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COLOURS FROM EARTH

More than one thousand planets have been discovered outside our solar system 
and the search techniques at our disposal are becoming sufficiently sensitive 
to find the small, rocky planets that may resemble Earth. How can we begin 
to characterise such objects by examining their surface and atmospheric 
properties and, eventually, their likelihood of harbouring life? Observing such 
small planets with geometrically-thin atmospheres will be extraordinarily 
difficult and so, in order to design optimum strategies, it is useful to examine 
and assess analogous observations of our own Earth. The Moon can be used 
as a convenient ‘mirror’ to give us views of reflected sunlight from a complete 
Earth hemisphere: a technique that was understood by Leonardo da Vinci 
early in the sixteenth century. Also, during a total lunar eclipse, the darkened, 
‘copper-coloured’ Moon allows us to sample the long ‘tangential’ path that 
sunlight takes as it grazes the Earth’s limb, allowing us to read the signatures 
of the atmospheric gases. Both of these techniques are described in this 
article.

Introduction

During the last two decades, over a thousand planets, many members of multiple systems, 
have been detected orbiting stars other than our Sun. Some of these planets are at very 

large distances from us and one has even possibly been transported to our Milky Way from a 
neighbouring galaxy (Setiawan, Klement, Henning et al., 2010). An up-to-date catalogue of the 
planets, along with supporting references, can be found at The Extrasolar Planets Encyclopaedia 
(http://exoplanet.eu/).

The several observational techniques that have been employed to discover these planets each 
carry their own individual biases that define the range of properties of the detected planets, 
most notably their mass, orbital period and inclination, and distance from the Sun. Describing 
the search techniques themselves does not form part of this article but a recent account has 
been published by Wright and Gaudi (2013). The search technique that has the furthest reach, 
that of gravitational microlensing observations, has suggested that on average every star in 
the Milky Way hosts at least one planet with an orbital distance of between 0.5 and 10 AU 
(astronomical unit: mean Earth – Sun distance) (Cassan, Kubas, Beaulieu et al., 2012). This 
effectively translates to an estimate of several hundreds of billions of planets of which, maybe, 
a few hundred million could be in the ‘habitable zone’ (HZ, surface conditions that can support 
liquid water).

While the most conservative approach to finding evidence of extraterrestrial life may be to 
characterise Earth-sized planets orbiting their parent star within the HZ, there are likely to be 
other environments that could support life by using sources of energy other than starlight: for 
example, tidally-heated moons of giant planets far from their star. However, in this article we 
remain close to the conservative envelope and consider the ways in which we may characterise 
the properties of what we will call ‘Earth-2,’ our planet’s twin.
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The Pale Blue Dot

How does our home planet appear from a great distance? The most poetic answer was 
provided, perhaps, by the late Carl Sagan who was a member of NASA’s Voyager team and 

advocate of Voyager 1’s ‘Portrait of the solar system’ obtained when the spacecraft was beyond 
Pluto at the periphery of the solar system and heading for interstellar space. Taken in 1990 from 
a distance of 6.1 billion km, the ‘Pale Blue Dot’ is seen (Figure 1) impressed upon a beam of 
sunlight scattered within Voyager’s camera from the star which, at this distance, always appears 
quite close in the sky to the Earth.

We should pause here and consider what this iconic image means. The emotional and 
sociological impact is, of course, profound and was powerfully expressed by Sagan at the time. 
But this barely discernible speck of light imaged by Voyager’s camera was still obtained from 
well within the solar system’s bubble of influence. Even our nearest star, Proxima Centauri, is 
sixty-five thousand times further from Earth than was Voyager in 1990. From this, our closest 
neighbouring star, the image of Earth would be forty-three million times fainter that the dot in 
this image. These rather sobering numbers give us an indication of why we have not yet seen 
Earth-2 and how exceedingly difficult it will be to learn of its atmosphere, its surface and, 
possibly, its life.

Technology, however, marches onwards and new telescopes and instruments are being conceived 
that may bring such study within the bounds of possibility within the next decade or so. The 
time is ripe to start thinking about exactly how we might design such observations and what we 
might be able to learn from them.

