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Observing Methods

Observations of the lunar eclipse of 2008 Aug 16" were taken simultaneously with the
near-infrared LIRIS and optical ALFOSC spectrographs attached to the William
Herschel Telescope (WHT) and the Nordical Optical Telescope (NOT), respectively,
both at the observatory of EI Roque de los Muchachos in La Palma Island.
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Figure S1: Details on the partial lunar eclipse on August 16" 2008. Top left: The
temporal  evolution of the eclipse (from NASA eclipse page at
http://eclipse.gsfc.nasa.gov). Top right: An image of the Moon taken at 21:10 UT, the
time of Greatest eclipse. Bottom: A not-to-scale cartoon illustrating the path of the
sunlight through the Earth’s atmosphere before reaching the Moon during the eclipse,
and back to Earth. Considering the Earth’s radius and the mean Sun-Earth and Earth-
Moon distances, in order to reach the umbral shadow centre, the sunlight transmitted
trough the Earth’s atmosphere must be refracted by an angle smaller than 2°. During
our observations the refraction angle was always smaller than 0.5°, practically a plane-
parallel geometry, as in the case of an extrasolar planetary transit.

Observations started a few minutes before the eclipse deepest point and continued until
a few hours after the end. Figure S1 depicts the sketch of the eclipse. During the time
when parts of the Moon where in the umbra, the rest of the Moon’s surface was located
inside the penumbral region. During this time interval, the observing procedure was to
alternatively observe two (umbra and penumbra) regions located near the North and
South lunar poles. Past 22:44 UT, when the umbra was not visible anymore, we
continued the alternate observations between two penumbra / full Moon regions with
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LIRIS and only full Moon regions with ALFOSC. The instrumental setups were as
follows: with ALFOSC/NOT we used grism #4, the blocking order filter WG345, and a
slit width of 0.4”, providing a spectral resolution of 6.8 A (R =960 at 0.65 um) and a
wavelength coverage of 0.36-0.95 um; with LIRIS/WHT we used grisms ZJ and HK
covering 0.9-1.5 um and 1.4-2.4 um, respectively. We used a slit width of 0.65” giving
a spectral resolution of 13 and 24 A for each grism (R ~ 920 at 1.2 and 2.2 um). Typical
exposure times were 120 s during the eclipse and 0.2-0.5 s out of eclipse in the optical.
Several (3 to 5) individual exposures were collected in the umbra, penumbra, and bright
lunar regions. In the near-infrared wavelengths, we obtained several tens of images with
exposure times of 40 and 15 s during the umbra observations with the ZJ and HK
grisms, respectively. In order to observe the penumbra and full Moon regions within the
linearity regime of the near-infrared detector of LIRIS, we used three neutral density
filters to minimize the signal of the bright Moon by 2, 3 and 5 magnitudes. We also
collected tens of spectra during the penumbra and bright Moon (i.e., out of eclipse).
Optical and near-infrared observations were performed at airmass between 1.4 and 2.9.

The near-infrared Earth’s reflected spectrum was also taken with the WHT and
the same instrumental setup on June 28th 2008. The observing procedure was to take
alternate observations of the dark and bright side of the Moon to obtain the Earth’s
reflectance as a function of wavelength. The ratio spectra between the dark and bright
side of the Moon is the Earth’s wavelength-dependent reflectance. As in the case of the
eclipse observations, the spectral features of the Sun, the moon, and the local
atmospheric airmass, are cancelled in the ratio spectra. The final reflection spectrum has
S/N levels similar to those of the transmission spectrum. The detailed observational
procedure and data reduction methods for the earthshine observations are described
elsewhere’?®*'*2. On June 28th, we were not able to cover the optical spectral range
between 0.5 and 0.9 pm, and to make a complete comparison between the reflected and
transmitted spectra, we have included a visible earthshine spectrum’ obtained at the
same lunar phase with the 60 Telescope at Palomar observatory on Nov 19th 2003.

