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Preface 

This book is not written for the gurus in the field of Carbon Capture and Storage (CSS), nor the experts on 
Radiative transfer in the atmosphere. We don’t have the expertise or experience to be authorities on these 
topics. But we have investigated and read literature, and we would like to share our journey and what we’ve 
learned along the way with students and laymen and anyone who don’t mind getting caught reading 
something easy. We realise that there is a wealth of literature and results in all the fields of physics – our hope 
is that this book which doesn’t fit into the usual book categories – can provide an easy introduction to how 
carbon dioxide (CO2) in the atmosphere is a greenhouse gas, and how CO2 can be safely stored underground.  
 
The book title From Arrhenius to CO2 Storage with Physics-based Educational Models for Radiation in the 
Atmosphere needs explanation. Svante Arrhenius (1859-1927) was a Swedish physicist and physical chemist 
known for his theory of electrolytic dissociation and his model of the greenhouse effect. Debates in the 
Stockholm Physics Society on the causes of the ice ages led Arrhenius in 1896 to construct the first climate 
model of the influence of atmospheric CO2. His model explained how gases in Earth’s atmosphere trap heat. 
From the model, discussed in Chapters 2 and 6, he predicted that a doubling of CO2 in the atmosphere due to 
fossil fuel burning could lead to temperature increases of 3 to 4 °C. This work earned Arrhenius his present 
reputation to be the first to provide a model for the effect of industrial activity on global warming. 
 
The greenhouse effect is a warming of Earth’s surface and troposphere which is caused by the presence of 
greenhouse gases in the air: water vapour, carbon dioxide, methane, and certain other gases. The origins of 
the term greenhouse effect are somewhat unclear. Arrhenius however in his work Worlds in the Making 
(1903) referred to the ‘hot-house theory’ of the atmosphere—which would be known later as the greenhouse 
effect – and acknowledged the great French mathematician Joseph Fourier, the French physicist Claude 
Pouillet and the Irish physicist John Tyndall. The greenhouse gases have the property that they absorb infrared 
radiation (wavelength ranges 4–50 μm) emitted from the Earth’s surface and re-radiating it back to the 
surface, or upwards into outer space. The electromagnetic radiation emitted by the Earth's surface and 
atmosphere is called terrestrial or longwave radiation. Since these ‘bodies’ have temperatures in the range 
200–300K, terrestrial radiation lies in the infrared portion of the electromagnetic spectrum. To understand the 
radiation from the Earth, and the radiation from the Sun, which is warming Earth’s surface, we review the 
physics of blackbody radiation, discussed in Chapter 1. Blackbody radiation explains why the 6,000 K surface of 
the Sun emits radiation that peaks in the centre of the visible range while the 300 K surface of the Earth emits 
radiation with a peak intensity in the far infrared range. The relative importance of a greenhouse gas depends 
on two factors: (i) its abundance in the atmosphere and (ii) how much the greenhouse gas can absorb specific 
frequencies or wavelengths of energy. The wider spectrum of wavelengths in the infrared a gas can absorb, the 
more effective absorber it is. Chapter 3 shows the absorption profiles of the greenhouse gases.  
 
The nuclear bomb tests performed by the USA and the Soviet Union in the period from 1950 to 1962 led to a 
significant increase in radioactive carbon (14C) in the atmosphere. The radiocarbon dating laboratory in 
Trondheim initiated a large data acquisition effort in the 1960s aimed at monitoring the changes in 
radiocarbon that lasted until 1995. In Chapter 4, we revisit this unique dataset and discuss why this is of 
importance to our understanding of how CO₂ is circulating between the atmosphere, biosphere and the 
oceans.  
 
In 1824 the French mathematician Joseph Fourier, famously known for how the conduction of heat in solid 
bodies can be analyzed in terms of an infinite mathematical series now called by his name, the Fourier series, 
wondered why Earth's average temperature is approximately 15°C. His simple calculations indicated that Earth 
should actually be much colder, around -18°C. The measured 15°C temperature, he reasoned would need to 
come from a process occurring in the atmosphere; he concluded that Earth’s atmosphere worked similarly to a 
‘hotbox’— a glass heat trap in the form of a miniature greenhouse developed by Swiss physicist Horace 
Bénédict de Saussure, which prevented cool air from mixing with warm air. In Chapter 5 we touch upon who 
was the founding mother or father of the greenhouse effect. The history includes Fourier, Pouillet, Foote and 
Tyndall, in addition to Arrhenius. We go on to present the simplest possible model that explains the 
greenhouse effect; it succeeds in its main purpose: to demonstrate that an atmosphere which absorbs and re-
emits some of the radiation from the Earth’s surface results in a surface that is warmer than if there were no 
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atmosphere. The effective temperature that would exist at Earth’s surface if the planet had no atmosphere is  
-21°C, in fair agreement with Fourier’s observations. 
 
