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Backscatter on the Moon

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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Lunar Depolarization

- we used some 
flavor of Fox et al.

Fox, G. et al. Solar system observations by the Wisconsin Ultraviolet Photopolarimeter Experiment–III. The first ultraviolet linear 
spectropolarimetry of the Moon. Monthly Notices of the Royal Astronomical Society 298, 303–309 (1998).

have found that for areas on the Moon C1!!1.81 and
C2!0.72 at visual wavelengths, it has been shown that
Umov’s relationship is not strictly true for the Moon (Pelli-
cori 1969). It has also been shown that such a relationship
may still exist even when the observed polarization is not
Pmax, provided that the observations are taken at a large (but
fixed) phase angle, but at different wavelengths (Steigmann
1978; Hapke 1993).

In Fig. 4 the variation of log A with log P is shown for the
three observations. One can see that for the first two obser-
vations the relationship does appear to hold, except for the
shortest wavelengths (!"2125 Å) where a hook-like
feature can be seen. For the third observation the data
appear to be completely random.

The linear portion of the data (!#2225 Å) is empirically
given by

log A (!)!3.38!2.38 log P (!) (2)

for the first observation, and by

log A (!)!1.35!1.46 log P (!) (3)

for the second observation, with the albedo and polarization
given in per cent.

The abrupt end in the apparent relationship given by
equations (2) and (3) for wavelengths shorter than $2225 Å
indicates that a different scattering mechanism (surface
scattering rather than volume scattering) becomes import-
ant at shorter wavelengths.

If indeed Umov’s relationship holds for all large phase
angles (as indicated here), then the data can be written in
the general form of

log A (!)!C (V )!Cmax log[Pmax (!)!P0(V, !)], (4)

where Pmax and Cmax are the values obtained at the phase
angle at which the polarization is a maximum, and P0(V, !)
and C (V ) are offsets that depend on phase angle. This
generalized form of Umov’s relationship could prove useful
as a remote diagnostic tool for interpreting the nature of a
surface by comparison with laboratory values of Cmax,
Pmax(!), C (V ) and P0(V, !) for terrestrial samples.

3.2 Depolarization factor

A simple model that has been used successfully to explain
the polarization of solid bodies is the puka (pit) model by
Steigmann (1978). Steigmann (1978) showed that for a
Fresnel reflecting surface, when only single or double scat-
tering is important, the polarization could be written in the
form of

P!
P (V )

1%R2 ! !!0"
q
!

P (V )

1%!!!1"
q
, (5)

which is the polarization P (V ) at phase angle V, due to
single or double scattering, modified by a depolarization
factor. Here R2 is a constant, !0 is a reference wavelength, q
is a power index describing how the depolarization factor
varies with wavelength, and !1!!0R

1/q
2 . In principle, we

could use Steigmann’s model to evaluate P (V ). In order to
do so, however, one needs to know the refractive index of
the material and how pitted the surface is. Since these
values will vary from site to site, we will simply attempt to fit
equation (5) to the data, and solve for the free parameters
P (V ), !1 and q. For equation (5) to fit the observations
meaningfully, only P (V ) may be vary for the three obser-
vations.

A "2 fit to the polarization data (Fig. 2) was performed. It
was found that q!1.2 and !1!1200 Å for all the observa-
tions, and P (56 °. 9)!50 per cent, P (33 °. 5)!18 per cent and
P (3 °. 7)!!2.2 per cent (with the negative sign indicating
negative polarization). The best fits to the data using these
values are illustrated in Fig. 2. One can see that the fit is
excellent longward of 2125 Å, but is always systematically
lower than the observed polarization shortward of 2125 Å,
where both the polarimetry and albedo data (Figs 1–3)
suggest that the dominant scattering mechanism changes.
(It should be noted, however, that to within 3# the points
shortward of 2125 Å the points are not significantly dif-
ferent from the predicted curve.)
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Figure 4. Log A–log P plot for each observation (both A and P are
in per cent, and P is the absolute value of the polarization). For
clarity, only a sample number of error bars are shown. For the first
two observations, error bars are shown at the longest observed
wavelength. The errors in both log P and log A are shown; however,
the error in log P is smaller than the point size. The error bars are
similar at all other points. In the third observation the error on the
reddest observation is again shown, but in addition to this another
point has error bars included, it being the point with the largest
error, to give an indication as to the possible range in error associ-
ated with each point. The first two observations show that Umov’s
relationship holds at large phase angles when !#2225 Å. A
characteristic hook-like feature is present at shorter wavelengths.
The third observation shows that there is no correlation between
albedo and polarization at small phase angles.

Since the fit is excellent for each of the observations
longward of 2125 Å, this would indicate that perhaps
Fresnel reflection is the cause of polarization. According to
Steigmann’s model the polarization is due to single scatter-
ing from a smooth surface for the first two observations and

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

Fig. 12. Depolarization corrected polarization phase curves of Earth in the B, V, R, and I bands. The solid line indicates the mean of
the mare (dashed) and highland (dash-dot) results based on the polarization efficiency correction derived in this work.

efficiency log ϵ as function of log a603, the albedo at 603 nm, and
log λ for the wavelength

log ϵ(λ, a603) = −0.61 loga603 − 0.291 logλ[µm] − 0.955 . (9)

For this fit the wavelength dependence of the albedo has been
assumed to be according to Eq. 8 and it was normalized to
603 nm. By fitting the red data points we find the logarithmic
slope −0.61± 0.04 between the polarization efficiency ϵ and the
albedo ared which we also adopt for the blue data points. Finally,
by fitting over the red and blue points separately we determine
the other two parameters −0.291 and −0.955. The resulting rela-
tion for the linear polarization efficiency as function of the nor-
mal albedo at 1◦ is shown in Fig. 11 for the B, V, R, and I band.

