve at phase angles 1.5–3!. Mean-
while, bright rayed craters (e.g., Tycho, Copernicus, Aristarchus)
are clearly visible as dark spots; i.e., these areas have smaller
slopes of phase function (mentioned craters are much larger than
possible error of image misregistration). Both mare and highland
young craters have phase ratios about 5% lower than their neigh-
boring regions. This is an unexpected result, as the craters are
rather bright and we could anticipate a manifestation of the coher-
ent backscattering enhancement effect resulting in the opposition
spike increasing at so small a. Thus, we expect either the albedo is
not high enough to provide the coherent spike or it is too narrow to
be revealed in the phase-angle range of 1.6–2.7!.

The similarity of the phase curves in the phase-angle range from
1.6! to 2.7! allows us to use the phase curve for the whole lunar
disk at small phase angles. We have converted our apparent albedo
images to the equigonal albedo and have clipped them, using only
angles i, e < 50! to avoid possible errors of the disk function near
the lunar limb and terminator. Then, applying the least-squares
method, we fit an equigonal albedo distribution at a fixed a and
simultaneously relative phase curve (the values in the range of
a = 1.4–3.2! with step 0.1!) using the entire series of lunar images.
This phase curve normalized with our absolute observations is
shown in Fig. 6 by crosses.

4.5. Approximation of phase curve

The phase curve of lunar brightness is monotonous and rather
boring, and can be approximated with different functions; for in-
stance, one can use a polynomial approximation (e.g., McEwen,
1996) or Hapke’s model (Hapke, 1993, 2002) for this purpose.
However, we prefer to apply a more simple and convenient expo-
nential presentation, because different mechanisms of the opposi-
tion light concentration can result in exponential phase functions
of the equigonal albedo due to the stochastic origin of the mecha-
nisms (Shkuratov, 1983; Akimov, 1988b). Nevertheless, approxi-
mating functions presented with one or a sum of two
exponentials (Akimov 1988b; Korokhin and Akimov, 1997;
Korokhin et al., 2007) describe the experimental phase curve data
in a wide range of a with insufficient accuracy. We here use a more
complicated approximating function with three exponentials:

AeqðaÞ ¼ A1e!l1a þ A2e!l2a þ A3e!l3a; ð13Þ

where A1, A2, A3, l1, l2, l3 are coefficients of the approximation; at
a = 0, A1 + A2 + A3 = Aeq(0). The natural question arises: why do we
use so many parameters to approximate so simple a monotonous
phase curve obtained with measurements? The answer is that the
approximation (13) suggests not only a formal description of exper-
imental data, but it also pretends to interpret them. We may con-
sider (13) as a semi-empirical model of the lunar phase curve
suggesting that:

(1) The first term (A1, l1) may approximately describes the non-
shadowing opposition spike (e.g., from the coherent back-
scattering enhancement) and has a maximal value of the
exponent.

Fig. 5. Apparent albedo (a) and equigonal albedo (b) maps for phase angle 22.2! and
wavelength 603 nm.
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Velikodsky, Y. I. et al. New Earth-based absolute photometry of the Moon. Icarus 214, 30–45 (2011).





SIGNAL AND BACKGROUND AT
THE LUNAR LIMB 



http://www.eso.org/public/news/eso1210/

FORS Earthshine Observations
2006: Circular Polarisation. Goal to detect CP signature of vegetation.

Negative results. Instead LP > CP x-talk instrument characterisation.
- Bagnulo et al., 2009, PASP 121, 993

2011: Linear Polarisation. Goal to detect biosignatures (O2, VRE).
- Sterzik, Bagnulo, Palle, 2012, Nature 483, 64)
- Emde, Buras, Sterzik, Bagnulo, 2017, A&A, in press

2012/13: Linear Polarisation. Full phase coverage. Goal to detect cloudbow.



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 τ > 6 42% 27%



Spectropolarimetry:
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).



