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The exploration of the Cosmos 
is a voyage of self-discovery

− Carl Sagan in Cosmos (1980)



I determine the masses of exoplanets

Ambulance cartoon: physicsforanimators.com. 
Images: Freepik, Shutterstock, Adobestock, Fotolia

This creates a 
Doppler effect

What I do in my research:

The planet makes 
the star wobble

http://physicsforanimators.com
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I study the surfaces of the stars that host planets

Star cartoon: Heather Cegla, Raphaëlle Haywood, ESA
Granulation simulation: Cegla et al. (2013)

To better characterise the planets that orbit them

What I do in my research:



Exoplanets are very diverse

Hot Jupiters

Super Earths

Mini Neptunes

Earth-size 
planets

eg. Batalha (2014), 
Fulton et al. (2017)
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Planets are very common

There are more planets than stars in our galaxy!

Most stars host several planets

eg. Ballard & Johnson (2016),
Zhu et al. (2018),

Cassan et al. (2012)

Images: Freepik, Shutterstock, Adobestock, Fotolia
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Occurence rate of Earth-like planets

See also Dressing & Charbonneau (2015),
 Burke et al. (2015), Petigura et al. (2013)

Kopparapu et al. (2018)
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eg. Frank, 2018, 
Light of the Stars

… so that’s 63 billion  
Earth-like planets!

There are 300 
billion stars in 

our galaxy

21%
1 in 5 stars
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Just as every one of us is different and unique, so is every Earth
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EARTH HAS BEEN MANY PLANETS

“Earth has been many planets” − Sarah Rugheimer

Artist impression: Sarah Rugheimer



Artist impressions: Harvard-Smithsionian Center for Astrophysics; Peter Sawyer; Deviant Art.

“Earth has been many planets” − Sarah Rugheimer
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Just as every one of us is different and unique, so is every Earth
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Where are these Earth-like planets?
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There is no planet “B”

Yes, there are 63 billion Earth-like planets in the galaxy, but…
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What does Earth look like from space?



From orbit, onboard the International Space Station 

Photo: NASA/edited by Mark Garcia

Southeast Asia, July 2019
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Rio de Janeiro and Saõ Paulo, June 2014

From orbit, onboard the International Space Station 
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Earth seen from the Moon:  Apollo 11 Mission
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Earth seen from the edge of the solar system 

“Pale Blue Dot” − Carl Sagan, 1994

Can we observe Earth’s biosignatures 
from space?
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Earthshine



Observing earthshine

Turnbull et al. (2006) and Woolf et al. (2002)



Turnbull et al. (2006) and Woolf et al. (2002)

Earth seen as a point of light



we can separate these spectra. The presence of cumulus clouds
suggests an active troposphere, with convective upwelling and
down-welling, and the existence of weather patterns that might
be detected with long-term observations.

Finally, we note that the vegetation signal did not appear to
be present at a detectable level in these data. This is perhaps sur-
prising, given the view of Earth shown in Figure 2. As mentioned
in x 1, the vegetation signal is represented by a sharp increase in
reflectivity redward of 0.72 !m, and the optical data presented
in Paper I appear to show this feature. However, plant reflectance
falls off again in the near-infrared due to liquid water vibrational
absorption features (see Clark 1999). In fact, the near-infrared
spectrum of plants is very similar to that of clouds, which may
explain why we were not able to clearly identify it in our data. At
!0.7 !m, where we would expect to see the vegetation ‘‘jump,’’
the signal-to-noise ratio of our data was very low, and we cannot
claim any clear contribution from plants to our near-infrared
earthshine spectrum.