For the derivation of the albedos of our measurement re-
gions we used the results of Velikodsky et al. (2011) who present
maps of lunar apparent and equigonal albedos at phase angles
1.7◦−73◦ at wavelength 603 nm.We extrapolated their results to
a phase angle of 1◦ and we get albedos a#1(603 nm) = 0.11±0.01
and a#2(603 nm) = 0.21 ± 0.01. The resulting polarization effi-
ciencies ϵ#1(λ, a603) and ϵ#2(λ, a603) are listed in Table 2 for the
B, V, R, and I band and shown in Figure 11 giving the ϵ(λ, a603)
fits. Overall we estimate the uncertainty of the derived polariza-
tion efficiency to be in the order of ∆ϵ ≈ ±3 %.

The main uncertainty of this derivation stems from the un-
certainty in the above mentioned albedo conversion from α = 5◦
into albedos corresponding to 1◦ phase angle where the con-
version factor 1.25 ± 0.05 leads to an uncertainty of the po-
larization efficiency of about ∆ϵ = ±1.5 %. To significantly
improve the determination of ϵ accurate lunar albedo maps
for back-scattering geometry are required. This is because for
back-scattering at ≈ 1◦ reflection is strongly influenced by the
opposition effect of the lunar surface, i.e. a steep brightness
surge due to coherent backscattering and shadow-hiding (e.g.
Shkuratov et al. 2011 and references therein). In addition to that
the Hapke et al. (1993, 1998) sample might not be representative
for the surface properties of the Moon.

The logarithmic slope−0.61±0.04 is better constraint for the
low albedo samples and it introduces an uncertainty ∆ϵ = ±1 %
towards the higher albedo samples. Moreover, the logarithmic
relation might not be valid over the complete albedo range be-
tween aλ = 0.09 − 0.19 and two slopes, one for the maria and
one for the highlands, might be necessary. However, based on

the available samples this is not obvious and one log fit may not
be the best representation of the data. More direct measurements
of the polarization efficiency of the lunar back-scattering are re-
quired to reduce this source of uncertainty.

7. Polarization of planet Earth
7.1. Fractional polarization derived from the earthshine

In Figure 12 we present the depolarization-corrected polariza-
tion phase curves of planet Earth in the B, V, R, and I bands
and the corresponding corrected fit parameters qmax,corr are listed
in Table 2. For the B band we obtain a maximum polarization
of about 25 % which decreases with wavelength to about 8 %
in the I band. For perfect measurements and perfect polarization
efficiency corrections the same Earth polarization qmax,corr values
should be obtained for the mare and highland regions. We note
that the corrected highland results are systematically higher than
the mare results by a factor of about 1.1 for the B, V, R bands
and 1.4 for the I band. This reflects also the uncertainty in our de-
termination of the polarization efficiency of the back-scattering
∆ϵ ≈ ±3 % derived in Section 6.

7.2. Comparison with previous measurements

In Fig. 7 we compare our earthshine measurements with the pio-
neering study of Dollfus (1957), who obtained his data with vi-
sual observations using a “fringed-field polariscope”. The agree-
ment with our V band phase curve for the mare region is excel-
lent. If we apply qmaxsin2 fits (see Sect. 5.2) to both data sets the
quadrature signals only differ by 0.8 %. The small deviations
between Dollfus (1957) and us can be explained by different
mare regions observed and the expectedly non-equal effective
wavelengths of the two completely different types of measure-
ments. For one night at α ≈ 100◦ Dollfus (1957) reports also
the earthshine polarization in two filters, namely p = 5.4 % for
0.55 µm (V’ band) and 3.5 % for 0.63 µm (R’ band). The ratio
pV ′/pR′ = 1.54 is again in excellent agreement with our polariza-
tion ratio qmax,V/qmax,R = 1.47. This indicates that the filters used
by Dollfus (1957) must match quite well our filter pass bands.

The spectral dependence of the earthshine polarization ob-
served with a spectral resolution of 3 nm was recently published
by Sterzik et al. (2012). These sensitive spectro-polarimetric

10

- Bazzon et al.

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, 117-131 (2013).

- Dollfuss
Dollfus, A. Étude des planètes par la polarisation de leur lumière. Supplements aux Annales d'Astrophysique 4, 3–114 (1957).
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Polarimetric Signatures of Planet Earth

McCullough, P. R. Models of Polarized Light from Oceans and Atmospheres of Earth-like Extrasolar Planets. arXiv astro-ph, (2006).

Williams, D. M. & Gaidos, E. Detecting the glint of starlight on the oceans of distant planets. Icarus 195, 927–937 (2008).

– 27 –

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

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

specular-reflection component eliminated. Filled circles are data scaled from observations of
Earthshine (Dollfus 1957).
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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
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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 (Spectro-)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&A 562, L5 (2014)
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Fig. 3. Our visible and NIR spectropolarimetric measurements of the
earthshine compared to literature data. A 10-pixel binning was applied
to the NIR spectrum of region B. The uncertainty per wavelength is plot-
ted as vertical gray error bars. Wavelengths of strong telluric absorption
have been removed. Some molecular species seen in “emission” (in-
dicative of strong atmospheric flux absorption and less multiscattering
processes occurring at those particular wavelengths) are labeled. The
vertical dashed line separates the ALFOSC and LIRIS data.