MORE POLARIMETRY  OF ES 
No. 2] Earthshine Polarization Spectra 38-5

Fig. 3. Polarization spectra of Earthshine. Panels (a)–(e) are results from March 09 (! = 49ı), March 10 (60ı), March 11 (72ı), March 12 (84ı), and
March 13 (96ı), respectively. Error bars signify standard deviation in the observed sets. No error bar is shown in (a) because only one effective set was
obtained. Panel (f) is a plot of results for all the dates. Derived spectra are binned by 3 nm (5 pixels) to obtain a better S=N ratio. The results from
Sterzik, Bagnulo, and Palle (2012) on 2011 April 25 (! = 87ı, solid line) and 2011 June 10 (102ı, dashed line) are also plotted.

planet with our observation near a quadrature. For this purpose,
we needed to consider the effect of lunar reflection on the
polarized Earthlight spectrum. Lunar reflection does not add
polarization, because the Earth–Moon–Earth phase angle is

zero (Coffeen 1979). Instead, it depolarizes the polarized
Earthlight. Dollfus (1957) estimated the depolarization factor
to be ! 3.3. This evaluation was based on a comparison of
his optical polarimetric observations of ES with the roughly

Takahashi, J. et al. Phase Variation of 
Earthshine Polarization Spectra. Publications of 
the Astronomical Society of Japan 65, 38 (2013).

A. Bazzon et al.: Measurement of the earthshine polarization in the B, V, R, and I band as function of phase

Fig. 7. Fractional polarization Q/I and U/I of the earthshine measured for highland (top) and mare regions (bottom) for the four
different filters B, V, R and I (left to right). The solid curves are qmax sin2 fits to the data. The error bars give the statistical 1σ
noise ∆noise of the data whereas the mare I band data at phase angle 109.5◦ are additionally affected by a substantial systematic
offset ∆syst > 0.5 %. The dots in the V panel for the mare region indicate the measurements of Dollfus (1957) and a corresponding
qmax sin2 fit (dashed line) is also given.

and the estimated statistical 1σ uncertainties of the individual
data points ∆noise. The mare V band panel shows also the mea-
surements by Dollfus (1957) which are in good agreement with
our data.

Our earthshine data show a very good correlation between
the polarization taken simultaneously for the highland and mare
regions. Independent of color filter and phase angle the polariza-
tion for the mare region is a factor of 1.30± 0.01 higher than for
the highland region as illustrated in Figure 8.

Good correlations are also found between different colors
taken for the same observing date. When we plot the polariza-
tion (Q/I)es in the V, R and I band versus the polarization in the
B band (Fig. 9) we find that the ratios are independent of αE. We
get the ratios 0.72 ± 0.02, 0.49 ± 0.02 and 0.28 ± 0.05 for the
ratios of the polarization between V and B band, R and B band,
and I and B band respectively. Therefore, we conclude that to
first order we can assume the same shape for the polarization
phase curve for all wavelengths.

5.2. Fits for the phase dependence

The phase dependence of the earthshine polarization looks sym-
metric and can be well fitted with a simple qmax sin2(α) curve.
The model simulations by Stam (2008) for Earth-like planets

also support phase curves qmax sinp(α). She calculates polariza-
tion phase curves assuming a range of surface types (e.g. forest-
covered areas with Lambertian reflection, dark ocean with spec-
ular reflection) and cloud coverages. We find that the broad
shape of her model phase curves can be well fitted by curves
∼ qmaxsinp(α + α0) with p ≈ 1.5 − 3 and α0 ≈ 0◦ − 10◦.

Furthermore, she finds characteristic features at low phase
angles due to the rainbow effect and negative polarization at
large phase angles due to second order scattering. We cannot
assess the presence of such features because of the coarse phase
sampling of our data.

Besides the qmax sin2(α) curve we also tried functions with
more free parameters to fit the data, e.g. using a curve like
qmax sinp(α + α0) and varying the exponent p between values
of 1.5-3 and by introducing a phase shift α0. However, such fits
provide not a significantly better match to the data. Because our
data cover predominantly phase angles around quadrature the
shape of the phase curve is not very well constrained.

The derived qmax fit parameters for the different phase curves
are given in Table 2 together with the standard deviation of the
data points from the fit σd−f . For Q/I the typical σd−f is ≈ 0.2 %
in good agreement with the typical 1σ uncertainty of the individ-
ual data points ∆noise. The standard deviation of the derived U/I
values from the expected zero-value is only slightly higher and

7

Bazzon, A., Schmid, H. M. & Gisler, D. 
Measurement of the earthshine polarization in the 
B, V, R, and I band as function of phase. A&A 
556, 117 (2013).

Miles-Páez, P. A., Pallé, E., & Zapatero Osorio, M. 
R. (2014). Simultaneous optical and near-
infrared linear spectropolarimetry of the earthshine. 
Astronomy and Astrophysics, 562, L5. 