Data Analysis Methods

The final set of raw spectra was reduced using standard astronomical procedures typical
of optical and near-infrared wavelengths, such as dividing by the flatfield exposures and
subtracting the background sky contribution. All these steps were done within the IRAF
environment. Two dimension spectra were optimally extracted using the TWODSPEC
package within IRAF. The number of counts of each registered individual spectrum in
the umbra ranges from ~3,000 to ~8,000 counts per pixel from the blue to the red
optical wavelengths, and around 15,000 counts per pixel in the near-infrared. We note
that the flux at the deepest water vapour absorptions in the LIRIS data drops to <1,000
counts per pixel. Wavelength calibration was performed using observations of known
He+Ne (optical) and Ar+Xe (near-infrared) emission lines obtained before and after the
eclipse. Individual spectra of each umbra, penumbra and bright Moon regions were
combined in groups of 3 to 5 to increase the signal-to-noise ratio of the data. Figure S2
shows three of these spectra (Z-J wavelengths) for the same lunar region, illustrating the
marked change of some absorption features. For example, note that the feature at 1.06
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um is observable only in the umbra spectrum, and that the signature at 1.26 um becomes
significantly weaker during the bright Moon (out of eclipse) observations.
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Figure S2: The observed Z-J band raw spectra of the Moon, at the same lunar
location, when the region was located in the umbra, in the penumbra, and out of the
eclipse (bright Moon), from top to bottom respectively.

The final transmission spectrum of the Earth, depicted in Figures la and S3, was
calculated by computing the ratio of the umbra/penumbra regions taken at the same
averaged airmass in order to minimize the local atmosphere’s telluric line variations.
This ratio measurement effectively cancels out the atomic spectral features of the solar
spectrum, the spectral albedo of the lunar surface, and local telluric absorption lines
produced by the local airmass on top of the telescope. We estimate that all these
corrections have been performed at a level better than 20% (local telluric lines) and
0.5% (cancellation of the solar light and the lunar albedo). For the strongest (sometimes
“saturated”) local telluric features (e.g., at 0.76, 1.35, and 1.83 pum), the corrections can
be worse by a factor or 2.
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Figure S3: The Earth’s transmission spectrum from 0.36 to 2.40 um. The major
atmospheric features of the spectrum are marked. On the second panel from the top,
the location of the Ha solar line (0.6563 um) is indicated, although the solar signal is
completely removed in the transmission spectrum. The signal-to-noise ratio (S/N) of the
data as measured at the pseudo-continuum fluxes are as follows: 100-200 for the top
panel, 250-400 for the second panel, and 200-400 for the third and fourth panels. At
the bottom of the deepest absorption features (e.g., water vapour in the near-infrared
and ozone bands), the values of S/N decrease by a factor of 2. The strong absorption
features at 1.06 and 1.26 um, bands are produced by molecular oxygen (O.), and
oxygen collision complexes, including collisions between O, and N,. The broad
absorption feature of the O3 Chappuis band is also clearly observable between 0.375
and 0.650 um. The relatively weak absorption lines corresponding to singly ionized
calcium atoms (Ca Il) at 0.3934, 0.3968 um (H and K lines), 0.8498, 0.8542, and
0.8662 um (the near-infrared triplet), originate in the uppermost layers of the Earth’s
atmosphere.

However, this ratio is still affected by the fact that the penumbral region has also a
small contribution of refracted Earth light. This refracted light from the edge of the
Earth’s atmosphere is dominated by Rayleigh scattering. Thus, a further wavelength-
dependent correction is needed before we obtain the true transmission spectrum. To
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correct our spectrum we calculated the brightness ratio of the South Pole lunar region
when in the penumbra and in the full Moon (out of the eclipse). This ratio spectrum is
essentially flat except for residuals of the local telluric lines (spectra were taken at
different times) and a smoothly rising continuum shape, which corresponds to the
characteristic wavelength dependence of A of the Rayleigh scattering, plus some
remaining telluric absorption features due to the fact that the two spectra are taken at
different local airmasses (different times). We adjusted a fourth order polynomial fit to
this continuum, and we multiplied the umbra/penumbra spectral ratio by it, to obtain our
final Earth transmission spectrum. Selecting different spatial portions of the Moon
spectra does not change either the umbra/penumbra or the penumbra/full Moon ratio
spectra beyond the uncertainties, either in the continuum or in the depth of the spectral
bands. The quality of the final transmission spectrum is measured in terms of signal-to-
noise ratio at the pseudo-continuum fluxes as follows: 100-200 in the spectral range
0.36-0.65 pum, 250-400 (0.65-1.0 pum), and 200-400 (1.0-2.4 pm). (See also caption of
Figure S3).