We compare our measurements with data from the literature
in Fig. 3. To improve the quality of the NIR linear polarization
degree spectrum of region B, we applied a ten-pixel binning in
the spectral dimension. Overlaid in Fig. 3 are the optical p∗ val-
ues obtained at a spectral resolution of 3 nm and for two sep-
arated dates by Sterzik et al. (2012), and the broadband filter
measurements of Moon highlands and maria made by Bazzon
et al. (2013) for a Sun-Earth-Moon phase angle similar to ours.
All optical data display a qualitatively similar pattern (previously
discussed), but they differ quantitatively in the amount of polar-
ization per wavelength and the spectral slope. The spectral slope
of Sterzik et al. (2012) and Bazzon et al. (2013) data is steeper
than the ALFOSC spectrum, while our measurements and those
of Takahashi et al. (2013, see their Fig. 3) display related de-
clivity. These differences may be understood in terms of distinct
lunar areas explored by the various groups and different observ-
ing dates. Sterzik et al. (2012) attributed the discrepancies of
their two spectra solely to the time-dependent fraction of Earth
clouds, continents, and oceans contributing to the earthshine.
Our simultaneous NIR spectra of regions A and B support the
conclusion of Bazzon et al. (2013) that linear p∗ values may also
partially depend on the exact location of the Moon observed.

Despite the featureless appearance of the polarimetric spec-
trum of the Earth, some signatures are still observable at the
level of ≥3σ and at the resolution and quality of our data. The
most prominent molecular features have been identified as la-
beled in Fig. 3: the optical O2 at 0.760 µm (previously reported
by Sterzik et al. 2012), H2O in the intervals 0.653−0.725µm
and 0.780−0.825µm and the NIR H2O at 0.93µm and 1.12 µm
and O2 at 1.25 µm, the last two reported here for the first time.
Linear polarization is higher inside deep absorption molecular
bands because strong opacity leaves only upper atmospheric lay-
ers to contribute significantly to the observed flux, thus reducing
multiple scattered photons with respect to single scattered ones.
As discussed by Sengupta (2003) and Stam (2008), single scat-
tering produces more intense polarization indices than multiple
scattering events. The presence of the O2 A-band at 0.760 µm
and H2O at 0.653−0.725µm, 0.780−0.825µm, and 0.93 µm in
the Earth spectropolarimetry has already been predicted by Stam
(2008). These authors stressed the sensitivity of the A-band po-
larization index to the planetary gas mixing ratio and altitude of
the clouds. Interestingly, the peak of the linear polarization at the
center of the 1.12-µm H2O band is ∼2.7 times greater than the

values of the surrounding continuum, i.e., similar in intensity
to the blue optical wavelengths. Even more important should
be the linear polarization signal of water bands at ∼1.4 µm
and ∼1.9 µm, which unfortunately cannot be characterized from
the ground due to strong telluric absorption. Spectropolarimetric
models of the Earth, guided by the visible and NIR observations
shown here, could provide hints to their expected polarization
values.

To this point, we presented earthshine p∗ values as measured
from the light deflection on the Moon surface. However, this
process introduces significant depolarization due to the back-
scattering from the lunar soil (Dollfus 1957); the true linear
polarization intensity of the planet Earth is actually higher. At
optical wavelengths, the depolarization is estimated at a fac-
tor of 3.3λ/550 (λ in nm) by Dollfus (1957), making true po-
larization fall in the range 26−31%. We are not aware of any
determination of the depolarization factor for the NIR in the
literature. The extrapolation of Eq. (9) by Bazzon et al. (2013)
toward the NIR yields corrections of ∼×2.2−× 3.3 for the wave-
length interval 0.9−2.3 µm, implying that the true linear polar-
ization intensity of the Earth may be ∼9−12% for the NIR con-
tinuum, and ∼12−36% at the peak of the O2 (1.25µm) and
H2O (1.12µm) bands. The extrapolation of Dollfus (1957) depo-
larization wavelength dependency toward the NIR would yield
even higher true polarization values by a factor of ∼4. Further
modeling efforts are needed to confirm these features, which
may become a powerful tool for the search for Earth-like worlds
and their characterization in polarized light.
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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
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Fig. 13. Top: Earthshine polarization results at quadrature for
maria (∗) and highlands (+). The thin lines give the Sterzik et al.
(2012) spectro-polarimetry for waning (dashed) and waxing
(dotted) moon at Earth phases 87◦ and 102◦ respectively and the
Takahashi et al. (2013) spectro-polarimetry (dash-dot) at 96◦.
The circles are the Dollfus (1957) values qmax from Fig. 7 (filled)
and two additional observations at Earth phase ≈ 100◦ (open).
2nd panel: Earth polarization pE from Table 3 (⋄) compared to
the POLDER/ADEOS results of Wolstencroft & Breon (2005)
(×) and two Stam (2008) models with 40 % (dash-dot) and 60 %
(dash-dotdot) cloud coverage. Bottom two panels: spectral re-
flectivity of Earth fE and polarized reflectivity of Earth pE × fE.

data reveal weak, narrow features of the planet Earth due to O2
and H2O on a smooth polarization spectrum decreasing steadily
from the blue towards longer wavelengths. They present mea-
surements for two epochs with phase angles α = 87◦ for a wan-
ing moon phase and α = 102◦ for the waxing moon phase.
For the waning moon case they obtained an earthshine polar-
ization of about pB = 12.1 % in the B band, pV = 7.7 % in V,
pR = 5.6 % in R, and pI = 3.9 % in I, and a significantly higher
polarization for the waxing moon phase with pB = 16.6 %,
pV = 9.7 %, pR = 8.0 %, pI = 6.7 % as plotted in Fig. 13.