3D VRT models of Earthshine

Stam 2008 (2D)

Homogeneous planets

Emde et al., 2017, A&A in press (MYSTIC, 3D, ice clouds)

Ocean BPDF
2D surface from MODIS



Contribution of the Sun-Glint:
Ocean yields enhanced polarization

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

Robinson et al., 2014, ApJ: Ocean glint w/ LCROSS
Cowan et al., 2012, ApJL: latitude-albedo effect

Zugger et al., 2010, 2011, ApJ: polarized light curves
Cowan et al., 2009, ApJ: mapping ocean-bearing worlds
Williams & Gaidos, 2008, Icarus: glint on exoplanets
McCullough, arXiv/0610518v1, 2006: models of 
polarized light from earth-like exoplanets
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O2A-band Polarization of Skylight:
Diagnostic for clouds and aerosols

Boesche, E (2008): Polarization of skylight in the O2A band: effects of aerosol properties. Applied Optics, 47(19), 3467–3480.

thickness changes on the degree of linear polariza-
tion Ps within the O2A band. This is done for differ-
ent types of model atmospheres (see Fig. 6). The basic
atmosphere is a Rayleigh scattering atmosphere
with oxygen as the only absorbing gas. In this atmo-
sphere we place a boundary layer (BL), which com-
prises aerosols, and/or an elevated layer (EL),
which comprises aerosols or ice crystals (see Table 1
and 2). The boundary layer is located between 0 and
1km. The aerosol optical thickness of the boundary
layer is τBL ¼ 0:048, resembling clear sky conditions,
or τBL ¼ 0:350, resembling hazy sky conditions. The
elevated layer, with a geometric thickness of 1km, is
shifted through the atmosphere in steps of 2km. The
optical thickness of the elevated layer is τEL ¼ 0:03 or
τEL ¼ 0:10. Referring toC1 ice crystals this resembles
a range from subvisible to thin cirrus clouds [23]. The
surface albedo is chosen to be As ¼ 0:20.

1. Basic Atmosphere Plus an Elevated Scattering
Layer

Figure 7(a) shows Ps as a function of wavelength for
the basic model atmosphere with an added scattering
layer at different altitudes and for different types of
scatterers. The aerosol optical thickness of the ele-
vated layer is τEL ¼ 0:10. Furthermore, we included
Ps for pure Rayleigh scattering to illustrate the pro-
cesses (a) and (b) of Subsection 3.A, which describe
the effect on Ps by adding aerosol to a Rayleigh atmo-
sphere. To illustrate the influence of aerosol layer al-
titude changes on the degree of linear polarization in
the continuum Pc and within the absorption band Pb
in a more pronounced way, we show Pc and polariza-
tion difference Pb − Pc as function of the aerosol layer
altitude [see Fig. 7(b)]. The polarization inside the
O2A band can be larger or smaller than in the
continuum [see Subsection 3.A (d)]. This is indicated
by a change of the sign of Pb − Pc. The circles in
Fig. 7(a) indicate Pc, selected at 757:9nm and Pb, se-
lected at 760:6nm. Figure 7(b) shows Pc, marked by

an asterisk, and Pb − Pc as a function of altitude for
three different types of scatterers. As outlined in
Subsection 3.A (d), we find a decrease of Pb with in-
creasing aerosol altitude for all scatterers, while Pc
remains nearly unaffected if the scatterer is nonab-
sorbing. In case of the absorbing aerosol2, we see a
decrease of Pc with increasing aerosol altitude, as
outlined in Subsection 3.A (d). We also see that
the decrease of Pb is more pronounced for weakly po-
larizing scatterers, in this case aerosol2 and C1.

2. Basic Atmosphere Plus Boundary and Elevated
Scattering Layers

Figure 8 shows Pc and Pb − Pc as a function of aerosol
altitude for the basic model atmosphere with an

Fig. 6. Schematic representation of the model atmosphere. The
model atmosphere comprises molecules, aerosols, and ice crystals
(see Tables 1 and 2). The molecules are homogeneously mixed
throughout the atmosphere according to the pressure profile,
while the aerosols are located within the boundary layer, between
0 and 1km, and inside an elevated layer. The aerosols in the ele-
vated layer can be replaced by ice crystals and the altitude of the
elevated layer is variable between 2 and 16km. Furthermore, the
optical thicknesses of the boundary layer and the elevated layer
are variable. The atmosphere is bounded by a Lambertian surface.