Electromagnetic radiation, discussed in Chapter 1, can be described in terms of a ‘stream’ of mass-less 
particles, called photons, each traveling at the speed of light. Each photon contains a certain amount of energy 
that is related to its frequency. In 1900, the German physicist Max Planck explained that heat radiation is 
emitted and absorbed in distinct units, or quanta. In 1905, Albert Einstein’s proposed the existence of discrete 
energy packets during the transmission of light for his explanation of the photoelectric effect. The 
term photon (from Greek phōs, phōtos, meaning ‘light’) was proposed in 1926 by G. N. Lewis; since then many 
physicists adopted it as a more apt name for Einstein's light quantum. The terrestrial radiation emitted from 
the surface of the Earth is conveniently described by photons leaving upwards from Earth’s surface. Watch 
your steps: the surface temperature of 15°C yields the total number of 3.63·1022 photons being emitted per s 
per m2. The photon concept is important because photons are emitted and absorbed one photon at a time. In 
Chapter 7 we invite you to skydive into the quantum world to learn how the CO2 infrared-active molecules in 
the atmosphere absorb and emit IR photons. An IR photon leaving from Earth’s surface interacts by 
transferring its energy to the CO2 molecule, thereby raising the CO2 molecule to a higher vibrational state. But 
excited states are energetically unfavourable; the molecule is ‘upset’ and wants to return to the ground state 
by giving up energy. We show that only a small percentage re-radiates photons and the majority lose that 
energy to the surrounding bath of atmospheric molecules. In turn, the atmospheric molecules collide with CO2 
molecules so that they get excited. A small percentage radiates new photons, and the rest lose the energy by 
collision. So the story continues. It is a stressful life!  

Chapter 8 is the most math-heavy chapter of the book. It is necessary to introduce the CO2 absorption 
spectrum. Showing thousands of separate lines between 500 and 850 cm-1, it is a measure for the probability 
of absorption, or the ability of a CO2 molecule to absorb a photon of a particular frequency (or wavenumber). 
We then go on to solve simple differential equations for radiative transfer to illustrate how Earth’s terrestrial 
radiation is transferred in a plane-parallel troposphere in the presence of CO2 molecules. The important 
concept to understand is the photon’s mean free path, which is the average distance over which a 
moving photon travels before being absorbed by the CO2 molecule. The size of the mean free path is strongly 
frequency (or wavenumber) dependent and inversely proportional to the CO2 concentration. This observation 
is the key to appreciate Chapter 9. 

 
A random walk can be defined as a series of discrete steps an object takes in some direction. The random walk 
model can be traced back to the irregular motion of individual pollen particles, studied by the botanist Brown 
(1828), now known as Brownian motion. The random walk theory was brought to prominence when the 
journal Nature published a discussion between Pearson (1905) and Rayleigh (1905). Many important fields, 
such as random processes, random noise, spectral analysis and stochastic equations, have been developed 
during the course of research on random walks. In Chapter 9, Brigitte who is climbing the Haiku Stairs 
(‘Stairway to Heaven’) with its 3,922 steps on Oahu, Hawaii, meets Phôs who suggests climbing the stairs in the 
random walk model. Brigitte develops a formula giving the probability of Phôs ending up at the bottom step of 
Haiku stairs. This random walk formula can be applied also to the radiation of photons from Earth’s surface. 
The photon energy (frequency or wavenumber) determines the photon’s mean free path, which is the distance 
it can travel before being absorbed by a CO2 molecule in the atmosphere. When the photon is re-radiated, 
there is a 50/50% probability of being sent upwards in the atmosphere or downwards towards Earth’s surface. 
It is truly a random walk. A photon at the center of the CO2  absorption band at wavenumber 667 cm-1, when 
being emitted upwards from the surface of the Earth, will have to climb more than 3,000 steps to reach outer 
space – equivalently, the photon is seeing an atmosphere of a large number of ‘layers’ it has to pass, when the 
CO2 concentration is 400 ppm. This photon near the center of the absorption band is virtually certain to make 
the return to Earth where it heats the surface. If the CO2 concentration is doubled, the probability doesn’t 
change much; this part of the band is ‘saturated’. However, a photon that leaves Earth’s surface away from the 
center of the band, because of its specific wavenumber, may meet only a few steps to climb or layers to pass.  
It has a high probability of reaching to outer space, thereby cooling Earth. Obviously, if the CO2 concentration 
is increased, this photon will see more layers, thereby increasing the probability of returning to Earth’s surface, 
and thus increase the surface temperature. The random walk model lacks essential physics but provides a 
simple educational model which illustrates how absorption, followed by re-emission, result in a net stream or 
flux of photons back to Earth’s surface. This flux is dependent on the CO2 concentration. 
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In Chapter 10 the educational one-dimensional (1D) ‘grey’ radiation model of the atmosphere is introduced. It 
illustrates the physical essence of the mechanism by which a CO2 increase warms the troposphere. Increased 
concentrations of greenhouse gases are warming Earth’s surface and troposphere. But more greenhouse gases 
seem to lower temperatures in the higher layers of the atmosphere. This cooling, discussed in Chapter 11, 
often referred to as ‘stratospheric cooling’, is evident from measurements and considered to be one of the 
fingerprints of anthropogenic global warming. We introduce the educational 1D ‘window-grey’ radiation 
model of the atmosphere to illustrate the physical essence of the mechanism by which a CO2 increase cools 
the stratosphere. 
 
Many of today’s energy companies (former oil and gas companies) state they are founded on a ‘strong 
commitment to sustainability’. What is sustainability? Guest author Christine, in Chapter 12, reminds us that 
the word sustainability was used as early as 1972 in the context of 'humanity's future' in the report Blueprint 
for Survival (Goldsmith et al., 1972, p. 2). Two different terms for sustainability are in use: weak and strong 
sustainability. While weak sustainability can accept harmful environmental activity if it leads to large economic 
or societal benefits, strong sustainability emphasizes the ecological condition rather than the economic gains. 
Within strong sustainability, nature has a holistic and sustainable right to exist. It must be passed on between 
generations as untouched as possible. Christine brings up dilemmas related to sustainability and energy 
production. She includes a brief discussion on fusion power – the prospects it offers, the fundamental 
engineering challenges, and the hopes. This chapter may serve as an introduction to CO2 storage.  
 