Figure 1: The iconic image of Earth – the Pale Blue Dot – seen in 1990 from a distance of 6.1 billion km by the space-
craft Voyager 1 as it speeds away from our solar system. The streaks are caused by sunlight scattering within the camera. 
(Credit: NASA JPL.)  
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So, imagine we are aliens in possession of telescopes somewhat (but not too much) in advance 
of ours. In a survey of relatively nearby stars we have found a yellow dwarf star, of spectral type 
G2V, hosting a system of at least eight planets of various sizes and masses. Our home star 
(known as CN Leo and of spectral type M6.0; Figure 2) is, at 7.79 Earth light years, not as close 
to this G2V ‘sun’ as is Proxima Centauri; but there is a special relationship between us and the 
sun. This relationship is a geometric one and it is, in fact, the reason for our interest in this 
particular sun and its system of eight planets. We lie in the ecliptic plane of the sun’s planetary 
system which means that, on occasion, its planets pass in front of (and behind) the star. We 
call this a ‘transit’ (and an ‘eclipse’). When the alignment is right, transits are an effective way 
of finding the small, rocky planets that are likely homes for life. By monitoring the brightness of 
the parent star with high precision – which we prefer to do using telescopes in space – we see 
that a small drop in brightness occurs while the planet is passing in front of the star (sun). What 
is more, this brightness change depends on the colour of the light used for the measurement. It 
is this remarkable twist that hands us the key to unlock the secrets of the planet’s atmosphere.

Before making any detailed transit measurements, our standard technique of measuring the 
colour of each planet in the system, seen by reflected light from the star, has revealed quite a 
range of tints. Three of them catch our attention by being distinctly blue. Two of these are the 
seventh and the eighth planets, the penultimate and the most distant from the star. These are 
large planets but not such giants as the fifth and sixth, the latter having an elongated shape that 
suggests a system of rings. We know that such large planets are likely to have a deep hydrogen/
helium atmosphere that will often contain traces of methane, a gas that, like water vapour, 

Figure 2: An artist’s impression of the alien’s star and a planetary companion. It is known as a ‘flare star’ and, while it is 
considerably dimmer and cooler than the Sun, it is subject to violent surface flare activity that bathes its cohort of planets in 
potentially lethal high-energy radiation (UV and X-rays). Such stars are common and they will live as cool, slow-burning stars 
for a very long time, maybe a thousand times longer than the current age of the universe. (Artwork Credit: NASA, ESA and 
G. Bacon (STScI). Science Credit: NASA, ESA, A. Kowalski (University of Washington, USA), R. Osten and K. Sahu (STScI) 
and S. Hawley (University of Washington, USA).)
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absorbs red and near-infrared light and is capable of imparting a distinctly bluish or blue-green 
hue to the atmosphere (Figure 3).

The third planet from the star is much smaller in size and is more intriguing. It is also distinctly 
blue and appears to have a smaller, rather dim, companion in orbit around it (Figure 4). Small 
planets like this are likely to have a rocky surface but this one seems to be large and massive 
enough to have retained some type of atmosphere.

Figure 3: ‘True colour’ images of Uranus and Neptune from the Hubble Space Telescope: http://hubblesite.org/newscenter/
archive/releases/solarsystem/uranus/2004/05/image/c/. (Credit: NASA and E. Karkoschka, University of Arizona.) These 
exhibit the blue-green (Uranus, left) and blue tints (Neptune, right) caused by the presence of traces of methane in their 
predominantly hydrogen and helium atmospheres. The vibrational overtones of the hydrogen nuclei with respect to the central 
carbon in the methane molecule absorbs infrared and red light but leaves methane transparent in the blue. This is analagous 
to the hydrogen/oxygen vibrations in the water molecule that imparts the lovely blue cast to deep, clear water and ice. The 
plot shows the albedos (ratio of reflected to incident light) measured for these planets as well as for Saturn and Jupiter by 
Karkoschka (1994). The strength of the methane absorption bands in the top two spectra increases dramatically towards 
longer (redder) wavelengths.
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The blue colour of this planet is unlikely to be due to a methane atmosphere. This may be 
an altogether more interesting object. But why, exactly, is it blue? Discovering the nature of 
the seventh and eighth planets’ atmospheres was not too challenging. The spectrum of the 
reflected light from them revealed the methane absorption in the red. These planets are easier 
because they are both large and far from the star. Determining the nature of the third planet’s 
atmosphere will require a series of transit observations which occur every one of its years. 
Patience is needed  – but not as much as that required to wait for a visit to the planet!