4. CONCLUSIONS AND FUTURE WORK

In Figure 7, we present the combined data from Paper I and
the new observations presented here. The optical data have been
smoothed to match the resolution of the near-infrared data, and
the two data sets were merged at 0.8 !m. The entire data set was
then normalized to 1.0 at 0.5 !m. At these wavelengths, our
world is spectrally distinct from Venus and Mars (Traub 2003;
Mustard & Bell 1994; Klassen et al. 1999), the gas giant planets
(Fink & Larson 1979), and their satellites (Carlson et al. 1996;
Cruikshank et al. 2005).What can we say about the Earth, based
on these data? First, from the strong water bands, we would con-
fidently conclude that Earth is a habitable planet. Furthermore,
the simultaneous detection of methane and abundant oxygen is
strongly suggestive of either biological activity or some unusual
atmospheric or geological process that can sustain large amounts
of atmospheric oxygen in the presence of reduced gases (e.g., a
‘‘runaway greenhouse’’ situation as described by Kasting et al.
[1993] could generate a large oxygen signal, but only for a short
period of time). From the clear-air and cloud fractions required
in our model to fit the data, we would also conclude that the
planet has a dynamic atmosphere. Thus, the spectral albedo could
be expected to show slight changes with time, and with long-term
monitoring we may be able to deduce the planet’s timescale for
weather patterns. We could also expect to see periodic changes
due to planet rotation if the surface has strong nonuniformities,
and we could hope to constrain continental and ocean cover, per-
haps even mineral types or hints of pigments in widespread
photosynthetic organisms.

Given these conclusions, it is advisable to consider endowing
the TPF-C mission with the capability of working in the near-
infrared. This would place an additional burden on the mission,
in terms of a detector and spectrometer, and it would not be pos-
sible to reach as close to the star as would be desired in all cases,
owing to the diffraction limitation of a few times k /D of most
coronagraphs (whereD is the diameter of the telescope). Further-
more, the decreasing planetary reflectance at these wavelengths
may lengthen exposure times for detection. A thorough assess-
ment of the observations that would be possible at near-infrared
wavelengths, with various choices of coronagraph and for stars
in the solar neighborhood, would tell whether it is worthwhile
to have a near-infrared capability on TPF-C.

Two lines of observational work that need a better under-
standing for interpreting earthshine data are (1) a more rigorous
study of the scattered-light sky spectrum and the way in which it

changes with position relative to the bright Moon and (2) a bet-
ter understanding of the spectra of different types of clouds.
In terms of validating models that reconstruct the Earth based

on its spectrum, we need to know, what is the full range of pa-
rameters, in terms of cloud types, cloud heights, atmospheric
water content, abundances of other gaseous components, and sur-
face compositions, that will generate a satisfactory fit to the data,
within the observational uncertainties? It is important to clearly
map out the degeneracies between the different components of
our models, so that we can understand the likelihood that a given
model reflects reality when we begin to characterize extrasolar
planets.
Many other insights could result from the study of how the

Earth’s spectrum changes over time. For example, periodic changes
due to planet rotation could be used to create a map of fractional
land and ocean area as a function of longitude (see Ford et al.
2001). We must also ask, how much does cloud cover wash out
spectral signatures of the surface? Seasonal changes, and even
changes associated with atmospheric chemistry in response to
the Solar transient events and cycles, are interesting topics that
may be relevant to the interpretation of terrestrial exoplanet
spectra and would also contribute to our understanding of the
Earth-Sun system. A long-term earthshine monitoring campaign,
covering all longitudes and seasons, would be a crucial part of
preparing for the launch of TPF-C. However, if such a campaign
requires contributions from multiple observatories, great care
must be taken to account for different instrumental and local
atmospheric effects before we can confidently interpret the spec-
trum of our planet’s many faces.

We thank Lisa Kaltenegger and Sara Seager for comments on
the manuscript. This work was supported in part by NASA grant
NAG5-13045 (W. T.). M. C. T. was supported by a postdoctoral
fellowship from the NASA Astrobiology Institute and the Na-
tional Research Council. M. C. T. also thanks J. Lunine for sup-
port of this work, as well as J. Kasting, P. Montañés-Rodriguez,
and G. Tinetti for sharing their insights. We are grateful to
C. Corbally, S. J., of the Vatican Observatory, and to M. Nelson
for their help with 1.8 m VATT operations. We would also like
to thank the anonymous referee for several helpful suggestions.

Fig. 7.—Earth’s observed reflectance spectrum, at visible and near-infrared
wavelengths, created from a composite of the data in this paper (0.8–2.4 !m)
and the data presented in Paper I (0.5–0.8 !m). The strongest molecular signatures
are indicated, as are the wavelengths where Rayleigh scattering and vegetation
reflection are most significant.