At the moment there are about 30 projects worldwide focusing on practical and economic issues related to 
carbon capture and storage (CCS). In Chapter 13 we list many of these projects, and show that as of 2022, the 
majority of CCS projects worldwide are concentrated in North America, with 11 projects in operation. In 
comparison, Europe had 4 CCS projects in operation at that time. Many projects, however, are in planning or 
under development. We go on to write a brief section on ‘CO2 storage for dummies’. This section is written for 
those who hesitate to read all of the book, and ‘for dummies’ gives them a choice.  
 
Given the public interest in climate change related to CO2 emissions, this number (30) is surprisingly low. Is this 
due to economic constraints, technological challenges, or long-term risk? In Chapter 14, Philip Ringrose 
observes that CCS is a political issue, and the politicians are facing a tremendous dilemma, driven by the 
enormous costs of engaging in climate action and a growing public clamour for action. He goes on to discuss 
how geoscience and various other disciplines might interact to ensure that if CCS is undertaken it is done in a 
responsible manner. In Chapter 15, Anne-Kari Furre presents the famous Sleipner CO2 project. Since 1996, the 
Sleipner field in the North Sea has been used for carbon capture and storage by Equinor and partners. It is the 
longest ongoing project on CO2 storage in the world, where about 1 million tonnes CO2 from the natural gas 
is captured and stored yearly in a saline formation 800m below the seabed. Chapter 16, written by Eva K. 
Halland, focuses on CO2 storage on the Norwegian Continental Shelf (NCS). By building on knowledge from the 
petroleum industry and experience over 25 years of storing CO₂ in deep geological formations, a new value 
chain and a business model for carbon capture and storage in the North Sea Basin is made. 
 
In Chapter 17 we equip you with the physical basis of Distributed Acoustic Sensing (DAS) technology. Fibre-
optic cables, which normally are used for telecommunications, such as internet, television, and telephone 
service, can also be used to detect acoustic (seismic) waves that hit the cable, every metre along the cable for 
tens to hundreds of kilometers. The DAS interrogator turns the fibre-optic cable into thousands of sensors that 
measure the inline strain; the fibre becomes a distributed (continuous) acoustic sensor. One potential 
application of DAS technology is monitoring of CO2 storage. 

In Chapter 18 we note that the muon—the short-lived cousin of the electron—is used for archeological 
purposes to peer inside large, dense objects such as the pyramids in Egypt. We give an introduction to muons 
‘for dummies’. Muons are created in the atmosphere, and they are continuously bombarding the surface of 
Earth: approximately one muon hits every square centimeter of the Earth every minute. They penetrate far 
below the surface while taking notice of the density distribution before they end their life —potentially more 
than a mile (1.6 km) beneath our feet. Muon tomography has been proposed as a tool to continuously monitor 
subsurface CO2 storage, or hydrogen gas (H2) stored in caverns, and we briefly review muon tomography in 
that light. In Chapter 12, we note that muons can be created not only in the atmosphere, but also in large 
particle accelerators and even more interestingly, perhaps as a portable muon source producing 10 GeV to  
100 GeV energies. It has the potential to penetrate mountains and oceans, and to help study the nature of 
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matter and the universe. Or it may become the laser-driven source to inject muons into the deuterium-tritium 
mixture to start low-temperature fusion? We don’t have the answers but point towards what could be 
possible in the near future. 

The book ends with a contribution from guest author Birgitte, who in Chapter 19 brings the good news that 
the great whales are our climate allies in moderating climate change. Phytoplankton, which form the base of 
aquatic food web, consume vast amounts of CO2 from the atmosphere. A 1% increase in phytoplankton 
productivity would capture hundreds of millions of tonnes of additional CO2 a year. Since the late 1980s, 
scientists have studied the idea that adding iron to the oceans would encourage the growth of phytoplankton 
that would capture more CO2 on a global scale. This geoengineering solution still has critical questions that 
need to be answered. A recent idea is to feed phytoplankton, and stimulate their growth in the ocean, by 
engineered nanoparticles. Marine biologists however have recently discovered that the great whales play a 
significant role in CO2 capture from the atmosphere and storage at the bottom of the oceans. She suggests 
that 'Save The Whales to Save The Climate' may become the slogan of tomorrow’s ecologically minded youth. 
The chapter ends with the proposal to engineer the whale pump to fertilize and grow more phytoplankton. 

 

Lasse Amundsen and Martin Landrø 

Trondheim, March 2023 
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Chapter 1  
Blackbody Radiation 

 

We give a brief review of the history and 
concept of blackbody radiation, which is 
the cornerstone of our stories in this 
book. Blackbody radiation refers to the 
behavior of an object that absorbs all 
radiation that is incident upon it and 
then re-radiates energy. The re-radiated 
energy does not depend on the energy 
that is hitting it. Instead, the radiated 
energy depends on the temperature of 
the object. Further, the spectral intensity 
of blackbody radiation peaks at a 
frequency that increases with the 

temperature of the emitting body. The 
6,000 K surface of the Sun emits 
blackbody radiation that peaks in the 
centre of the visible range. The 300 K 
surface of the Earth emits radiation with 
a peak intensity in the far infrared.  
 
“It doesn’t matter how beautiful your theory is, it 
doesn’t matter how smart you are. If it doesn’t agree 
with experiment, it’s wrong.” 