Investigating the Earth: Reflection

Characterising the state of the Earth will not be an easy task even for our relatively advanced 
alien, and significantly beyond the capabilities of something like our Hubble Space 

Telescope. For measurements of reflected light, the planet is small, faint and rather close in 
angular distance to the Sun: 0.42 arcsec seen from CN Leo. To separate the faint speck from 
the glaring star – a factor of at least one and a half billion times brighter in visible light – will 
require an only moderately large, but an exquisitely perfect, telescope.

The idea will not be, initially at least, to resolve the planet into a multi-pixel image, it will simply 
be to collect the light and feed it into an efficient spectrometer whose output can be used to 
assess a combination of the surface and the atmospheric ‘reflectivity.’ We call this the ‘albedo 
spectrum’ which is essentially the ratio of the reflected to the incident light for each colour 
(wavelength) – although there are some geometric factors in here to account for the variation of 
the angles of incidence and reflection when averaging across the surface of the planet.

As well as being dependent on colour, the albedo of the Earth depends on many factors 
and varies significantly with time. Most notably, the degree of cloud cover over the relevant 

Figure 4: The Earth-Moon system imaged from the Cassini spacecraft while orbiting Saturn in July 2013. The eclipse of the 
Sun by Saturn allows Cassini’s cameras to point towards Earth without being blinded by sunlight. (Credit: NASA/ESA/ASI.)
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hemisphere has the greatest effect. Cloud has a high albedo and the mean cloud cover will have 
an important effect on how much solar energy reaches the surface from which it is reradiated at 
longer, infrared wavelengths. This infrared energy can be absorbed by gases in the atmosphere 
instead of escaping the Earth and this results in warming due to the ‘Greenhouse Effect.’ In 
addition to the water clouds, the atmosphere contains particulate matter that can be mineral 
dust, fragments of what was once living material, e.g. microbes or bacteria, substances of 
volcanic origin and man-made pollution products. These particles can both reflect/scatter light 
themselves and they can ‘nucleate’ the formation of water or ice to trigger cloud formation. As 
the Earth rotates under the distant albedo observer, it will present different mixtures of land 
mass and ocean. The oceans themselves reflect very little light except when the surface is 
smooth enough to produce a ‘glint,’ which is a specular reflection of the Sun. The brightness 
and colour of a land mass is, of course, highly dependent on the nature of the ground cover. 
Rocks and sand can be quite bright and yellow/brown in colour while vegetated areas appear 
rather dim and green in visible light but can be remarkably bright in the near infrared longward 
of 700nm wavelength, resulting from what is known as the chlorophyll ‘red-edge’ (see Figure 
A1).

Whilst our aliens will be aware of all the effects that can contribute to the albedo, residents of 
Earth are also acutely aware of their importance since secular changes in them can produce 
varying climatic conditions. The net result of having this set of different changes is that, in 
order properly to characterise the nature of the Earth from its albedo, we need a long series of 
measurements that give a good sample of the variations of the various contributors. At the very 
minimum, a full year of regular observations is needed.

In practice, the integrated ‘full-disk’ albedo of the Earth can be measured from space – preferably 
from distant spacecraft that can see a whole hemisphere at once  – or by using ‘earthshine’ from 
the Moon (Figure 5). Earthshine is the light coming from a sunlit Earth being reflected from a 
part of the Moon that is not being illuminated by the Sun. This effect is generally observed at 

Figure 5: Leonardo da Vinci’s sketch of crescent Moon illuminated by earthshine appears in his Codex Leicester, written 
between 1506 and 1510.
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or close to new Moon as a ghostly light from the lunar surface seen in stark contrast to a thin, 
brightly-illuminated crescent.