Fig. 7. (a) Degree of linear polarization of the zenith skylight as a function of wavelength at a solar zenith angle of θ0 ¼ 65° for a pure
Rayleigh atmosphere and for an atmosphere including an elevated scattering layer at different altitudes. The elevated layer contains
different types of scatterers, while the boundary layer contains no aerosol. The surface albedo is As ¼ 0:20. The circles indicate continuum
polarization Pc, selected at 757:9nm, and O2A band polarization Pb, selected at 760:6nm. (b) Continuum polarization (asterisk) and dif-
ference between band and continuum polarization Pb − Pc as a function of the elevated layer altitude.
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atmosphere from incident sunlight. Thereforemost of
the light has been scattered at high altitudes,
whereas in the continuum no such shielding occurs.
Thus, if the polarization properties of the lower atmo-
spheric layers differ from those of the upper layers, a
change of polarization can occur between the polari-
zation in the continuum and the absorption band.
Aerosol layers could especially cause such a change.
Ground-based measurements of the polarization of
the clear zenith sky in the O2A band may offer infor-
mation on the aerosol altitude profile [1,2,5].
In this paper we analyze the sensitivity of the de-

gree of linear polarization of transmitted skylight
in the spectral region of the O2A band, between 755
and 775nm, to changes of aerosol altitude, aerosolmi-
crophysics, andaerosol optical thickness (in the tropo-
sphere and lower stratosphere), extending the above
mentioned work. To adequately study the effect of
aerosol altitude on polarization of skylight in the
O2A band, we combined two existing radiative trans-
fer methods to significantly improve the calculation
time while maintaining a high accuracy compared
to line-by-line simulations. As a spectral approxima-
tion technique we use the k-binning method, which
is similar to a k-distribution approach, but over-
comes shortcomings of a conventional k-distribution
[6,7]. We integrate this method in monochromatic
doubling-adding multiple scattering calculations,
including polarization, for vertically inhomogeneous
atmospheres. An advantage of our combined method
approach is that an implementation of a different
response function is straightforward and does not re-
quire anew set ofmultiple scattering simulations. For
our study we use spectral response functions with a
resolution of 0:36nm at full width at half-maximum
(FWHM) and an equal spacing of 0:21nm. As atmo-
spheric scatterers, we use Rayleigh scattering mole-

cules and spherical aerosols as well as nonspheri-
cal ice crystal particles, using Mie-theory and the
geometric-optics (GO) approximation.

In Section 2 the definition of relevant polarization
parameters, such as Stokes parameters, and the scat-
teringmatrix, are briefly discussed. Furthermore, we
describe our combined method for fast radiative
transfer simulations in absorption bands including
polarizationandgiveanerror estimationof thismeth-
od by comparing with accurate line-by-line radiative
transfer simulations. In Section 3 we show the sensi-
tivity of the degree of linear polarization of the zenith
skylight to aerosol altitude and aerosol optical thick-
ness within the O2A absorption band and for the ab-
sorption-free continuum. Furthermore, we show the
influence of the solar zenith angle, and spectral re-
sponse function on the degree of linear polarization
of the zenith skylight. The summary and conclusions
follow in Section 4.

2. Combined Method for Fast Simulations of the
Degree of Polarization in Absorption Bands

A. Stokes Parameters and Polarization

The state of polarization of a light beamcanbedefined
through the components of theStokes vector I [8,9], by
measuring the relative intensities Iα of the light beam
after it has passed through polarization devices at dif-
ferent orientation angles α of their transmission axes
[10]:

I ¼

0
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I
Q
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CCA ¼

0
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I0∘ þ I90∘
I0∘ − I90∘
I45∘ − I135∘
Iþ − I−