Richard P. Feynman (1918-1988) 

 

Figure 1.1: Night view of Hawaii’s Kilauea Volcano, one of Earth’s most active volcanoes. The color of the lava gives a 
crude estimate of temperature. Yellow: 1,000 °C, orange 800 °C, red 600 °C. Credit: NASA. 
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In Greek religion, one of the most famous myths is the 
myth of Prometheus’ stealing fire from the Olympian 
gods giving it to the mortals. As punishment, Zeus had 
him nailed to a mountain in the Caucasus and sent an 
eagle to eat his immortal liver, which constantly 
replenished itself. Later, Prometheus was freed by 
Zeus’s son, Heracles. But the gift of fire was never 
taken away, and Prometheus’ theft of fire later became 
a symbol for human independence from the gods. In 
common belief he developed into a master craftsman. 
More broadly, Prometheus still is used as a symbol for 
human intelligence, ingenuity, and progress.  
 
The legend shows that the Greeks understood well the 
might of fire; so well that they viewed fire as a gift 
stolen from the gods. This gift could be both dangerous 
and useful, if properly managed, for warmth and for 
crafts like metalworking.  
 

 
Figure 1.2: The Torture of Prometheus, painting by Salvador 
Rosa (1646–1648). Source: Wikimedia Public Domain. 
 
When you sit by a campfire, most of the heat you are 
receiving from the fire does not come from hot air. It 
comes from thermal radiation, mostly in the form of 
infrared waves and visible light. The side of your body 
facing the fire gets hot.  The side facing away from the 
fire stays cold since it is in the ‘ray shadow’ of the 
thermal radiation.  
 
All warm objects emit infrared radiation, which is felt 
by our skin. Near a temperature of 650 °C of an object 
a dull red glow can be observed. The colour brightens 
to orange and yellow as the temperature is raised. In 

fact, every object radiates (and absorbs) 
electromagnetic waves: you, the Earth, the moon, iron 
and charcoal, lava, and the Sun and the stars. This 
radiation is so-called ‘blackbody radiation’, regardless 
of the objects being actually black or not. The prefix 
black is used because at room temperature the 
blackbody would emit almost no visible light, 
appearing black to an observer. Moreover, the 
spectrum of blackbody radiation is not dependent on 
the chemical composition of the object, but it is only 
determined by its absolute temperature 𝑇𝑇.  

 

 
Figure 1.3: Blacksmith working on different pieces of iron. In 
the charcoal giving bright yellow and orange flames, the 
black iron changes slowly color to dull red, brighter red, 
orange, yellow and finally brilliant white. This phenomenon 
illustrates the temperature dependence of blackbody 
radiation. Around 700 °C the iron glows red. The charcoal 
glows the same color because it has the same temperature, 
even if carbon and iron are chemically very different. The 
painting is painted in Patna, Bihar, India, in the early 19th 
century, before the theory of blackbody radiation was 
developed. Source: Wikimedia Public Domain. 
 
Understanding blackbody radiation is one of the great 
triumphs of 20th century physics since it unwillingly 
represented the first step toward the discovery of 
quantum theory. But blackbody radiation is manifest in 
the macroscopic world, and is determined by Planck’s 
radiation law, which depends only on temperature and 
wavelength. By summing the spectral radiation over all 
wavelengths, the blackbody radiation depends on only 
one parameter: the temperature of the blackbody. The 
radiation thus is independent of the shape and size and 
material of the blackbody. No objects are perfect 
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Chapter 2  
Svante Arrhenius (1859–1927)   

 

The Swedish physicist Svante Arrhenius 
(1859–1927) was among the first 
scientists to attempt to quantify the 
influence of CO2 and water vapor on the 
Earth’s temperature, in his quest to test a 
hypothesis that the ice ages were caused 
by a drop in CO2. His paper on the topic 
was published in The Philosophical 
Magazine and Journal of Science in April 
1896. 

 

“Humanity stands ... before a great problem of 
finding new raw materials and new sources of energy 
that shall never become exhausted. In the meantime 
we must not waste what we have, but must leave as 
much as possible for coming generations.” 

Svante Arrhenius (1859–1927) 

 

 

Figure 2.1: The Sun (1911) is one of several paintings by Edvard Munch (1863-1944) that adorn the walls inside the Hall of 
Ceremonies at the University of Oslo. Inhuman itself, the sun provides Earth with the light and heat necessary to support 
life. The color of the sun is essentially all the colors mixed together, appearing to our eyes as white. At sunrise or sunset, the 
sun appears yellow, orange, or red, because its shorter-wavelength light colors (green, blue, purple) are scattered by the 
Earth’s atmosphere. Source: Wikimedia Public Domain. 
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Chapter 3  
On Absorption Spectra of Earth’s 

Atmosphere 
 

The wavelengths of the electromagnetic 
spectrum that are absorbed by 
atmospheric gases such as carbon 
dioxide, water vapor, and ozone are 
known as absorption bands.  
 
 
 
 

At quite uncertain times and places, 
The atoms left their heavenly path, 

And by fortuitous embraces, 
Engendered all that being hath. 

And though they seem to cling together, 
And form ‘associations’ here, 

Yet, soon or late, they burst their tether, 
And through the depths of space career.  

 
James Clerk Maxwell (1831–1879), From 
‘Molecular Evolution’, Nature, 8, 1873. 