The advantage of using a distant spacecraft or the sunlit and non-sunlit lunar surface for 
measuring an Earth albedo is that both see the entire illuminated hemisphere. This is in contrast 
to a low-orbiting satellite that can only see a small fraction of the surface at any one time. In 
the case of an earthshine observation, the situation is somewhat complicated by the fact that 
the phase angles for the observed sunlit and earthlit locations are different and this has to 
be accounted for. The technique is, however, valuable for the long-term albedo monitoring of 
interest to climatologists.

The plot (Figure 6) shows the ratio of the earthshine (Earth illuminated) to the moonshine 
(solar illuminated) measurements in the visible and near-infrared: this is related to the all-disk 
Earth albedo. The individual fine lines are the sequence of observations obtained during the 
observing period with the thick black line being the average. The principal features are the 

Figure 6: NASA’s composite ‘true colour’ images of Earth. See: http://visibleearth.nasa.gov/view.php?id=57723. (Credit: 
NASA Goddard Space Flight Center.) The plot shows the integrated reflection spectrum of the Earth obtained over a period 
of just over two hours on the night of 19 November 2003 from Palomar Observatory by Montañés-Rodríguez, Pallé, Goode 
et al. (2005).
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telluric molecular oxygen and water absorptions in the red and near-infrared and the distinct 
rise at shorter wavelengths due to a combination of Rayleigh scattering and ozone absorption.

The form of such average spectra depends on both the region of the Earth facing the Moon and 
the global cloud coverage at the time of the observation. This particular period corresponded 
to illumination by the Earth stretching from Africa, Europe and western Russia, across the 
Atlantic to South America and the Eastern USA. Any contribution from the vegetation cover to 
the chlorophyll ‘red-edge’ at 700nm is very small in these spectra but this can be due to the 
preponderance of cloud cover over the heavily forested regions at the time. There is some small 
effect on the colour due to the broad ozone Chappuis band absorption in the orange-red, (but 
see below for the much stronger ozone absorption in the transmission/transit measurements).

Observations made by NASA’s EPOXI spacecraft from 50 million km show considerable evidence 
for chlorophyll seen as bright regions in the near infrared filter looking longward of the 700nm 
red-edge (Figure 7 – right). A closer view of this strong leaf reflectance in the near infrared is 
afforded by IR photographs such as Figure 8 taken with a filter at about 800nm.

The reason for this very high reflectivity of vegetation above the 700nm wavelength of the 
chlorophyll red-edge merits a little more thought since it really represents the invisibility of the 
pigment rather than its presence. The dominant pigment in most plant leaves is chlorophyll, 
which uses visible light – predominantly at around 680nm – as the energy source to split 
water into protons and oxygen and thence to synthesise simple sugars from carbon dioxide. At 
wavelengths longer than this red absorption band, chlorophyll can no longer make use of the 
light for photosynthesis and the energy deposited in the leaf by the near infrared photons causes 
heating which can damage the structure and cause unnecessary water loss. Consequently, 
above 700nm, chlorophyll has a very low absorption of light which results in leaves being rather 
translucent. Note, however, that they do not become transparent since there are many small-
scale structures within the leaf that scatter light very effectively. In the near-infrared: a leaf looks 
rather like a thin layer of powdery snow or very finely ground glass. As a consequence of multiple 

Figure 7: Image taken of the Earth-Moon system by NASA’s EPOXI spacecraft from a distance of 50 million km.  It shows 
the Moon about to transit across the face of the Earth over the continent of Africa. The left frame comprises images taken 
through red, green and blue filters while that on the right uses a near-infrared filter in place of the visible red one. This 
longer wavelength filter, above the so-called ‘chlorophyll red-edge,’ captures the very high reflectivity of vegetation at this 
wavelength to give the forested regions a bright red tint. Note the low albedo of the lunar surface. See: http://epoxi.umd.
edu/3gallery/vid_Earth-Moon.shtml. (Credit: Don J. Lindler, Sigma Space Corporation and NASA/JPL-Caltech/GSFC/UMD.)
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scattering within the structure, leaves tend to have very high transmission and reflectivity since 
the photons can escape from both the upper and lower leaf surfaces. It is notable, however, that 
in infrared photographs of the landscape, conifers look somewhat darker than deciduous trees. 
Conifer needles tend to be quite thick and transmit less than they reflect.
 