Unfortunately it is not clear whether they measured the back-
scattering frommaria or highlands. Sterzik et al. (2012) attribute
the polarization differences between the two epochsmainly to in-
trinsic differences of the polarization of Earth because the earth-
shine stems from different surface areas and were taken for days
with different cloud coverage. Considering our polarization val-
ues for highlands and maria then it could be possible that the
differences measured by Sterzik et al. (2012) are at least partly
due to the mare/highland depolarization difference (or surface
albedo difference).

Another spectra-polarimetric observation of the earthshine
was published by Takahashi et al. (2013). They also find a rise
of the fractional polarization of the earthshine towards the blue
but with a much flatter slope. Unfortunately they do not re-
port whether their results were obtained from maria or high-
lands either. Therefore, only a qualitative comparison with our
data can be made. The observations of Takahashi et al. (2013)
are conducted at 5 consecutive nights and cover phase angles
α = 49◦ − 96◦. In the blue they find that the maximum polariza-
tion is reached at α ≈ 90◦. However, for wavelengths > 600 nm
the polarization keeps increasing up to and including their last
measurement at α = 96◦. They conclude that the phase with
the highest fractional polarization αmax is shifted towards larger
phase angles which could be explained by an increasing con-
tribution of the Earth surface reflection. In our data we do not
see this shift but neither can we exclude it because we were not
able to derive meaningful data due to the very strong stray light
from the moonshine and the weak signal from the earthshine.
In this regime our linear extrapolation method to subtract the
background stray light from the earthshine signal introduces a
strong systematic overestimate ∆syst of the result (see Sect. 4.2).
Takahashi et al. (2013) also use a linear extrapolation method to
determine the earthshine polarization but unfortunately they do
not describe their data reduction in detail. Therefore, consider-
ing the limitations of our linear extrapolation, it could be possi-
ble that the shift of αmax reported by Takahashi et al. (2013) is
due to the strong stray light at phase angles > 90◦.

Overall, the spectral dependence of the polarization of
Sterzik et al. (2012) and Takahashi et al. (2013) is qualitatively
similar to our measurements but the level and slope of the frac-
tional polarization differ quantitatively. Because Sterzik et al.
(2012) and Takahashi et al. (2013) provide no information about
the lunar surface albedo for their measuring area and do not as-
sess the stray light effects from the bright moonshine their results
cannot be used for a quantitative test of our results. The spectral
slope of Sterzik et al. (2012) is slightly steeper than ours while
the slope of Takahashi et al. (2013) is slightly flatter.

For an assessment of the polarization efficiency for the lu-
nar back-scattering we used literature data for polarimetric mea-
surements of lunar samples by Hapke et al. (1993, 1998) and we
derive a wavelength and surface albedo dependent polarization
efficiency relation ϵ(λ, a603) which gives for mare in the V band
ϵ(V, 0.11) = 50.8 %. This value is significantly higher than the
33 % derived by Dollfus (1957) which he based on the analy-
sis of volcanic samples from Earth used as a proxy for the lu-
nar maria. Because of this, the Earth polarization derived in this
work is much lower than the value given in Dollfus (1957). We
are not aware of other studies on the polarization efficiency ϵ for
the lunar back-scattering. Relying the determination of ϵ on real
lunar soil is certainly an important step in the right direction for
a more accurate determination of the polarization of Earth.

Very valuable are the reported Earth polarization values from
Wolstencroft & Breon (2005) based on direct polarization mea-
surements with the POLDER instrument on the ADEOS satel-
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(dotted) moon at Earth phases 87◦ and 102◦ respectively and the
Takahashi et al. (2013) spectro-polarimetry (dash-dot) at 96◦.
The circles are the Dollfus (1957) values qmax from Fig. 7 (filled)
and two additional observations at Earth phase ≈ 100◦ (open).
2nd panel: Earth polarization pE from Table 3 (⋄) compared to
the POLDER/ADEOS results of Wolstencroft & Breon (2005)
(×) and two Stam (2008) models with 40 % (dash-dot) and 60 %
(dash-dotdot) cloud coverage. Bottom two panels: spectral re-
flectivity of Earth fE and polarized reflectivity of Earth pE × fE.
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and H2O on a smooth polarization spectrum decreasing steadily
from the blue towards longer wavelengths. They present mea-
surements for two epochs with phase angles α = 87◦ for a wan-
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ization of about pB = 12.1 % in the B band, pV = 7.7 % in V,
pR = 5.6 % in R, and pI = 3.9 % in I, and a significantly higher
polarization for the waxing moon phase with pB = 16.6 %,
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the polarization differences between the two epochsmainly to in-
trinsic differences of the polarization of Earth because the earth-
shine stems from different surface areas and were taken for days
with different cloud coverage. Considering our polarization val-
ues for highlands and maria then it could be possible that the
differences measured by Sterzik et al. (2012) are at least partly
due to the mare/highland depolarization difference (or surface
albedo difference).