 

Figure 3.1: The atmospheric 
gases (N2, O2, H2O, Ar, CO2, 
He etc.) are constantly 
bombarded by infrared (IR) 
radiation, or photons, 
emitted from Earth’s 
surface in myriads, but only 
the greenhouse gases (H2O, 
CO2, CH4, N2O, O3, CFCs, 
HFCs) can absorb the IR 
photon energy. When a 
photon hits a greenhouse 
gas molecule, the photon’s 
energy is absorbed, causing 
it to vibrate. A molecule, 
however, cannot absorb 
any old photon; the photon 
must have certain 
wavelengths, or energies. 
Those with energies not 
within the narrow 
wavelengths correct for the 
molecule will just pass by 
and look for friendlier 
greenhouse gas molecules 
that are able to absorb their 
energies. If they do not 
meet any friendly molecule, 
then they disappear into 
space. CO2 is an important 
player in the global climate 
system and is under scrutiny 
in this book.  

View from Bjønnkjeften/ 
Bear Mouth Mountain, 
Hamarøy, Norway.  
Photo: Eli Reisæter. 
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Chapter 4  
How quickly does atmospheric CO₂ 
mix into the ocean and biosphere? 

 

We know that the atmospheric content 
of CO₂ has increased by 30% since 1958. 
It is much harder to measure and know 
where the extra CO₂ ends up after being 
emitted to the atmosphere. 

“What is time then? If nobody asks me, I know; but 
if I were desirous to explain it to one that should ask 
me, plainly I do not know.”  

Augustin, 332–430. 

 

Figure 4.1: Italian tourists viewing emperor Caligula’s ship (Prima Nave), which was found in 1932. As early radioactive 
dating techniques proved, the ship sank more than 1,900 years ago. Credit: Rare Historical Photos. 
Source: https://rarehistoricalphotos.com/caligula-nemi-ships-1932/  

https://rarehistoricalphotos.com/caligula-nemi-ships-1932/


Chapter 5  
A Simple Greenhouse Model 

 

A simple model is widely used to explain 
the greenhouse effect in a conceptual 
way; it succeeds in its main purpose: to 
demonstrate that an atmosphere which 
absorbs and re-emits some of the 
radiation from the Earth’s surface results 
in a surface that is warmer than if there 
were no atmosphere. 
 

 
 
 

 

 

 

 

 

We dance round in a ring  
and suppose,  

But the Secret sits in the  
middle and knows. 

Robert Frost (1874–1963), American poet 

 

 

 

 

 

 

 

 

 

 

 Figure 5.1: Image of sunset on the Indian Ocean taken by astronauts aboard the International Space Station. Above the 
darkened surface of the Earth, the sequence of colours roughly denotes several layers of the atmosphere. Deep oranges 
and yellows appear in the troposphere, which extends from the Earth’s surface to a height of 6 km at the poles and up to 20 
km at the equator. Several dark cloud layers are visible at this level. Variations in the colours are due mainly to fluctuating 
concentrations of either clouds or aerosols (airborne particles or droplets). The pink to white region above the clouds is the 
stratosphere, which extends up to approximately 50 km above the Earth’s surface. Above the stratosphere, blue layers 
mark the upper atmosphere (including the mesosphere, thermosphere, ionosphere, and exosphere) as it gradually fades 
into the blackness of outer space. The troposphere contains over 80% of the mass of the atmosphere and almost all of the 
water vapour, clouds, and precipitation. Its global average temperature range decreases from 289K (16°C) on the surface 
to 222K (-51°C) at the top of the troposphere. Nitrogen forms 78% of the troposphere’s chemical composition, oxygen 21%, 
argon 0.9%, water vapour 0.3–4% and carbon dioxide 0.04%. Weather, as we see it on Earth, happens in the troposphere. 
The stratosphere holds 85–90% of atmospheric ozone created by the photolysis – the decomposition by solar radiation – of 
oxygen. Ozone absorbs ultraviolet light from solar radiation and causes temperature to increase rather than decrease with 
height, from about 222K (-51°C) at the bottom to 258K (-15°C) at the top. (Image is provided by the ISS Crew Earth 
Observations experiment and Image Science & Analysis Laboratory, Johnson Space Center.)  
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In this chapter we introduce an educational model 
of the greenhouse effect, a short summary of which 
is: the Earth’s system is driven and maintained by 
the radiation exchange between the system and 
space. The Earth absorbs shortwave solar radiation 
energy – in the form of visible light and ultraviolet 
radiation – after reflecting about a third of the 
incident solar radiation back to space. The 
shortwave radiation is converted to heat at the 
Earth’s surface, and then re-radiated as terrestrial 
or longwave radiation back to space. Since the 
Earth is 288 K (15°C), terrestrial radiation lies in the 
infrared portion of the electromagnetic spectrum. 
Some of the terrestrial radiation is trapped by 
greenhouse gases and re-radiated to the Earth, 
resulting in the warming of its surface. Trapping of 
the radiation by atmospheric gases is called the 
atmospheric effect – commonly known as the 
greenhouse effect because it is similar to the way the 
glass that covers a greenhouse transmits shortwave 
solar radiation and absorbs longwave thermal infrared 
radiation. 

Under a steady state, the absorbed shortwave 
radiation energy is balanced with the emitted 
longwave radiation energy.  

Who Discovered the Greenhouse Effect? 

Who were the first persons to give voice to the notion 
that Earth’s atmosphere traps heat and warms the 
planet? The history includes Fourier, Pouillet, Foote 
and Tyndall, in addition to Svante Arrhenius. 

