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Earth’s transmission spectrum from lunar eclipse
observations
Enric Pallé1, Marı́a Rosa Zapatero Osorio1, Rafael Barrena1, Pilar Montañés-Rodrı́guez1 & Eduardo L. Martı́n1,2

Of the 342 planets so far discovered1 orbiting other stars, 58
‘transit’ the stellar disk, meaning that they can be detected through
a periodic decrease in the flux of starlight2. The light from the star
passes through the atmosphere of the planet, and in a few cases the
basic atmospheric composition of the planet can be estimated3–5.
As we get closer to finding analogues of Earth6–8, an important
consideration for the characterization of extrasolar planetary atmo-
spheres is what the transmission spectrum of our planet looks like.
Here we report the optical and near-infrared transmission spectrum
of the Earth, obtained during a lunar eclipse. Some biologically
relevant atmospheric features that are weak in the reflection
spectrum9 (such as ozone, molecular oxygen, water, carbon dioxide
and methane) are much stronger in the transmission spectrum, and
indeed stronger than predicted by modelling10,11. We also find the
‘fingerprints’ of the Earth’s ionosphere and of the major atmo-
spheric constituent, molecular nitrogen (N2), which are missing
in the reflection spectrum.

The characterization of spectral features in our planet’s transmis-
sion spectrum can be achieved through observations of the light
reflected from the Moon towards the Earth during a lunar eclipse,
which resembles the observing geometry during a planetary transit.
At that time, the reflected sunlight from the lunar surface within the
Earth’s umbra will be entirely dominated by the fraction of sunlight
that is transmitted through an atmospheric ring located along the
Earth’s day–night terminator (Supplementary Fig. 1). Observations
of the lunar eclipse on 16 August 2008 have allowed us to characterize
the Earth’s spectrum as if it were observed from an astronomical
distance during a transit in front of the Sun. Except for some early
attempts12,13 with photographic plates, spectroscopic lunar eclipse
observations in visible or near-infrared wavelengths have not previ-
ously been undertaken.

The Earth’s transmission spectrum can be calculated from the
brightness ratio of the light reflected by the lunar surface when in
the umbra, in the penumbra and out of the eclipse (Supplementary
Information). The resulting transmission spectrum is shown in Fig. 1a,
where simultaneous optical and near-infrared observations with the
William Herschel and Nordic Optical Telescopes are inter-calibrated
to provide continuous wavelength coverage from 0.36 to 2.40mm. It
is known that the Earth’s optical and near-infrared transmission
spectrum is red14—that is, more solar flux successfully passes through
the atmosphere at longer wavelengths, as can be inferred from simple
naked-eye observations of a lunar eclipse, or of a sunset/sunrise. The
rising nature of the transmission spectrum continuum towards longer
wavelengths (possibly the most remarkable feature of the data shown
in Fig. 1a) is caused by the Rayleigh scattering of air, which, in addition
to the ozone Chappuis band absorption between 0.375 and 0.650mm,
is rather efficient in scavenging short wavelength radiation through a
long atmospheric path.

During a transit, the starlight that passes through the planet’s atmo-
sphere travels through a much larger atmospheric path than the star-
light that is directly reflected by the planet. This causes the reflection
and transmission spectra to be different (see Fig. 1b). In transmission,
the Earth is brighter in the near-infrared range, particularly at 2.2mm.
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Figure 1 | Earth’s visible and near-infrared transmission and reflection
spectra. The Earth’s transmission spectrum is a proxy for Earth
observations during a primary transit as seen beyond the Solar System, while
the reflection spectrum is a proxy for the observations of Earth as an
exoplanet by direct observation after removal of the Sun’s spectral features.
a, The transmission spectrum, with some of the major atmospheric
constituents marked. The spectrum has a resolution of 0.00068mm in the
optical (resolving power, R < 960) and 0.0013–0.0024 mm in the near-
infrared (R < 920). A detailed atlas of the transmission spectrum with
identifications of the main atomic and molecular absorption features is
available (Supplementary Fig. 3). b, A comparison between the Earth’s
transmission (black) and reflection (blue) spectra. Both spectra have been
degraded to a spectral resolution of 0.02mm and normalized at the same flux
value at around 1.2 mm. It is readily seen from the figure that the reflection
spectrum shows increased Rayleigh reflectance in the blue. It is also
noticeable how most of the molecular spectral bands are weaker, and some
non-existent, in the reflection spectrum. In a and b, the noise (r.m.s.) of the
spectra, which takes into account the corrections for the strongest local
telluric features, is plotted point-per-point (in grey for black lines, in light
blue for dark blue line) along with the spectra, although, for most spectral
regions, the size of the error bars is comparable to the width of the line. The
quality of the transmission data are measured in terms of signal-to-noise
ratio, which goes from ,100 (at the deepest absorptions features and the
blue optical wavelengths) up to ,400 (at the largest values of the relative
fluxes).
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In contrast, the Earth’s reflection spectrum appears blue15 because the
very same Rayleigh scattering effect expels the short wavelength radi-
ation back to space. Because of the blue colour, when observed from
an astronomical distance, the Earth is often referred to as the pale blue
dot, but in transmission, the pale blue dot becomes the pale red dot.