Another spectra-polarimetric observation of the earthshine
was published by Takahashi et al. (2013). They also find a rise
of the fractional polarization of the earthshine towards the blue
but with a much flatter slope. Unfortunately they do not re-
port whether their results were obtained from maria or high-
lands either. Therefore, only a qualitative comparison with our
data can be made. The observations of Takahashi et al. (2013)
are conducted at 5 consecutive nights and cover phase angles
α = 49◦ − 96◦. In the blue they find that the maximum polariza-
tion is reached at α ≈ 90◦. However, for wavelengths > 600 nm
the polarization keeps increasing up to and including their last
measurement at α = 96◦. They conclude that the phase with
the highest fractional polarization αmax is shifted towards larger
phase angles which could be explained by an increasing con-
tribution of the Earth surface reflection. In our data we do not
see this shift but neither can we exclude it because we were not
able to derive meaningful data due to the very strong stray light
from the moonshine and the weak signal from the earthshine.
In this regime our linear extrapolation method to subtract the
background stray light from the earthshine signal introduces a
strong systematic overestimate ∆syst of the result (see Sect. 4.2).
Takahashi et al. (2013) also use a linear extrapolation method to
determine the earthshine polarization but unfortunately they do
not describe their data reduction in detail. Therefore, consider-
ing the limitations of our linear extrapolation, it could be possi-
ble that the shift of αmax reported by Takahashi et al. (2013) is
due to the strong stray light at phase angles > 90◦.

Overall, the spectral dependence of the polarization of
Sterzik et al. (2012) and Takahashi et al. (2013) is qualitatively
similar to our measurements but the level and slope of the frac-
tional polarization differ quantitatively. Because Sterzik et al.
(2012) and Takahashi et al. (2013) provide no information about
the lunar surface albedo for their measuring area and do not as-
sess the stray light effects from the bright moonshine their results
cannot be used for a quantitative test of our results. The spectral
slope of Sterzik et al. (2012) is slightly steeper than ours while
the slope of Takahashi et al. (2013) is slightly flatter.

For an assessment of the polarization efficiency for the lu-
nar back-scattering we used literature data for polarimetric mea-
surements of lunar samples by Hapke et al. (1993, 1998) and we
derive a wavelength and surface albedo dependent polarization
efficiency relation ϵ(λ, a603) which gives for mare in the V band
ϵ(V, 0.11) = 50.8 %. This value is significantly higher than the
33 % derived by Dollfus (1957) which he based on the analy-
sis of volcanic samples from Earth used as a proxy for the lu-
nar maria. Because of this, the Earth polarization derived in this
work is much lower than the value given in Dollfus (1957). We
are not aware of other studies on the polarization efficiency ϵ for
the lunar back-scattering. Relying the determination of ϵ on real
lunar soil is certainly an important step in the right direction for
a more accurate determination of the polarization of Earth.

Very valuable are the reported Earth polarization values from
Wolstencroft & Breon (2005) based on direct polarization mea-
surements with the POLDER instrument on the ADEOS satel-
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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,
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Fig. 4. Wavelength dependent intensity I, polarization di↵erence Q and degree of polarization P. The solid lines show MYSTIC calculations and
the error bars correspond to the standard deviation. The dashed 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).

upper plots of Fig. 6 show a simulation performed at a spec-
tral resolution of 0.01 nm. The absorption coe�cients were ob-
tained using the ARTS (Atmospheric Radiative Transfer Simu-
lator) line-by-line model (Eriksson et al. 2011). For this calcula-
tion the standard midlatitude-summer atmosphere by Anderson
et al. (1986) was used.

In order to obtain the correct result, we need to average the
high spectral resolution data over the instrument filter function.
The result of the convolution with the filter function (see Fig. 5)
is shown in red. The bottom plot shows the same spectral region
for di↵erent spectral resolutions calculated using absorption pa-
rameterizations. For REPTRAN three resolutions are available:
fine (1 cm�1 corresponding to ⇡0.05 nm at 760 nm), medium
(5 cm�1 corresponding to ⇡0.3 nm), and coarse (5 cm�1 corre-
sponding to ⇡1 nm). The data by Stam (2008) is available on a
1 nm grid but it is obviously averaged over a wider wavelength
range. In the Stam data, the oxygen-A band is visible only as one
peak with maximum absorption at 762 nm whereas for REP-
TRAN in all resolutions we see both parts of the O2-A band
with maxima at 761 nm and 763 nm respectively. The degree
of polarization depends much on the spectral resolution, it de-
creases with coarser resolution due to averaging. For REPTRAN
in coarse resolution which is similar to the telescope spectral re-
sponse function we obtain a maximum of about P=0.3, whereas
in the Stam data the maximum is smaller than 0.1. We find that
REPTRAN with coarse resolution matches the accurate simula-
tion with the real instrument filter function quite well, hence we
will use this parameterization for the analysis of the full spectral
range.

Fig. 7 shows measured polarization spectra in the O2A band
region. Obviously the strengths of the O2A band is much less
(�P ⇡3%) than in our simulation shown in Fig. 6, it seems that
the measurement fits better to the data by (Stam 2008). However
the simulation is for a clear-sky atmosphere without aerosols and
clouds, we will now investigate the impact of those components
on polarization spectra of the Earthshine.