In 1824, the French mathematician Joseph Fourier 
wrote:  

the temperature (of the Earth) can be augmented by 
the interposition of the atmosphere, because heat in 
the state of light finds less resistance in penetrating the 
air, than in repassing into the air when converted into 
non-luminous heat. 

Fourier had done a simple calculation based on the 
balance of incoming energy from the sun and outgoing 
terrestrial radiation from the surface of Earth. His 
evaluation indicated that Earth should actually be 
much colder, around -18°C. This chilly result led Fourier 
to reason there would need to be a process occurring 
in the atmosphere; he  concluded that Earth’s 
atmosphere worked similarly to a ‘hotbox’— the first 
solar heat trapper in the form of a miniature 
greenhouse developed and built by Swiss physicist 
Horace Bénédict de Saussure. The hotbox was made of 
two wooden boxes, a small one inside a large one, with 
insulation in between. The top of the box was covered 
by three separate sheets of glass, with air between 
adjacent glass sheets. The sunlight could come in but 

heat could not 
escape, making the 
temperature inside 
the box rise to the 
boiling point of 
water. 

Claude Pouillet, a 
French physicist 
known for his work 
in electricity, in 
1836 corrected 
Fourier's work on 
the surface 
temperature of the earth by developing the first real 
mathematical treatment of the greenhouse effect. 
Pouillet suggested that the atmosphere would trap 
terrestrial radiation, warming the Earth to today’s 
temperature to support plant and animal life. He 
wrote:  

the atmospheric stratum … exercises a greater 
absorption upon the terrestrial than the solar rays.  

In 1856, the American scientist and inventor Eunice 
Newton Foote performed experiments that 
foreshadowed the discovery of Earth's greenhouse 
effect. Her work provided evidence of the absorption 
of heat by CO2 and moist air. In her paper (see Figure 
5.6), she predicted that adding more CO2 gas would 
lead to an increase in the temperature. Further, she 
talked about the effect of CO2 in the geological past, as 
scientists were already uncovering evidence that 
Earth’s climate was different back then: 

An atmosphere of that gas would give to our earth a 
high temperature; and if as some suppose, at one 
period of its history the air had mixed with a larger 
proportion that at present, an increased temperature 
from its own action as well as from increased weigth 
must have necessarily resulted. 

Figure 5.2: Jean Baptiste Joseph 
Fourier (1768-1830). Wikimedia 
Commons.  

Figure 5.3: Horace Bénédict de 
Saussure (1740-1799). 
Wikimedia Commons.  

Figure 5.4: Claude Pouillet  
(1790-1868). Wikimedi Commons. 
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Chapter 6  
Arrhenius’ Greenhouse Rule for CO2 

 

Arrhenius’ logarithmic rule for the 
relationship between radiative forcing  
(heat warming) and CO2 concentration in 
the atmosphere has no simple proof. 
 

“Is the mean temperature of the ground in any way 
influenced by the presence of heat-absorbing gases in 
the atmosphere?” 

Svante Arrhenius, 1896.

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: A green flash seen from Morro Bay, California. Green flashes occur regularly on the Pacific horizon when the 
atmosphere, acting as a prism, scatters the light at sunset, allowing only the greens and sometimes blues or violets to survive 
their trip to the observer’s eye. Photo: Howard Ignatius. 



Chapter 7  
How CO2 Absorbs and Emits  

Infrared Photons  
 

Skydive with us into the quantum world! 
Find out how CO2 molecules absorb and 
emit photons of infrared (IR) radiation. 
The molecules live a stressful life! 

 

 

 

 

“I call this Spirit, unknown hitherto, by the new 
name of Gas, which can neither be constrained by 
Vessels, nor reduced into a visible body, unless the 
feed being  first extinguished.” 

 
Jan Baptist van Helmont (1580–1644), Flemish 
philosopher and chemist who recognised the  
existence of discrete gases and identified carbon 
dioxide. 

 

Figure 7.1: Two granite sculptures in the work ‘Thoughts for Two’, created by the Sami artist Annelise Josefsen. A boy and a 
girl, sitting under the Northern Lights in remote Tranøy, Hamarøy, in northern Norway. Photo: Ketil Kåsli. 



 

Chapter 8  
How Earth’s IR Photons are 

Transferred in the Atmosphere in the 
Presence of CO₂ 

 
Skydive with us into the quantum world 
and find out how Earth’s infrared (IR) 
radiation is transferred in a plane-parallel 
troposphere in the presence of CO2 
molecules. 

 

 

 

A group of farmers desperately trying to increase 
their cows’ milk production call a theorist to help 
them find a solution. After a few months of hard 
work, the theorist calls back: “I found the optimal 
solution. Consider a spherical cow in a vacuum …”  

A popular joke about modeling. 

 

 

Figure 8.1: ‘Boy in Thought’, a granite sculpture sitting under the Northern Lights in Tranøy, Hamarøy (Norway) is well aware how the 
green lights are created 100–250 km above him. Charged particles from the solar wind first bump into diatomic nitrogen, ionising N2 into 
N2+, making N2 lose an electron. This electron bumps into and excites a nearby oxygen atom. To de-excite, the oxygen atom emits a 
photon of visible light with wavelength of about 550 nm. Our eyes and cameras interpret this colour as lime green. Photo: Ketil Kåsli. 
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The absorption spectra of greenhouse gases and the 
physics of radiative transfer in the Earth’s atmosphere 
are a key to understanding changing climate. For 
Earth’s greenhouse effect, the CO2 molecule’s 
absorption of radiation (photons) close to 667 cm-1 (15 
μm) is of particular interest since those wavenumbers 
are near the peak radiation wavelength for Earth’s 
temperature and thus important for terrestrial 
radiative transfer in the atmosphere. If infrared (IR) 
absorption took place only at 667 cm-1 it would have 
negligible climatic effect. But collisions between CO2 
molecules and other molecules remove or add energy 
during radiative transitions and this process, called 
pressure or collisional broadening, allows absorption 
and emission to take place over a broader range of 
photon energies. Therefore, pressure broadening is a 
key source of IR opacity in the troposphere.  

