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The “Pale Blue Dot”

...taken in 1990 by Voyager 1 from 6.1 billion km
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From behind Saturn

Cassini Wide Angle Camera, 15 Sep. 2006
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From a neighbour

Mars Global Surveyor  
Mars Orbiter Camera 
on 
8 May 2003 
from 139 million km
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Earthrise

… from the Moon: Apollo 8, December 1968



From Earth orbit

Animation by Martin Kornmesser



The “Blue Planet”
The “Pale Blue Dot”

Why blue?

The simple answer: because of air and water
But we can look a bit deeper…
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Water is blue

Unlike many blues in nature, water is actually 
blue

Water molecules absorb red light; in fact water 
absorbs pretty much all electromagnetic 
radiation except blue light and metre-length 
radio waves



Very clear seawater on the Cornish coast



Iceberg, Glacier Bay, Alaska



The “Water hole”



Assignment of the IR vibrational absorption spectrum of liquid water

Wavelength cm-1 Assignment  Wavelength cm-1 Assignment

0.2 mm 50 intermolecular bend  1470 nm 6800 av1 + bv3; a+b=2

55 µm 183.4 intermolecular stretch  1200 nm 8330 av1 + v2 + bv3; a+b=2

25 µm 395.5 L1, librations  970 nm 10310 av1 + bv3; a+b=3

15 µm 686.3 L2, librations  836 nm 11960 av1 + v2 + bv3; a+b=3

6.08 µm 1645 v2, bend  739 nm 13530 av1 + bv3; a+b=4

4.65 µm 2150 v2 + L2 b  660 nm 15150 av1 + v2 + bv3; a+b=4

3.05 µm 3277 v1, symmetric stretch  606 nm 16500 av1 + bv3; a+b=5

2.87 µm 3490 v3, asymmetric stretch  514 nm 19460 av1 + bv3; a+b=6

1900 nm 5260 av1 + v2 + bv3; a+b=1  Note that a and b are integers, ! 0 ms.

Thanks to martin.chaplin@btinternet.com
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Water absorption in the atmosphere at sunset, in 1m of liquid and in an emerald 
crystal
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the digital camera’s white balance when we took Fig.
5’s photographs, their color shift is real and not an
electronic artifact. Optical explanations for these
overcast color phenomena appear in Section 4.

3. Correlated Color Temperatures of Daytime
Overcasts
Correlated color temperature (CCT) has long been
used as an approximate, convenient alternative to
chromaticity coordinates near the Planckian locus.20

Because CCT reduces two-dimensional color data
!u!, v!" to one dimension, CCT’s convenience comes at
the cost of some colorimetric ambiguity. For example,
although a 6000-Kelvin CCT can be on either side of
the Planckian locus,21 all our measurements of day-
time overcast CCTs place them on its left (or green-
ish) side. In Fig. 6, we show how overcast CCT varies
with h0 for nearly half our 9100 daytime spectra.
These are the E! spectra measured from the entire
sky hemisphere; i.e., they are spectra of overcast day-
light as opposed to skylight. Although cloud spectral
optical depth "! and the underlying surface’s spectral
reflectance r! also influence overcast CCT,4 h0 partly
determines the daylight spectrum incident on an
overcast’s top. In turn, this daylight spectrum affects
overcast color as seen from the ground.

Because the incident illumination is only one of
several factors governing overcast color, h0 and CCT
are weakly correlated in Fig. 6. Yet as in our earlier
work,6 mean overcast CCT in Fig. 6 clearly has a local
minimum (i.e., is reddest) when 30° # h0 # 35°. Al-
though Fig. 6’s CCT variance might eliminate this
local minimum, the distinct trend in mean CCT at
nearby h0 suggests otherwise. If indeed this CCT
minimum is real, we lack a ready explanation for it:

our measurements indicate that clear daylight at the
surface (i.e., combined skylight and direct sunlight)
usually does not begin to redden until 20° # h0
# 25°. Furthermore, we cannot blame the overcast
itself for this reddening. As demonstrated in Section
4, diffuse transmission through optically thick clouds
makes the transmitted light slightly bluer, not red-
der.

The mean and median overcast CCTs in Fig. 6 are
6358 K and 6341 K, respectively. Although these val-
ues are #375 K larger than the mean overcast CCTs
that we reported earlier,6 this is unlikely to be per-
ceptually significant, especially given that the overall
standard deviation $ % 336 K is nearly as large as
the CCT difference. In fact, our new mean and me-
dian CCT are closer to the 6500 K overcast white-
balance setting suggested by some digital camera
manufacturers.22 The extreme daytime CCTs are
9316 K (bluest) and 5799 K (least blue), and we plot
the corresponding E! spectra in Fig. 7. The high-CCT
spectrum occurred when h0 % 5.0°, our self-imposed
lower limit on daytime h0. That the maximum CCT
occurred at the lowest h0 is not surprising, because
even though direct sunlight atop the overcast is red-
dened then, the combined effects of atmospheric ex-
tinction and the cosine law mean that it contributes
relatively little to horizontal E!.17 Instead, bluish sky-
light dominates illumination both above and below
the clouds.