4. Simulation of polarized Earthshine spectra for
various atmospheric components

4.1. Aerosols

Fig. 8 shows simulations for various standard aerosol mixtures
(desert, continental average, maritime clean) which have been
defined according to the OPAC (Optical Properties of Aerosols
and Clouds) database (Emde et al. (2016) and Hess et al. (1998)).
For all simulations in this and the following sections we in-
cluded the midlatitude-summer atmosphere by Anderson et al.
(1986). The top row is for a completely green planet. The po-
larization spectra clearly show the vegetation step at 700 nm,
this is the expected result because typical aerosol profiles have
relatively small optical thickness smaller than 0.5 and the sur-
face is well visible. Compared to the clear sky simulation the

Fig. 7. Measurements of the degree of polarization in the O2A band.
This figure shows the same data as Fig. ?? zoomed into the spectral
range from 755 to 775 nm.
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25 April 2011, 9:00 UTC 10 June 2011, 1:00 UTC
sun 13�N, 45�E 23�N, 165�E
moon 15�S, 39�W 5�S, 95�W

Table 1. Positions of sun and moon used for the simulations.

(2011). Polarization has been implemented by using a combina-
tion of various methods, the details have been described in Emde
et al. (2010). The local estimate method (Marchuk et al. 1980;
Marshak & Davis 2005) has been adapted to account for polar-
ization, this is essential for accurate radiance simulations. An
importance sampling method is used to sample the photon direc-
tion after scattering or surface reflection. Sophisticated variance
reduction methods are included (Buras & Mayer 2011) which
allow to calculate unbiased radiances for scattering media char-
acterized by strongly peaked phase functions without any ap-
proximations.

MYSTIC has been validated against benchmark data and
in model intecomparison studies, the implementation of polar-
ization was in particular validated in Emde et al. (2015) and
Kokhanovsky et al. (2010), where MYSTIC agreed to most
other vector codes (including discrete ordinate and doubling-
and-adding approaches) within its standard deviation. Of parti-
clular relevance for the simulation of polarized spectra is an im-
portance sampling method (Emde et al. 2011), which allows the
calculation of full spectra by tracing photons at only one wave-
length. The method can be applied to calculate broadband spec-
tra in moderate resolution or small regions in very high spectral
resolution. This method makes it possible to simulate e.g. polar-
ized earthshine spectra in reasonnable computational time.

2.2. Simulated pictures of the Earth as seen by the Moon

In order to demonstrate our geometrical setup, we simulate the
Earth as it would be seen by an observer on the moon.

As input we provide the position of the moon with respect
to the Earth (latitude and longitude, distance) and the position
of the sun. Tab. 1 shows the positions that were used for the
simulations, these setups correspond to the configurations on 25
April 2011 and on 10 June 2011, when Earthshine spectra have
been measured by Sterzik et al. (2012).

Further we need to define the field of view of the sensor so
that it includes the Earth, and the spatial resolution of the sensor,
which was set to 500 times 500 pixels for this example.

We used the MODIS surface albedo dataset (Schaaf et al.
2002) to specify the Lambertian surface albedo at three channels
which can be used to generate a false color composite. The cho-
sen channels are centered at 1.640 µm (red), 0.859 µm (green),
and 0.645 µm (blue), this false color representation is com-
monly used to visualize data of the SEVIRI instrument located
on the geostationary satellite MSG (Mesteosat Second Gener-
ation). Fig. 1 shows the result of a simulation without atmo-
sphere. We nicely can see vegetation in green, desert in light
brown, and mountains in dark brown. Ice and snow appear cyan
in the chosen false color scheme. The ocean appears black be-
cause these simulations are without atmosphere. The ocean sur-
face does not reflect radiation, the blue appearance of the Earth
is due to Rayleigh scattering in the molecular atmosphere. The
polar ice is not included in the MODIS albedo dataset, hence the
poles are not visible in the pictures.

Figs. 1 and 2 show simulations with molecular atmosphere
(US standard atmosphere by Anderson et al. (1986)) at a wave-
length of 859 nm, where we expect to see vegetation. Now we

Fig. 1. Example simulations of the earth (without atmosphere) as seen
by the moon. The figure shows a false color composite, red corresponds
to 1.6 µm, green to 0.8 µm (green), and blue to 0.6 µm. The configura-
tions correspond to the dates when Earthshine spectra have been mea-
sured (Sterzik et al. 2012).

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�.

perform the simulations including a molecular atmosphere, the
US-standard atmosphere as defined by Anderson et al. (1986).
We calculate an image with only 20x20 pixels because the sim-
ulation including multiple scattering takes significantly more
computational time than the simulation without atmosphere. We
show the result at a phase angle of 0� (Fig. 2, sun and moon at
0� N, 0� E) and at 90� (Fig. 3, sun at 0� N, 90� E and moon
at 0� N, 0� E). Rayleigh scattering in the molecular atmosphere
polarizes the incoming unpolarized solar radiation, with a maxi-
mum degree of polarization at a scattering angle of 90�.

On average the degree of polarization at a phase angle of
0� is expected to be close to 0. Fig. 2 shows the Stokes vector
components I, Q, and U, as well as the degree of polarization

defined as P =

p
Q

2+U

2+V

2

I

. The total intensity I (unpolarized ra-
diance) nicely shows the earth surface. The Stokes components
Q and U do not show the surface, because for the simulation we
assumed that the surface is a Lambertian reflector which by def-
inition is not polarized. In reality surface reflection does cause
polarization, in particular in the sun glint region over the ocean
but also in the backscatter region above land surfaces. Now when
we look at the patterns of Q and U in Fig. 2 we see that they are
symmetric with positive and negative signs. The maxima are at
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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�.

the limb of the Earth where the scattering angle is the largest.
The magnitude of Q and U is four orders of magnitude smaller
than the intensity. Now, when we average over all pixels, which
corresponds to a measurement of the planet as a whole, Q and
U become 0. Molecular scattering does not cause circular polar-
ization, therefore V (not shown) is exactly 0 in the whole image.
The degree of polarization at a phase angle of 0� is thus exactly
0.