TURNBULL ET AL.558 Vol. 644
Observing the spectrum of Earth

Figure 7 from Turnbull et al. (2006)
Colour

Br
ig

ht
ne

ss

near-infraredvisible infrared



O’Malley-James & Kaltenegger (2019)

Figure 1. Examples of red edge features – the increase in reflectance caused by chlorophyll, highlighted in the

shaded region – exhibited by (A) corals, (B) deciduous vegetation (trees; representative of the present-day red
edge feature in Earth’s spectrum), (C) the photosynthetic sea slug,  Elysia viridis,  (D) lichen (Acarospora sp.),

(E) algae (Rhodosorus marinus), (F) cyanobacteria (Chroococcidiopsis sp.).

Figure  2.  Model  spectra  showing how an  Earth-like  atmosphere  influences  the  red  edge  strengths  for  the

examples from Fig. 1 (excluding the sea slug, Elysia viridis and corals), for a clear atmosphere (black line) and
an Earth-like cloud fraction (grey line). (Left) assuming 100% of the planet’s surface is covered by the organism;

(right) similar surface coverage as present-day Earth, replacing vegetation with the selected organism. Note that
algae and cyanobacteria are assumed to be at the ocean surface.
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The signature of vegetation



Seager et al. (2005). Earthshine observations from Apache Point Observatory.
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Fig. 4.— Earthshine observations from Apache Point Observatory. Top panel: Earthshine observations on 8
February 2002. The viewing geometry (including cloud coverage at the time of observations) of Earth from
the moon is shown in the right image (http://www.fourmilab.ch/earthview/vplanet.html). Middle panel:
same as upper panel for 16 February 2002. The viewing geometry of Earth includes much more vegetation in
the top panel than in the middle panel. Bottom panel: an absorption spectrum through Earth’s atmosphere
from Kitt Peak National Observatory (ftp://ftp.noao.edu/catalogs/atmospheric transmission/) smoothed to
approximately the same resolution as the Apache Point Observatory Earthshine data. Note the different y
axis on the absorption spectrum; the spectral features are much deeper than in the Earthshine spectra and
there is no red edge feature.
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Fig. 4.— Earthshine observations from Apache Point Observatory. Top panel: Earthshine observations on 8
February 2002. The viewing geometry (including cloud coverage at the time of observations) of Earth from
the moon is shown in the right image (http://www.fourmilab.ch/earthview/vplanet.html). Middle panel:
same as upper panel for 16 February 2002. The viewing geometry of Earth includes much more vegetation in
the top panel than in the middle panel. Bottom panel: an absorption spectrum through Earth’s atmosphere
from Kitt Peak National Observatory (ftp://ftp.noao.edu/catalogs/atmospheric transmission/) smoothed to
approximately the same resolution as the Apache Point Observatory Earthshine data. Note the different y
axis on the absorption spectrum; the spectral features are much deeper than in the Earthshine spectra and
there is no red edge feature.
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See review by Robinson & Reinhard (2018)

Seager et al. (2005). Earthshine observations from Apache Point Observatory.

The Amazon rainforest is part of 
Earth’s cosmic identity



VIIRS data. Available on NASA Worldview. 2012



VIIRS & MODIS data. Available on NASA Worldview.16 August 2019
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Life has shaped the Earth on a planetary scale before



Figure from Lyons et al. (2014). 
See also Berner et al. (1989), 

Kump (2008), Bergman et al. (2004).

The rise of cyanobacteria on early Earth

“Biological planetary change” 
− Grinspoon (2016)