Although chlorophyll itself absorbs very little ‘far-red’ light, plants do contain a photoreceptor 
pigment called phytochrome that keeps track of the ratio between the intensity of far-red 
(~730nm) and red (~680nm) light and plays a crucial role in regulating plant growth.

While these effects contrive to produce a pale-blue Earth, the actual physical mechanisms involved 
are very different from those producing the colours of the outer planets Uranus and Neptune. 
The Earth is dominated by blue sky (molecular scattering), seen against a predominantly very 
dark ocean, while the outer planets are coloured by the intrinsic properties of methane gas as a 
result of vibrational transitions in the methane molecule. The analogous vibrational transitions 
in the water molecule do contribute some of the blue colour to the spatially-integrated light 
reflected from the Earth but the effect is rather small, largely because the oceans, while blue, 
are rather dark.

Investigating the Earth: Transmission

Albedo measurements like this, while giving a useful overview of the combination of surface 
and atmospheric properties, are not the best way of investigating the composition and 

structure of the atmosphere. For this, we benefit from the measurement of a long ‘tangential’ 
path through the thin atmospheric skin rather than the short vertical path that dominates the 
albedo measurement. For an exoplanet we can do this by observing a transit in front of the 
parent star. For our Earth, we can do almost the same thing by observing the light reflected from 
a fully eclipsed Moon, i.e. the ‘copper coloured’ region within the umbra of the Earth’s shadow. 
For these eclipses, the sunlight that reaches the shadowed Moon has travelled along a refracted 
path through the Earth’s atmosphere which is localised to a particular position and altitude 
on the Earth. This position depends on the positions of the Earth and Moon as well as on the 
location of the observing point on the Moon’s surface. In addition to this direct (but refracted) 

Figure 8: An image of trees in leaf, taken at a wavelength of around 800nm in the near-infrared. This shows the 
extraordinarily high reflectivity of the chlorophyll-containing sugar factories deployed by plants http://www.flickr.com/photos/
bob_81667/3430132876/.
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path, some sunlight is forward scattered in the atmosphere and can contribute to umbral light, 
most significantly at the blue end of the visible spectrum.

Several spectroscopic measurements of lunar eclipses have been made in recent years, e.g. 
Pallé, Zapatero Osorio, Barrena et al. (2009); Vidal-Madjar, Arnold, Ehrenreich et al. (2010); 
Ugolnikov, Punanova and Krushinsky (2013). Most recently (Fei Yan, Fosbury, Petr-Gotzens 
et al., in press), a high quality, high spectral resolution measurement has been reported of 

Figure 9: Upper: the passage of the Moon through the Earth’s umbra for the 11 December 2011 eclipse. 
The black bar shows the trace of the spectrometer pointing during the observation of the umbral spectrum 
(taken from the NASA Eclipse site: eclipse.gsfc.nasa.gov/eclipse.html).  Lower: the track of the tangent 
point for the transmission spectrum. The map is taken from the Australian Antarctic Data Centre (Fei Yan, 
Fosbury, Petr-Gotzens et al., in press).
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the December 2011 eclipse where the refracted path crossed the coast of Antarctica south of 
Australia. This observation has yielded a detailed picture of the species that can be identified 
from a high resolution and high signal/noise spectrum with a large column density tangential 
penetration. While it will be a very long time before data of this quality can be obtained from an 
exo-earth, they do provide us with a practical template that can be used for planning the most 
effective astronomical planet-characterisation measurements in the future. They also can alert 
us to the effects of lower atmospheric masking in planetary transit measurements due to clouds 
and aerosols at lower altitudes. The aerosol extinction can become severe after major volcanic 
eruptions.

The diagrams (Figures 9 and 10) illustrate the geometry of the light path illuminating the Moon 
within the Earth’s umbral shadow during this eclipse. The resulting transmission spectrum 
(Figure 11) is well fitted by a single path model with an effective altitude (at the 'tangent’ point) 
of 12.5 km above sea level and taking account of molecular (Rayleigh) and aerosol scattering, 
molecular absorption from O2, O3, H2O, NO2 and the O4 CIA (collision induced absorption). 
There is, of course, CO2 and CH4 there as well but you have to look a little further into the 
infrared part of the spectrum to see that.