At a phase angle of 90� (see Fig. 3) the component U still
becomes 0 but Q is positive in the whole image, hence we get
a non-zero degree of polarization. Looking at the image we see
that the degree of polarization is largest over ocean with values
about 0.9 and smallest over land with values of about 0.02. When
we calculate the average over the full image I is dominated by
the land surfaces with high surface albedos. Q and U are not
influenced by the surface. The average degree of linear polar-

ization is given by P =

p
(
P

Q

i

)2+(
P

U

i

)2
P

I

i

where the summation is
over all pixels. This example yields P⇡0.08. Whenever we have
bright surfaces or clouds in the image, I becomes relatively large
and the degree of polarization relatively small.

A phase angle of 90� is the optimal geometry for polarimetric
observations, thus all simulations shown in the following are for
this planet-sun-observer geometry. Further we simulate the full
Earth as one pixel which corresponds to a measurement of the
Earthshine.

2.3. Comparison to dataset by Stam (2008)

In order to validate our approach we first calculated the same
scenarios as Stam (2008) for the spectral range from 300 to
1000 nm. In order to simulate the spectrum we use the absorption
lines importance sampling method as described in Emde et al.
(2011).

Fig. 4 shows MYSTIC simulations in comparison to data by
Stam (2008). The error bars correspond to the standard deviation
of the Monte Carlo calculations. Generally the results are very
accurate, only for very high degree of polarization (i.e. surface
albedo equals zero or for ocean), we get larger error bars for the
degree of polarization because the total flux is very small.

For Lambertian surfaces we find generally a very good agree-
ment. Here we have tried to adapt the scenario by Stam (2008)
as close as possible: We have used the standard atmosphere by
McClatchey et al. (1972) and added oxygen with a concentration
of 21%. For absorption Stam (2008) have used a k-distribution
(Stam et al. 2000), whereas we have used the REPTRAN pa-
rameterization by Gasteiger et al. (2014) in coarse resolution
(15 cm�1). These di↵erent approaches explain the di↵erences
in the absorption bands.

For the land surface we use the spectral albedo of gras as
measured by Feister & Grewe (1995). These measuremens are
available for the spectral region from 290 nm to 800 nm. Above
800 nm we used a constant albedo of 0.587, corresponding to the
measurement at 800 nm. Stam (2008) used data for deciduous
forest from the ASTER spectral library. The spectral albedos are
similar, in particular they both show a local maximum between
500 nm and 600 nm (this is due to absorption bands of chloro-
phyll) and both show a high albedo at wavelengths longer than
700 nm. The di↵erenence seen in Fig. 4 for land surfaces (green
lines) are due to the di↵erent spectral albedo data.

Stam (2008) treats the ocean as a Fresnel surface, i.e. a flat
surface neglecting the influence of oceanic waves. For MYSTIC
simulations we use a reflection matrix that takes into account the
influence of the waves including shadowing e↵ects (Mishchenko
& Travis 1997; Cox & Munk 1954a,b; Tsang et al. 1985). Our
model produces larger I and Q values than the pure Fresnel sur-
face, also the degree of polarization is slightly larger.

3. Degree of polarization in O
2

A band region

3.1. Importance of spectral resolution

For the interpretation of spectral features like the O2A absorption
band it is extremely important to perform the radiative transfer
simulations at the same spectral resolution as the measurements
(see also Boesche et al. 2008). Fig. 5 shows the normalized mea-
sured filter function of the FORS instrument. It is approximately
Gaussian with a full width at half maximum of about 1 nm.

In order to demontrate the importance of spectral resolution
we have a closer look at the O2A band. The grey lines in the

Fig. 5. Measured filter function of the FORS instrument.
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Fig. 6. Intensity I, polarization di↵erence Q, and degree of polarization P in the O2A-band region. The upper plots show high spectral calculations
with ��=0.01 nm and the spectrum convolved with the instrument filter function. The lower plots show the same spectral region calculated using
the REPTRAN parameterization in three spectral resolutions (fine, medium, coarse) and the data from Stam (2008). The Lambertian surface albedo
is 0.6, corresponding approximately to a green surface.

degree of polarization is decreased at shorter wavelengths and
increased at longer wavelengths. The reason is that at shorter
wavelengths, Rayleigh scattering is much stronger and aerosol
scattering causes smaller polarization than Rayleigh. For longer
wavelengths, Rayleigh scattering is weak and the polarization is
enhanced by aerosol scattering. Above 750 nm the measured de-
gree of polarization in the continuum corresponds approximately
to the simulation with continental aerosol profile, but still spec-
tral absorption features are much stronger in the simulation than
in the observation.

The second row shows a simulation for a dark surface. Com-
pared to clear-sky, aerosol scattering decreases the degree of po-
larization by 10-20%.

The third row shows a simulation for a Lambertian surface
with an albedo of 0.4, which is similar to a sand surface. Here,
the degree of polarization is enhanced by aerosol scattering.