Earth in Human Hands

The first oxygen from photosynthesis
Because oxygenic photosynthesis is the only significant source of free oxy-
gen on Earth’s surface, any evaluation of our planet’s oxygenation history
must begin by asking when this metabolism evolved. Yet despite decades
of intensive investigation, there is no consensus. Current estimates span
well over a billion years—from ,3.8 (ref. 22) to 2.35 (ref. 15) Gyr ago—
almost one-third of Earth’s history. Part of the problem lies with difficult-
ies in differentiating between oxidation pathways that can be either biotic
or abiotic and can occur with and without free oxygen. Banded iron for-
mations, for example, are loaded with iron oxide minerals that often give
these ancient deposits their spectacular red colours. The prevailing view
for many years was that microbial oxygen production in the shallow ocean
was responsible for oxidizing iron, which was locally abundant in the other-
wise oxygen-free ocean. More recent studies, however, explain this iron
oxidation without free O2—specifically, through oxidation pathways requir-
ing only sunlight (ultraviolet oxidation23 and anoxygenic photosynthesis24,25).
Microbial fossils of Archaean age (older than 2.5 Gyr; see Fig. 2 for time
units) have very simple morphologies, and it is therefore difficult to link
them to specific metabolisms, such as oxygen-producing photosynthesis.
Similarly, the significance, and even the biogenicity, of Archaean stromatolites
and microbially induced sedimentary structures have long been debated26.

Other researchers vied to find more definitive indicators of microbial
oxygen production. Among them, Brocks et al.6 published organic bio-
marker data thought to record the presence of cyanobacteria and eukar-
yotes in 2.7-Gyr-old rocks. Biomarkers are molecular fossils derived from
primary organic compounds that, in the best case, can be tied uniquely to
specific biological producers present at the time the sediments were
deposited. Cyanobacteria are important because they were the earliest
important producers of O2 by photosynthesis. Recognition of sterane

biomarkers from eukaryotes strengthens the identification of oxygen
production because O2 is required, albeit at very low levels27, for bio-
logical synthesis of their sterol precursors. If correct, these data would
extend the first production and local accumulation of oxygen in the ocean
to almost 300 Myr before the GOE as it is now popularly defined (that is,
based on the disappearance of NMD fractionations of sulphur isotopes).
Contrary studies, however, argue that O2 is not required to explain these
particular biomarkers15; others challenge the integrity of the primary
signals, suggesting later contamination instead8. Very recent results from
ultraclean sampling and analysis also raise serious concern about the
robustness of the biomarker record during the Archaean28—and in par-
ticular point to contamination for the results of Brocks et al.6 Ironically,
some the best earliest organic evidence for oxygenic photosynthesis may
lie more with the common occurrence of highly organic-rich shales of
Archaean age than with sophisticated biomarker geochemistry (Box 1).

Over the past decade, a body of trace-metal and sulphur data has
grown—independent of the biomarker controversy—that also points
to oxygen production long before the disappearance of NMD sulphur
isotope fractionations (Fig. 2). This evidence for early oxygenesis allows
for at least transient accumulation of the gas in the atmosphere and even
for hotspots of production in local, shallow, cyanobacteria-rich marine
oases29. Despite some controversy surrounding these inorganic proxy
approaches (reviewed in ref. 30), many researchers interpret strong
trace-metal enrichments in marine sediments as convincing signatures
of significant oxidative weathering of pyrite and other sulphide minerals
on land long before the GOE—implying O2 accumulation in the atmo-
sphere. Sulphide minerals in the crust are often enriched in the metals of
interest, such as molybdenum (Mo) and rhenium (Re), and when oxi-
dized those metals are released to rivers and ultimately the ocean.
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The rise of humans on modern Earth

“Inadvertent planetary change” 
− Grinspoon (2016)

Earth in Human Hands

Keeling Curve from the Scripps Institution of Oceanography, UC San Diego
Ice-core data before 1958 (Lüthi et al., 2008). Mauna Loa data after 1958 (Keeling et al., 2001).
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We must transition 
from inadvertent to intentional planetary change 



Frank, 2018, Light of the Stars
Sagan, 1980, Cosmos

The Cosmic Perspective:
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The Cosmic Perspective:
There are 63 billion Earth-like planets in our galaxy
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“Anything that seems set in stone or inalterable 
can indeed change” 

− Angela Merkel, Harvard Commencement Address (May 2019)



Earth in the cosmic perspective:

Recent observations show: 

• There are 63 billion Earth-like planets in our galaxy;

• There is only one Earth.

• The Amazon rainforest is part of Earth’s cosmic identity.

What will Earth’s cosmic identity be tomorrow?

• Earth is constantly changing.    