The December 2011 ‘Antarctic’ eclipse is of especial interest for two reasons. Firstly, the 
extremely low column density of water vapour along the refracted path and, secondly, the 
substantial amount of nitrogen dioxide detected in this remote part of the globe. The low water 
content of the atmosphere above Antarctica is due to the low temperatures ‘freezing it out’ of 
the air. This makes the continent attractive (although expensive to exploit) for astronomers, 
especially those working in regions of the spectrum where water absorbs strongly, i.e. all of 
it except the blue-visible band! The nitrogen dioxide could have several origins, one of them 
being the pollution caused by the increasing number of cruise ships approaching the continent. 
Others that we are looking at include nitrogen fixation above the molten lava lake in Mt Erebus 
and also the possibility of its being derived from bacteria exposed during the Antarctic spring 
snowmelt. The NO2 reacts strongly with O3 and, during twilight –  which the eclipse geometry 
determines to be the point where the illuminating light path is tangent to the Earth’s surface – 
the NO2 becomes enhanced relative to its daylight concentration, explaining why it is somewhat 
higher than measured by daytime satellite measurements.

Figure 10: A schematic diagram of the lunar eclipse geometry showing the refracted path of the sunlight that illuminates 
the Moon within the umbral shadow. The solar spectral features and the lunar albedo are cancelled by taking the ratio of 
the umbral to the bright Moon spectrum observed at similar vertical atmospheric pathlengths above the observatory. This 
ratio yields the fractional transmission of the refracted, ‘tangential’ path along with any skylight forward scattered from the 
atmospheric ring around the Earth (Fei Yan, Fosbury, Petr-Gotzens et al., in press).
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So, what does such an exercise reveal to us about the Earth? In the most general sense, it tells 
us that the atmosphere is way away from chemical equilibrium: we see copious oxygen in three 
of its molecular forms, O2, O3 and O4. On a dead planet most or all of this oxygen would be 
locked up as oxides on or under the solid surface or in the oceans: iron would be rust! We need 
a continuous and plenteous source of oxygen to keep the atmosphere as we see it. It tells us 
that the atmosphere can be relatively transparent – to visible light at least – and that light would 
reach the ground, either directly or after bouncing around within white clouds. The presence 
of such significant quantities of ozone reassures us that the surface of the planet is protected 
from ultraviolet radiation from the Sun. The weakness of the water vapour absorption in the 
earthshine spectrum and, especially, in the eclipse spectrum might be misinterpreted as a sign 
of there being very little water on the planet. But this would be a mistake. In the reflection 
spectrum, the major contributor to the albedo is light scattered from the tops of clouds that 
are mostly at an altitude of around 10 km –  well above the majority of the atmospheric water. 
In the transmission, there are two relevant effects. The same clouds that reflect light away 
from the Earth will obscure the lower reaches of the atmosphere in long-path transit or eclipse 

Figure 11: Upper: the transmission spectrum of the Earth’s atmosphere during the 10 December 2011 lunar eclipse (black 
line – this spectrum is binned every 50 wavelength channels for this plot due to the high spectral resolving power (R 
~45,000) of the original data). The model fits to the data are shown as the yellow and red lines. The contribution from 
forward scattered skylight is shown as the blue line and the final residual as the green line. The reason for the poor fitting at 
the strong oxygen and long wavelength water absorption is that these bands are saturated (completely absorbing in parts) in 
the vertical path above the observatory. Lower: the different atmospheric species contributing to the modelled transmission 
spectrum. Note the great strength of the ozone Chappuis band centred just shortward of 6000Å (note that 10Å = 1nm) (Fei 
Yan, Fosbury, Petr-Gotzens et al., in press).
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measurements. Secondly, and probably most relevant to this observation, is the freezing out of 
the precipitable water vapour that is expected over cold regions of the globe.