Main molecular and atomic features in the Earth’s transmission spectrum

In Figure S3, the major absorption features of the Earth’s transmission spectrum are
marked. In principle, the spectral shape of the Rayleigh scattering could be used as an
indicator of the most abundant atmospheric molecular species, however, in practice the
identification and quantification of the specific gases is not unequivocal', and can be
further masked by the presence of clouds and/or aerosols. Other notorious, broad
features in the Earth’s transmission spectrum are seen in absorption and we have
identified them as due to molecular oxygen, water vapour, methane, ozone, and carbon
dioxide; these gases are small constituents of the Earth atmosphere despite the fact they
all serve as biomarkers. In this sense, molecular nitrogen, N,, which is actually the
major gas component (78.08 % in volume) is known to lack marked electronic
transitions from the ultraviolet to the near-infrared wavelengths'®, and this is certainly
the case for the Earth’s reflected spectra®**’. However, we find that observed in
transmission, the Earth presents strong absorption features at 1.06 and 1.26 pm, bands
likely produced by molecular oxygen (O,), and oxygen collision complexes, including
collisions between O, and N».

Oxygen collision complexes are van der Waals molecules, also know as dimers'®. These
loosely bounds species, held together by weak inter-molecular attractions rather than by
chemical bonds, are present in all gases and have been observed experimentally in a
variety of systems' . In the natural atmosphere, certain dimer species have mixing ratios
of the same order of magnitude as minor atmospheric constituents such as carbon
dioxide, ozone, water vapour or methane'®. However, only the oxygen dimer O,*O, and
the water dimer H,O<H,O have been measured directly with long atmospheric
absorption paths'®. Laboratory work'® shows that collision pair complexes of oxygen
(which have important climate implications) are not restricted to O,*O, and that
absorption by O,*N, is also important. Experimental data rule out the possibility that
0,°CO, or O»*Ar could significantly contribute to atmospheric absorption'®.
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In the Earth’s transmission spectrum, the oxygen band at 1.26 um is produced by O,,
0,°0; and O,*N; collision complexes, and can be used in combination with other
molecular oxygen bands at 0.69, 0.76 and 1.06 um to derive an averaged atmospheric
column density of N,. The strength of these bands in the transmission spectrum implies
that atmospheric dimers may become a major subject of study for the interpretation of
rocky exoplanets transmission spectra and their atmospheric characterization. Thus,
there is a clear need for further experimental developments of collision complexes
molecular database'®. Repeated lunar eclipse observations, combined with modelling
efforts, can provide a tool to understand the fundamental properties of these bands.

In Figure 1b the atmospheric spectral bands of Os;, O,, H,O, CO,, and CH4 are readily
distinguishable, even if the transmission spectrum is degraded to a spectral resolution of
0.02 pum (resolving power of 50 at 1 um) as in Figure 1b. These results contrast with
previous model efforts of Earth-like transit atmosphere characterizations where these
spectral signatures were expected to be thinner and weaker'’. In our data, the contrast
ratio of these features in the integrated Sun+Earth spectra ranges from 107 to 107,
which clearly differs with respect from the Sun-Earth flux contrast ratio of 107'°-10"!
expected for Earth’s reflected light.

Trace amounts of N,O, OCIO and NO; (a gas mainly produced by human activities)
might be present in our data, but their detection will need future detailed modelling
efforts to fit the observations. They would not be detectable in an exoplanet’s
atmosphere if their abundance is similar as in the Earth. Nevertheless, the study of these
species, which are not homogeneously distributed in altitude, will be relevant to discern
how deep into the Earth’s atmosphere we are exploring. In particular, knowing if we are
sampling the atmospheric features under the cloud layer is very relevant to the
discussion on how feasible is the detection/characterization of super-earth atmospheres
with transits''. Over the whole atmospheric ring that we are sampling in our
observations, it is likely that at least some areas of the Earth will be cloud-free or
covered by thin cirrus clouds. In principle, a contribution of light transmitted through
atmospheric paths close to the Earth’s surface could be present in the spectra.