1

CCA; ð1Þ

where 0∘, 45∘, 90∘, and 135∘ denote the orientation

Fig. 1. Ground-based measurements of the degree of linear polarization Ps of the cloud free sky as a function of wavelength. (a) As
measured at the Institute for Space Sciences, in Berlin, Germany (52:5°N, 13:3∘ E) on 11 May 1994 with the spectrometer OVID (solid
line) with a spectral resolution of 2:0nm, and as measured on 24 June 1994 with the spectrometer HiRES (dotted line) with a spectral
resolution of 0:3nm [2]. Geometry on both days: solar zenith angle θ0 ≈ 40∘, viewing zenith angle θ ¼ 60∘, azimuth angle ϕ − ϕ0 ¼ 180∘, and
scattering angle Θ ¼ 100∘. (b) As measured at SRON, Utrecht, the Netherlands (52:1∘ N, 5:2∘ E) on 7 April 1997 with the spectrometer
GOMEBBMwith a spectral resolution of 0:33nm at a solar zenith angle of θ0 ¼ 79∘, viewing zenith angle of θ ¼ 0∘, and scattering angle of
Θ ¼ 79∘ (dotted line) [3], and as measured on 19 October 1993 at KNMI, in De Bilt, the Netherlands (52:1∘ N, 5:2∘ E) with a Jarrell Ash
Monospec 18 spectrometer with a spectral resolution of 0:3nm at a solar zenith angle of θ0 ¼ 66∘, viewing zenith angle of θ ¼ 0∘, and
scattering angle of Θ ¼ 66∘ (solid line) [1].

3468 APPLIED OPTICS / Vol. 47, No. 19 / 1 July 2008

after volcanic events. During the time of the mea-
surements (1993, 1994) the stratospheric optical
thickness was still increased due to effects of the
Pinatubo eruption (τstrat ≤ 0:05) [24]. However, this
alone is unlikely to have caused the observed low
Pb but might have influenced the measurements of
the degree of linear polarization in this period.

3. Dependence on Solar Zenith Angle and
Spectral Resolution

The results shown above pertain to zenith sky obser-
vations with θ0 ¼ 65∘. Figure 10 shows Ps as a func-
tion of wavelength for different solar zenith angles.
For solar zenith angles θ0 tending towards the zenith
(smaller scattering angle Θ), we find a decrease of Pc
(see also Fig. 4) [22]. Furthermore, we find that Pb
converges toward Pc [1]. The scattering angle differ-
ence can be an explanation of the considerably larger
differences of Pb − Pc observed by Preusker et al.
[Fig. 1(a) solid line], as compared to the observations
by Stammes et al. [Fig. 1(b) solid line]. Furthermore,
the results depend on the spectral resolution of the
spectrometer (see Fig. 11). A higher resolution pro-
vides a more detailed spectral fine-structure in the
polarization and thus the polarization effects, as
shown in this section, are more pronounced.

4. Conclusions and Outlook

In this paper we studied the influence of aerosol al-
titude, aerosol microphysics, and aerosol optical
thickness on the degree of linear polarization of
the zenith skylight in the spectral region of the
O2A band. We developed a combined method for fast
radiative transfer simulations in absorption bands
including polarization. As a spectral approximation
technique we used the k-binning method, and inte-
grated this method in monochromatic doubling-
adding multiple scattering calculations. For both
reflected and diffusely transmitted light we com-
pared the radiance and the degree of linear polariza-
tion as calculated using the combined method with

the results of accurate line-by-line simulations.
Furthermore, we corrected for the spectral depen-
dency of the scattering properties within the O2A
band. Based on the comparison we conclude that
the radiance error due to the assumptions of the
k-binning approach is smaller than 3.1% for both
the reflected and the transmitted radiation. For
the degree of linear polarization, this error is smaller
than 0.31% for reflected light and smaller than 0.11%
for transmitted light. These maximum errors hold for
instrument channels around 760nm. The errors are
smaller for other instrument channels.

Regarding the sensitivity of the degree of linear po-
larization of the zenith skylight within the O2A band
to changes of aerosol altitude and aerosol optical
thickness, we can conclude the following: Increasing
the altitude of an elevated aerosol layer within a

Fig. 10. Degree of linear polarization of zenith skylight as a function of wavelength for different solar zenith angles θ0 and different
altitudes of the elevated scattering layer. The elevated layer is shifted through the atmosphere from 2 to 16km in steps of two kilometers.
The surface albedo isAs ¼ 0:20. (a) BL comprises Aerosol1 and EL comprisesC1.Pb decreases with increasing altitude of the elevated layer.
(b) BL comprises Aerosol2 and EL comprises Aerosol1. Pb increases with increasing altitude of the elevated layer.