The fourth row shows a simulation for a “quasi” inhomoge-
nous planet. The various simulations were approximated by a
weighted sum:

I(�,↵) =
NX

n=1

f

n

I(�,↵) with
NX

n=1

f

n

= 1 (1)

N is the number of simulated horizontally homogeneous planets
and f

n

are the respective fractions. We have assumed the fol-
lowing fractions for the surface type: 25% gras, 50% ocean, and
25% Lambertian with an albedo of 0.4. Here also, the degree

of polarization is increased by aerosol scattering. Generally the
smallest increase is observed by the continental-average aerosol
mixture, followed by the maritime-clean aerosol. The desert aer-
sol mixture shows the largest impact. The results are dominated
by the land surfaces because the total intensity reflected by the
ocean is relatively small. The results show that aerosol alone can
not explain the observed polarization spectra, neither the slope
nor the spectral absorption features.

4.2. Water clouds

Fig. 9 shows the sensitivity of the polarimetric spectra on various
water cloud parameters: cloud optical thickness, cloud altitude,
and e↵ective radius of cloud droplets. The cloud optical proper-
ties for the simulations have been calculated using the Mie tool
of the libRadtran package (Emde et al. 2016; Wiscombe 1980).
Optical properties of single spherical droplets have been aver-
aged over a gamma size distribution with a constant e↵ective
variance of 0.1 and di↵erent e↵ective radii.

The upper plots show the sensitivity on cloud optical thick-
ness, which varies between typical values from 5 to 20. The
cloud layer is situated between 2 and 3 km altitude and the ef-
fective radius of the cloud droplets is 10 µm. The intensity I

increases with increasing cloud optical thickness because the
thicker the cloud the more it reflects to space. The degree of po-
larization is decreased with increasing optical thickness, mainly
because the highly polarizing Rayleigh scatterings are replaced
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Fig. 4. Wavelength dependent intensity I, polarization di↵erence Q and degree of polarization P. The solid lines show MYSTIC calculations and
the error bars correspond to the standard deviation. The dashed 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).

upper plots of Fig. 6 show a simulation performed at a spec-
tral resolution of 0.01 nm. The absorption coe�cients were ob-
tained using the ARTS (Atmospheric Radiative Transfer Simu-
lator) line-by-line model (Eriksson et al. 2011). For this calcula-
tion the standard midlatitude-summer atmosphere by Anderson
et al. (1986) was used.

In order to obtain the correct result, we need to average the
high spectral resolution data over the instrument filter function.
The result of the convolution with the filter function (see Fig. 5)
is shown in red. The bottom plot shows the same spectral region
for di↵erent spectral resolutions calculated using absorption pa-
rameterizations. For REPTRAN three resolutions are available:
fine (1 cm�1 corresponding to ⇡0.05 nm at 760 nm), medium
(5 cm�1 corresponding to ⇡0.3 nm), and coarse (5 cm�1 corre-
sponding to ⇡1 nm). The data by Stam (2008) is available on a
1 nm grid but it is obviously averaged over a wider wavelength
range. In the Stam data, the oxygen-A band is visible only as one
peak with maximum absorption at 762 nm whereas for REP-
TRAN in all resolutions we see both parts of the O2-A band
with maxima at 761 nm and 763 nm respectively. The degree
of polarization depends much on the spectral resolution, it de-
creases with coarser resolution due to averaging. For REPTRAN
in coarse resolution which is similar to the telescope spectral re-
sponse function we obtain a maximum of about P=0.3, whereas
in the Stam data the maximum is smaller than 0.1. We find that
REPTRAN with coarse resolution matches the accurate simula-
tion with the real instrument filter function quite well, hence we
will use this parameterization for the analysis of the full spectral
range.

Fig. 7 shows measured polarization spectra in the O2A band
region. Obviously the strengths of the O2A band is much less
(�P ⇡3%) than in our simulation shown in Fig. 6, it seems that
the measurement fits better to the data by (Stam 2008). However
the simulation is for a clear-sky atmosphere without aerosols and
clouds, we will now investigate the impact of those components
on polarization spectra of the Earthshine.

4. Simulation of polarized Earthshine spectra for
various atmospheric components

4.1. Aerosols

Fig. 8 shows simulations for various standard aerosol mixtures
(desert, continental average, maritime clean) which have been
defined according to the OPAC (Optical Properties of Aerosols
and Clouds) database (Emde et al. (2016) and Hess et al. (1998)).
For all simulations in this and the following sections we in-
cluded the midlatitude-summer atmosphere by Anderson et al.
(1986). The top row is for a completely green planet. The po-
larization spectra clearly show the vegetation step at 700 nm,
this is the expected result because typical aerosol profiles have
relatively small optical thickness smaller than 0.5 and the sur-
face is well visible. Compared to the clear sky simulation the

Fig. 7. Measurements of the degree of polarization in the O2A band.
This figure shows the same data as Fig. ?? zoomed into the spectral
range from 755 to 775 nm.
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Impact of high altitude cloudsClaudia Emde et al.: Influence of aerosols, water and ice clouds on polarization spectra of Earthshine

Fig. 11. Wavelength dependent degree of polarization P in the O2A
band region. The top plot shows the sensitivity on cloud altitude for
a cloud with ⌧=5 and re↵=30 µm. The bottom altitude of the 1 km thick
cloud layer varies from 8 to 12 km. The bottom row shows the sensitiv-
ity on surface albedo. The grey lines show the observed spectra of the
degree of polarization.
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O2-A/SP of Earthshine
(+) rather robust tool to retrieve integrated surface and 
atmospheric properties


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


(+) proper Earth VRT atmosphere/surface/haze models


(-) restricted phase coverage


(-) improve lunar depolarisation models


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


(?) any useful application as global Earth monitor?


high spectral resolution, longer time coverage?