In fact, the CO2 absorption spectrum in Figure 8.2 
shows thousands of separate lines between 550 and 
800 cm-1. The CO2 absorption cross-section denoted by 
𝜎𝜎𝜈𝜈  is a measure for the probability of absorption, or the 
ability of a CO2 molecule to absorb a photon of a 
particular wavenumber. The density or number n of 
absorbing CO2 molecules per unit volume must also 
affect the probability of absorption.   

Absorption Coefficient  

The absorption coefficient is the product of CO2 density 
and CO2 cross-section,  

𝛼𝛼𝜈𝜈 = 𝑛𝑛𝜎𝜎𝜈𝜈  . (8.1) 

A simple way to calculate 𝛼𝛼𝜈𝜈  follows. The yellow line in 
the absorption cross-section seen by the IR photon can 
be simplified by the red line given by  

𝜎𝜎𝜈𝜈 = 𝜎𝜎0 exp(−𝑟𝑟|𝜈𝜈 − 𝜈𝜈0|) , (8.2) 

where 𝜎𝜎0 = 3.71 ⋅ 10−19 cm2, 𝑟𝑟 = 0.089 cm and 𝜈𝜈0 =
667.5 cm-1, close to an approximation suggested by 
Wilson and Gea-Banacloche (2012). We assume that 
the absorption spectrum is independent of height. This 
is an approximation, since the broadening and the 
strength of the spectral lines depend on both pressure 
and temperature.  

We also need a formula for how 𝑛𝑛 changes with 
altitude; we use the ‘exponential atmosphere’  

𝑛𝑛(𝑧𝑧) = 𝑛𝑛0 exp(−𝑧𝑧/𝐿𝐿) (8.3) 

with ‘scale height’ of 𝐿𝐿 = 𝑅𝑅𝑇𝑇0/𝑚𝑚𝑚𝑚 ≈ 8,000m. Here, 
𝑅𝑅 = 8.31447 J/(mol · K) is ideal gas constant, 
𝑚𝑚 = 0.0289654 kg/mol is the molar mass of dry air 

Figure 8.2: Absorption cross-section, in cm2, for a CO2 molecule as a function of wavenumber from the HITRAN database 
(http://hitran.iao.ru/home.overview), shown at 1 atm and 285K; note the logarithmic scale. The red line shows an approximation 
to the cross-section, used in calculations. Although the unit is given as an area, it does not refer to an actual size, because the 
density of the CO2 molecule will affect the probability of absorption. For further detail see the HITRAN database (http://hitran. 
iao.ru/home.overview). 
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Chapter 9  
The Doom of a Photon  

on a Random Walk 

Guest contributor: Birgitte Reisæter Amundsen  
(NTNU/UH Manoa student) 

 

The history of an individual infrared 
photon being emitted upwards from 
Earth’s surface into a static atmosphere 
is analysed as a one-dimensional random 
walk. Will it return to Earth, or depart 
into outer space, or will it stay in the 
atmosphere forever? The photon’s 
frequency and the CO2 concentration in 
the atmosphere determine its fate. The 
random walk applied to the radiation of 
photons lacks essential physics but 
provides a simple educational model 
which illustrates how absorption of 

photons by CO2 molecules, followed by 
re-emission, result in a net stream or flux 
of photons back to Earth’s surface. A 
more complex treatment of this problem 
was given in Chapter 8. 

  
 

Should I stay or should I go now? 
If I go there will be trouble 

And if I stay it will be double 
So come on and let me know 

― The Clash (1982) 

 

Figure 9.1: The famous Haʻikū Stairs, also known as the ‘Stairway to Heaven’, with its 3,922 steps is a steep climb on the 
island O’ahu, Hawaii. The view from the top of the stairway overlooks Kaneohe and Kanohe Bay. Hiking in the stairs is 
illegal, and the stairs are officially closed. 
 © Friends of Ha'ikū Stairs. Reprinted with permission. 
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One day in 2022 when Brigitte is climbing the Haiku 
Stairs she meets Phôs. Brigitte, let me know, Phôs says. 
I’ve been walking the stairs for some time now. I am 
born from Gaia but she destroys me if I fall onto her. I 
cannot go to the top since Bivrost then captures me 
and sends me to outer space. Should I stay, or should I 
start a random walk, in the hope that I will walk the 
steps forever? Brigitte says, if you go there will be 
trouble. The random walk will be your doom. 

The random walk means that you hop one step up or 
one step down with equal probability, independent of 
the direction of all your previous hops. Suppose that 
Haiku Stairs has N+1 steps. The first step 0 is close to 
Gaia and the top step N is close to Bivrost. We are now 
at step k. What you’re asking me is your chance of 
avoiding fatality – extinguished by Gaia at step 0 or 
captured by Bivrost at step N.  