The presence of the Earth’s ionosphere is also revealed in our transmission spectrum
through the detection of relatively weak absorption lines corresponding to singly
ionized calcium atoms (Ca II) at 0.3934, 0.3968 um (H and K lines), 0.8498, 0.8542,
and 0.8662 um (the near-infrared triplet), which originate in the upper layers of the
Earth’s atmosphere. Calcium is the fifth most abundant element in the Earth’s crust and
the sixth most abundant one in Earth, including both crust and atmosphere. These lines
as well as other solar atomic transition lines, such as the strong Ha absorption at 0.6582
um, are present in all our raw spectra, but the great majority of them cancel out
completely when the ratio spectrum (umbra/penumbra) is taken (see Figure S4). Thus,
we can safely conclude that the atomic transitions identified in our transmission
spectrum do come from the Earth’s atmosphere. It is possible that other, more
abundant'’ ionospheric species, such as the singly ionized magnesium (Mg II), can be
detectable at shorter wavelengths that are not covered by our data. We integrated across
the Ca II lines to get their equivalent widths (or strengths): 7.0 A (Ca Il H), 8.2 A (Ca Il
K), 0.7 A (0.8498 um), 2.5 A (0.8542 um), and 0.80 A (0.8662 um), with an error
estimated at 5%.
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Figure S4: A detail of the umbra spectrum (broke line), the brigh Moon spectrum
(dotted line) and their ratio spectrum (umbra/bright) around the hydrogen alpha (H,)
line (0.6568 um). The H, solar line is a great example to illustrate the high S/N of our
observations. In this figure, one can see that the H, is present in the raw spectra of the
umbra and the bright Moon, but not in the final transmission spectra. The S/N ratio in
all the spectra is so large that the ratio umbra/bright completely removes any
contribution from the solar spectrum and the local telluric atmosphere.

The atomic transition lines become much diluted when the transmission spectrum is
degraded to low spectral resolution. However, the neutral sodium (Na I) resonance
doublet at 0.5890 and 0.5896 um has already been measured in the warm atmosphere of
the transiting giant gas planet HD 209458b°, with a photometric signature of 2.3x10™.
We note that only the core of this doublet, which remains unresolved in our data, is seen
in the Earth’s transmission spectrum because it is embedded in the strong, broad flux
absorption due to ozone, oxygen pair complexes, and the scattering by air molecules
and particles. For an Earth-like planet, Ca II detection would be possible if contrast
ratios of 10°—10 can be achieved.
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On Earth, the mean total column density of the ionized metals is 4.4 + 1.2 x 10° cm™ in
periods without special meteor shower activity, but increases by 1 order of magnitude
during meteor showers®’. Thus, the detection of a strong ionized metal layer in an
exoplanet could be indicative of heavy meteor bombardment or strong volcanic activity.
For transiting planets, it is relatively straightforward to determine a mean density®> and
to infer the presence of a heavy core. This information, combined with the
characterization of the ionosphere, could also be important in quantifying the presence
and nature of a planetary magnetic field.

Atmospheric features detectability

Because of the faintness of rocky planets compared to their parent stars, future
observations will necessarily be photon starved, and the spectral resolution of the
observations will likely be small in order to gain sufficient signal-to-noise (S/N) ratio.
Thus, to aid the detectability of atmospheric molecules, we have defined a series of
passbands over which the spectra can be integrated. The averaged flux is then calculated
for each passband. Some passbands are used to determine the signal of the spectrum’s
pseudo-continuum and some are used to determine the signal of the atomic/molecular
signatures. All the pass bands are 0.01 um (100 A) wide (see Table S1 for detailed
wavelength coverage of the passbands related to molecular features), which is a
relatively narrow interval especially in the infrared. In practice, broader band filters
could be designed for some of the broader molecular absorptions. The passbands in
Table S1 are designed to maximize the retrieval of atmospheric composition
information from the Earth’s transmission spectrum, and will be valid for the analysis of
the transmission spectra of any extrasolar rocky planet with an atmosphere, including
super-Earths.