Moreover, the transmission spectrum (Supplementary Fig. 3)
presents strong absorption features produced by molecular oxygen
and oxygen collision complexes, including collisions between O2

and N2, which are significantly more intense than in the reflection
spectrum. Oxygen collision complexes are van der Waals molecules,
also known as dimers16–18, which can be used in combination with
other molecular oxygen bands to derive an averaged atmospheric
column density of N2. This is important, because although N2 is the
major atmospheric component (78.08% by volume), it lacks any
marked electronic transition. The strength of these bands in the trans-
mission spectrum implies that atmospheric dimers may become a
major subject of study for the interpretation of rocky exoplanet trans-
mission spectra and their atmospheric characterization. The atmo-
spheric spectral bands of O3, O2, H2O, CO2 and CH4 are readily
distinguishable in the transmission spectrum (Supplementary Fig. 3).
Trace amounts of N2O, OClO and NO2 (a gas mainly produced by
human activities) might also be present in our data, but their detection
will need future detailed modelling efforts to fit the observations.

The presence of the Earth’s ionosphere is also revealed in our trans-
mission spectrum through the detection of relatively weak and narrow
absorption lines corresponding to singly ionized calcium atoms (Ca II,
Supplementary Fig. 3). Calcium is the sixth most abundant element
on Earth. It is possible that other, more abundant19,20 ionospheric
species, such as singly ionized magnesium (Mg II), could be detectable
at shorter wavelengths that are not covered by our data. The neutral
atomic resonance doublet of sodium (Na I) is embedded in a quite
strong and broad absorption due to dimers, ozone and Rayleigh
scattering, and only the core of the doublet is detected at 0.5898mm.

In the coming years, space missions such as the James Webb Space
Telescope will perhaps have the opportunity to perform transit spec-
troscopy of rocky exoplanets21,22. The faint signal of the planet atmo-
sphere will be mixed with the light of the parent star, and it is foreseen
that many transits will have to be observed23 before a good quality
transmission spectrum of an exo-Earth can be obtained. Our empirical
transmission spectrum suggests, however, that retrieving the major
planetary signals might be easier than model calculations suggest.
Observations of about 20–30 one-hour transits should yield the detec-
tion of the major spectral features in the transmission spectrum of
an Earth-like planet around a low-mass M-type star in the solar
neighbourhood. With this goal in mind, it is necessary to determine
and quantify the observational requirements to detect each specific

molecule using the transmission spectrum presented here. It is also
useful to compare the potential results from two exoplanet atmospheric
characterization techniques: direct detection and transit spectroscopy.

Observations of the earthshine—the light reflected from the dark
side of the Moon—are often obtained and studied as a proxy for
direct extrasolar planet observations9,24–27, mainly using chrorono-
graphic or interferometric techniques28,29. Here, we were able to carry
out earthshine observations with the same instrumental set-up as
that during our lunar eclipse observations (see Supplementary
Information for details about our data acquisition and analysis).
The data are displayed in Fig. 1b for comparison with the transmis-
sion spectrum.

The depth of the features in the reflection spectrum of the Earth can
vary depending on (1) changes in the properties of the surface from
which part of the light is being reflected, and (2) changes in the cloud
coverage of the globe25,30. However, these variations are typically small
(#6%) and they do not modify significantly the shape of the data. In
the transmission spectrum, there is a negligible contribution from
light reflecting from the Earth’s surface, thus only the changes in
cloudiness can affect the depth of the absorption features, and we
expect the amplitude of the spectral variability to be at most of the
same order as in the reflection spectrum.

In Table 1 are listed the major molecular features in the transmis-
sion and reflection spectra, together with their equivalent widths
measured over the original data with a resolution of 0.0013–
0.0024 mm. Even at very low signal-to-noise ratios, the major atmo-
spheric components remain marginally detectable in the transmis-
sion spectrum, but not in the reflection spectrum (see Supplementary
Information for a detailed analysis of confidence of detection of
atmospheric features at different signal-to-noise levels). Thus, the
transmission spectrum can provide much more information about
the atmospheric composition of a rocky planet than the reflection
spectrum can.
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Equivalent widths are measured with respect to the pseudo-continuum that is absorbed by much wider features, like Rayleigh scattering or extended water bands. The second column is indicative of
the wavelength range over which the various features are integrated. In all cases, except for a few features in the optical, the equivalent widths are larger in the transmission spectrum than in the
reflectance data. The indices -a to -f in the first column are used to compare with the filter sets defined in Supplementary Table 1.
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