Figure 8’s histogram gives the distribution of all
daytime overcast color temperatures, here shown as
inverse CCTs.6 The unit of inverse CCT is the recip-
rocal mega-Kelvin !106$CCT", denoted by the symbol
MK&1 (originally called the “mired”).23 Reciprocal
mega-Kelvins produce a uniform scale that better

Fig. 5. Composite fisheye image of a bright stratus overcast (left
half, E % 24.3 W m&2) and a much darker stratocumulus overcast
(right half, E # 3.6 W m&2) at USNA on 11-18-03 and 11-19-03,
respectively. Note that the darker overcast is distinctly bluer. Al-
though exposures differ, in both original photographs the digital
camera’s white-balance setting was the same and h0 # 18.5°.

Fig. 6. Correlated color temperature (CCT) in Kelvins versus h0

for all 4278 of our horizontal E! spectra for overcasts; individual
CCTs are plotted as dots. The right-hand ordinate gives equivalent
values of inverse CCT, which is measured in inverse mega-Kelvins
(106$CCT; inverse CCT unit is MK&1). The mean CCT curve is
calculated using bins that are 2° wide in h0, and each error bar
spans 2 standard deviations ! at the given h0.

20 September 2005 $ Vol. 44, No. 27 $ APPLIED OPTICS 5715

Plot for 1cm precipitable liquid water

The blue colour of heavily overcast skies
Lee et al. 2005



Air is blue

Yes, we all know the clear sky is blue because 
of Rayleigh scattering from molecules and 
density fluctuations, but air is actually blue as 
well!

This is because of ozone, the unstable 
allotrope of oxygen, which exists mostly 
between 15 and 40 km altitude in the 
atmosphere



Rayleigh scattering blue



Rayleigh scattering blue

Mie scatteringwhite



Ozone Chappuis band absorption X-section
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This is the sky seen by the eclipsed Moon
at the boundary of the umbra/penumbra



This is the sky seen by the eclipsed Moon
at the boundary of the umbra/penumbraThanks to Zolt Levay





Data from Enric Pallé



Spectrometer input aperture



Sunset spectra



Sunset spectra



Sunset sky (model)

No ozone



The Green Planet

Chlorophyll in action



The Green Planet

Chlorophyll in action



Spectrum of the ground: mixed buildings, grass and trees
Seeing the chlorophyll ‘red-edge’
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Natural colours on Earth
Chlorophyll, like haemaglobin, is a ‘porphyrin’ 
and there are other examples of this class 
that produce colours we see

The brown of a hen’s eggshell is actually a 
white matrix speckled with purple 
protoporphyrin and, like chlorophyll, fluoresces 
red under UV light

Seaweeds contain auxiliary pigments that 
transfer energy from underwater (mostly blue!)
photons to the photosynthetic mechanisms in 
chlorophyll
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Brown seaweed with phycoerythrin and chlorophyll



Brown seaweed with phycoerythrin and chlorophyll

Transmission

Fluorescence

Feeds light to chlorophyll



Animal blues
Many animal blues are not caused by pigments 
but are ‘structural‘ — basically Tyndall 
(Rayleigh) scattering and/or interference 
phenomena
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Solids (gemstones)



Solids (gemstones)

Different mechanisms produce colour in solids — 
sometimes this is intrinsic to the basic material 
but is often due to ‘impurities’. The most 
famous is the role of impurity chromium in 
ruby, emerald, spinel, kyanite etc. where the 
surrounding crystal structure generates a 
ligand field that allows optical transitions. 
Transitions from metastable levels can lase (the 
ruby laser)









Apatite (calcium phosphate 
- Chloride Fluoride 
Hydroxide) contains rare 
earths (eg. neodymium) 
that make inner-shell 
transitions and produce 
rich absorption spectra. 
The Nd^3+ emits the 
strong NIR fluorescence 
lines that are exploited in 
Nd YAG lasers

The  transmission 
spectrum of YAG is shown 
as the faint grey line

There is lots of apatite in 
your bones and teeth



The effect of decades of 
desert sunlight on glass 
containing manganese and iron

This old glass telephone 
insulator was found on a fallen 
(unused!) telegraph pole by 
Trish on a trip from Parkes to 
Sydney

The colour (purple with high 
transparency in the blue) is 
from UV-induced colour-
centres similar to those in 
adaptive spectacles



Ravenala Madagascariensis
A ‘new’ blue
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Ravenala Madagascariensis
A ‘new’ blue

extended blue sensitivity
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extended blue sensitivity



The colours discussed in the first part of the 
talk are (and will be) important for 
characterising exo-Earths. It may be a while, 
however, before the later examples become of 
interest to astrophysicists (except to me of 
course!)
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