We have applied our filters to our original spectra (transmitted and reflected) but also to
two other low S/N ratio artificial spectra generated by adding different levels of random
noise to the observed data. An arbitrary parameter, A, is defined to quantify the
detectability of the wvarious features according to the following dimensionless
expression: A = (X, — X)) / (sqrt(2) o), where X, and X, are the mean value of the
relative fluxes in the continuum and molecular filter intervals and o. is the mean
standard deviation of the flux continuum. Values of A above 1.5 implies reliable
detection; the larger the A value, the higher confidence in the detection of the measured
feature. Table S1 provides the A values for various molecular features measured over
the original spectra (S/N ratio in the range 100-400) and data whose quality has been
degraded to low S/N ratios. In most cases only the closest continuum filter is used to
calculate the detectability of a molecular band, but in the wavelength range between 0.6
and 1 um, where the pseudo-continuum has a strong gradient, two continuum filters,
one immediately previous and one immediately after the absorption feature, are used to
estimate the detectability. From Table S1, it becomes evident how in the transmission
spectrum, even at S/N=5 (i.e., poor quality data), H;O, CO,, CH4, O,°O, and O;,*N,
remain detectable with a A > 1.5. In comparison, at the same S/N ratio, no molecular
features can be detected with sufficient confidence in the reflected spectrum.
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Table S1: The (air) wavelength range for a set of optimal visible and near-infrared
filters, designed to retrieve the maximum information from the Earth's spectrum. Also
given is the dimensionless detectability parameter A (equation defined in the text of the
on-line material) for each molecular band observed in the transmission and reflected
spectra. The larger the A value, the higher confidence in the detection of the measured
feature. For each case, three different S/N ratios (our original spectrum, S/N of 10 and
5) have been considered by adding artificial noise to our data. In the table, A is only
given when its value is equal to or larger than 1.5. The pseudo-continuum spectral
bands of reference are 0.01 um (100 A) wide with initial wavelengths at 0.540, 0.640,
0.660, 0.700, 0.735, 0.780, 0.880, 1.025, 1.080, 1.230, 1.290, 1.550, 1.675, 2.130, and
2.210 um.

Atmospheric Filter Transmission spectrum .
. wavelength Reflection spectrum
species
range (um)
S/N > S/N=10 | S/N=5 S/N > S/N=10 | S/N=5
100 100

H,0-a 0.685 — 0.695 2.4 - - 2.9 - -
H.0-b 0.810 — 0.820 6.0 - - 9.2 - -
H,0-c 0.930 — 0.940 28.1 21 - 8.6 1.6 -
H,0-d 1.120-1.130 44.0 3.1 1.5 10.0 - -
H,0-e 1.350 — 1.360 53.5 3.8 2.0 6.5 - -
H,0-f 1.830 —1.840 69.4 4.7 2.3 8.2 1.5

0,:0.-a 0.570 - 0.580 12.0 - - - -

0O,-a 0.758 — 0.768 26.1 1.5 - 8.0 25

0,:0.-b 1.060 — 1.070 23.0 - - 2.0 -

0,0,:0, O,*Ny-a | 1.254 —1.264 29.0 2.4 - 2.6 -

0,0,:0, Op*No-b | 1.265-1.275 35.6 2.8 1.5 5.8 -

CO.-a 1.570 — 1.580 23.0 2.1 - - -

COx-b 1.600 —1.610 21.8 1.6 - - -

CO,-c 2.010 — 2.020 24.2 5.1 2.3 1.8 - -
CO,-d 2.060 — 2.070 26.1 5.3 2.3 - - -
CHy-a 1.640 — 1.650 9.0 - - 1.7 - -
CH;-b 2.230 — 2.240 2.7 2.2 1.6 - - -
CH4-c 2.250 — 2.260 5.4 3.4 2.2 2.1 - -
CH,-d 2.290 — 2.300 6.6 4.2 2.7 2.7 - -

Thus, the transmission spectrum can provide much more information about the
atmospheric composition of a rocky planet than the reflected spectrum, and roadmaps
leading to the detection of exoplanet atmospheres may be designed accordingly.
Nevertheless, the direct detection of exoplanets is still worth pursuing as it can give
highly valuable information, such as diurnal, seasonal and orbital variability®’, or some
selected surface properties (vegetation’s red edge, polarization, ocean glint, etc.), which
cannot be obtained from the transmission spectrum. Furthermore, transmission spectra
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can only be obtained under favourable geometric circumstances, which are not very
frequent.
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