Fig. 11. Degree of linear polarization of zenith skylight as a func-
tion of wavelength at a solar zenith angle of θ0 ¼ 65∘ for two dif-
ferent spectral response functions and different altitudes of the
elevated scattering layer. The boundary layer comprises
Aerosol1 and optical thickness of τBL ¼ 0:048 and the elevated
layer comprises scatterer C1 with τEL ¼ 0:100. The elevated layer
is shifted through the atmosphere from 2 to 16km in steps of two
kilometers, resulting in a decrease of Pb with increasing altitude of
the elevated layer.
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To calculate Stokes parameters I, Q, and U, only
three intensity measurements at different polariza-
tion prism axis angles are needed. However, a
fourth measurement leads to an overdetermined
system of equations and to a redundancy that al-
lows a rough error estimation.43 The axis orienta-
tions of the FUBISS–POLAR polarization prisms
are 0°, 45°, 90°, and 135°. The optical front end also
comprises a four-quadrant diode to track the Sun
position. This information is used to correct the
alignment of the entrance optics by motors that are
mounted at the frame construction. Measurements

during a sky scan can be done continuously or at
defined directions. FUBISS–POLAR is able to scan
the principal plane or the almucantar within min-
utes, depending on the integration time, so that the
Sun’s relative position changes marginally. Since
FUBISS–POLAR measures the intensities I0°, I45°,
I90°, and I135° simultaneously, it can be used for mea-
surements of temporally varying objects. The system
works autonomously, i.e., it takes the variation of the
Sun’s position into account. These are important ad-
vantages compared with other polarization measure-
ment systems.44–47 From the investigation of the
random errors (signal-to-noise ratio and calibration
standard stability) and the systematic errors (pointing
error, fiber optics error, instrument polarization, and
polarization prism accuracy)27,43 the absolute polari-
metric accuracy is estimated to be 1% and the align-
ment error is estimated to be 0.5°.

5. Comparison of Measurements and Model Results
Here we compare the multiangle measurements of the
degree of polarization of skylight with the radiative
transfer simulations. Conclusions about the aerosol
refractive index, the aerosol size distribution, and the
fine mode fraction of the aerosol optical thickness
are drawn from the comparison. As an indication of
whether the derived aerosol size parameters were ori-
ented in the right direction, we looked at the spectral
behavior of the maximum degree of polarization (see
Fig. 8) and the Angström coefficient ! derived from
the sunphotometer measurements and the Mie simu-
lations. The Angström coefficient is the exponent
of a power-law fit to the aerosol optical thickness:
!aer!"" # "$%, or equivalently to the Mie extinction
cross section. Using only two wavelengths for deter-
mining !, we have % & #ln$!aer!"1"% $ ln$!aer!"2"%&'
$ln!"2" $ ln!"1"%. The smaller the Angström coeffi-
cient, the bigger the aerosol particle size.

The measurements were taken with the polarization
spectrometer FUBISS–POLAR described in Section 4.
The measurement site was located at Cabauw, The

Fig. 7. Setup of the polarization spectrometer FUBISS–POLAR.
The instrument measures Stokes parameters I, Q, and U simul-
taneously at each scan angle.

Fig. 8. Maximum degree of polarization as a function of wave-
length as measured at Cabauw, The Netherlands on 11 October
2004 at a solar zenith angle of '0 & 65° and on 8 May 2003 at a solar
zenith angle of '0 & 71°.

Table 5. Technical Data of the FUBISS–POLAR Polarization
Spectrometer

Characteristics
MCS–VISNIRa

(Zeiss)
MMS–UVVISb

(Zeiss)

Number of spectrometers 4 4
Number of channels 512 256
Spectral range 674–1082 nm 248–790 nm
Signal-to-noise ratio "8100 "10000
Wavelength accuracy

(absolute)
"0.6 nm 0.3 nm

Resolution (FWHM) 2.4 nm 7 nm
Field of view 4°
Sun tracker alignment

accuracy
0.07°

Measurement geometries Principal plane, almucantar,
zenith

aMCS, multichannel spectrometer; VISNIR, visible near infra-
red.

bMMS, monolithic miniature spectrometer; UVVIS, ultraviolet
visible.
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Prospect of Earthshine Spectropolarimetry:
High-spectral resolution (O2)

Emde et al., 2017, A&A in press
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High-spectral Resolution and Exoplanets

Snellen et al., 2010, Nature 465:1049

• At R = 100,000 molecular bands are resolved in 10’s of individual lines

• Strong doppler effects due to orbital motion of planet (up to >150km/s)

• Moving planetary lines discriminated from stationary stellar + telluric lines

CO in HD209458b (CRIRES)
- reveals planets orbital velocity
- solves for planet and stellar masses
- blueshifted CO: high-altitude winds? 



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

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



Prox b:  SPHERE and ESPRESSO ?!
Lovis et al., 2017, A&A



Towards characterising
a second Earth