A potentially useful tool for interpreting the meaning of the water column measurements in the 
presence of low atmosphere masking is to detect and measure the O4 absorption bands in the 
visible and UV spectrum. These bands, centred between 330 and 1140nm (Greenblatt, Orlando, 
Burkholder et al., 1990),1 arise from the collision-induced breaking of the selection rules for 
forbidden O2 transitions and have a strength proportional to density squared due to the linear 
dependence of the cross section on O2 density. The presence of strong O4 absorption would 
therefore indicate that high density regions of the atmosphere were reasonably transparent, 
allowing the detection of low-lying water vapour.

Planetary Evolution

These reflection and transmission studies give us a valuable template for evaluating the 
possibilities of characterising an exoplanet that is similar to Earth now. But the Earth has, 

of course, undergone 4.54 billion years of evolution during most of which it did not look quite 
as it does now. Unravelling the details of this story involves understanding volcanism, the 
development of life, plate tectonics, the oxygenation of the atmosphere, the population of the 
land by plants and animals, the episodic glaciations and, now, the effects of human society. 
Great progress is being made in recovering the history of these complex processes and inter-
actions (e.g. Zalasiewicz and Williams, 2013) and this will help us to extend our observational 
strategies to a broader range of evolutionary states.

Conclusions

These investigations help us to understand what it is possible to achieve but also warn us 
of how technically difficult it will be. We do expect, however, that in the not-too-distant 

future it will become possible to carry out these very demanding observations. What will it 
mean if we really do find signs of life beyond the solar system? Such a discovery would have 
an enormous emotional impact of course and would fill the newspapers and electronic news 
outlets for at least a couple of days. But the impact on our cosmology would be profound since 
it would so greatly increase our knowledge of the universality of complexity in the universe. 

In its evolution from the Big Bang, the universe has spawned a series of fundamental in-
creases of complexity while simultaneously increasing its overall state of disorder or ‘entropy.’ 
Starting from the appearance of the nuclei of atoms (hydrogen, helium and a little lithium) 
during the first few minutes and followed by the building of the periodic table of chemical 
elements in stars and supernovae during the ensuing billions of years, our astronomical ob-
servations tell us that these products are the same wherever we look; they are universal. As 
new environments (temperature, density, radiation level, etc.) appear, new levels of complex-
ity begin to ‘crystallize out.’ Simple molecules form in interstellar space and more complex 
ones assemble in cooler, denser ‘molecular clouds.’ During the birth of stars, even more com-
plex organic structures form in protoplanetary disks. Some of these we call the ‘pre-biotic’ 
molecules that may go on to seed the planets that form from the disk material. All of these 
developments appear to be universal in that we see the same things wherever we are able to 
look with our telescopes.
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We are at the stage of knowledge now where we do not know if ‘life’ is universal. We can 
speculate, build hypotheses, make models and talk the hind legs off donkeys: but we just do 
not know. The discovery of just one planet outside the solar system that has an atmosphere 
clearly resulting from photosynthetic life would be a huge leap in our cosmological knowledge. 
Should we be able to detect the presence of chlorophyll as the responsible photosynthetic 
engine, the leap would be even greater and it might suggest the universality of DNA as the 
biological data-storage medium of choice throughout the universe.

Appendix

Figure A1: This figure has been included to give a general orientation for the spectral range we have been discussing in 
this article. It shows some illustrative visible and near-infrared spectra of different light sources and also the transmission 
of a tree (beech) leaf to illustrate the characteristics of vegetation pigments, notably chlorophyll. The different spectra are:

Dark-blue: The flux spectrum of the Sun from outside the atmosphere (taken from the Hubble Space Telescope calibration 
database).
Light-blue: The spectrum of the Sun at 38.5°above the horizon observed from a location 500m above sea level.
Red: The emission from a mercury (Hg) street lamp.
Orange: The emission from a compact, quartz-halogen filament lamp running at a colour temperature of 3200K.
Green: The transmission of a beech leaf (on an arbitrary intensity scale). This shows the very marked change in 
transmission/reflectance around 700nm: the so-called ‘chlorophyll red-edge.’
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Note

1 The band wavelengths are 343, 361, 380, 447, 477, 532, 577, 630, 688, 762 and 
1065nm.
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