Let 𝑝𝑝(𝑘𝑘) be the probability that you hop to the bottom 
step where you are extinguished by Gaia, given that 
you start at step 𝑘𝑘. In two special cases, the value of 
𝑝𝑝(𝑘𝑘) is easy to determine. If you start at 0, you fall 
onto Gaia and you are extinguished immediately, so 
that 𝑝𝑝(0) = 1. On the other hand, if you start at step 
N, you’re captured by Bivrost, who will never more let 
you hop the stairs, so 𝑝𝑝(𝑁𝑁) = 0.  

When Phôs starts at k (0<k<N), Brigitte breaks her 
analysis of Phôs’s fate into two cases based on the 
direction of his first hop:  

• If his first hop is down, then he lands at step 
k-1 and eventually he falls onto Gaia with 
probability p(k-1). 

• If his first hop is up, then he lands at step k+1 
and he eventually falls onto Gaia with 
probability p(k+1). 
 

By the law of total probability which expresses the 
total probability of an outcome which can be realized 
via several distinct events, Brigitte expresses the 
probability of Phôs falling onto Gaia as 

𝑝𝑝(𝑘𝑘) =
1
2
𝑝𝑝(𝑘𝑘 − 1) +

1
2
𝑝𝑝(𝑘𝑘 + 1) (9.1) 

with boundary conditions 

 𝑝𝑝(0) = 1, 𝑝𝑝(𝑁𝑁) = 0 . (9.2) 

In mathematics, this just a linear recurrence:  

𝑝𝑝(𝑘𝑘 + 1) = 2𝑝𝑝(𝑘𝑘) − 𝑝𝑝(𝑘𝑘 − 1) (9.3) 

with well-established methods for solution. High school 
students who are familiar with finite differences are 

also on familiar territory by writing the recurrence 
equation in the form: 

𝑝𝑝(𝑘𝑘 + 1) − 2𝑝𝑝(𝑘𝑘) + 𝑝𝑝(𝑘𝑘 − 1) = 0 . (9.4) 

The left-hand side is seen as the finite difference (with 
step one) of a second derivative. The right-hand side 
dictates that the second derivative be zero; therefore, 
the solution for 𝑝𝑝(𝑘𝑘) must be a linear function 𝑝𝑝(𝑘𝑘) =
𝑎𝑎 + 𝑏𝑏𝑘𝑘 where the constants a and b are determined by 
the boundary conditions in equation 9.2. Brigitte tells 
Phôs the probability: 

𝑝𝑝(𝑘𝑘) = 1 − 𝑘𝑘/𝑁𝑁 . (9.5) 

She continues: Phôs, when you start at step k in a stair 
with 𝑁𝑁 + 1 steps, then you’re destroyed by Gaia with 
probability 1 − 𝑘𝑘/𝑁𝑁. Moreover, it is straightforward to 
calculate the probability that you’re captured by 
Bivrost. Leaving it as an exercise, the answer is 
1 − 𝑝𝑝(𝑘𝑘) = 𝑘𝑘/𝑁𝑁. 

This is bad news for you, Phôs, Brigitte concludes. The 
probability that you end your fate at the bottom or on 

Figure 9.2: Phôs meets Brigitte on step k of Haiku Stairs. 
He asks, ‘What is my fate if I start a random walk?’ On 
step 0, Phôs falls onto Gaia and is destroyed. On step N, 
Bivrost captures Phôs and sends him into space. (The 
mythical Gaia is the Greek goddess personifying the 
Earth. In Norse mythology, Bivrost is the rainbow bridge 
between Midgard and Asgard). 
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Chapter 10  
The 1D Grey Radiation Model 

 

Increased concentrations of greenhouse 
gases are warming Earth’s surface and 
troposphere while cooling the mid to 
upper atmosphere. We introduce you to 
the 1D grey radiation model of the 
atmosphere, which illustrates the 
physical essence of the mechanism by 
which a CO2 increase warms the 
troposphere. Stratospheric cooling is the 
subject of Chapter 11. 
 

 

“Outer space is not far at all; it’s only one hour away 
by car if your car could go straight up!”  

Sir Fred Hoyle (1915–2001) British mathematician 
and astronomer 

 

 

 

 

 

Figure 10.1: Polar mesospheric clouds (PMCs) appear as shining threads against the darkness of space – hence their other 
names of ‘noctilucent’ or ‘night-shining’ clouds. They form 76–85 km above Earth’s surface when there is sufficient water 
vapour to freeze into ice crystals. The clouds are illuminated by the Sun when it is just below the visible horizon, lending 
them their nightshining properties. In addition to the PMCs seen across the centre of the image, the stratosphere is clearly 
visible by dim orange and red tones near the horizon. Credit: NASA/JSC. 



67 
 

Chapter 11  
Stratospheric Cooling 

 

Increased concentrations of greenhouse 
gases are warming Earth’s surface and 
troposphere. But more greenhouse gases 
seem to lower temperatures in the 
higher layers of the atmosphere: the 
stratosphere (above 15–20 km), the 
mesosphere (above 50 km), and the 
thermosphere (above 90 km). This 
cooling, often referred to as 
‘stratospheric cooling’, is evident from 
measurements and considered to be one 
of the fingerprints of anthropogenic 
global warming. First, we present 
observations. Second, we introduce the 
1D window-grey radiation model of the 
atmosphere, which illustrates the 

physical essence of the mechanism by 
which a CO2 increase cools the 
stratosphere and mesosphere. 
 
“It should be apparent from the title of this article 
that the author does not like the use of the word 
‘photon’, which dates from 1926. In his view, there is 
no such thing as a photon. Only a comedy of errors 
and historical accidents led to its popularity among 
physicists and optical scientists … There are very 
good substitute words for ‘photon’, (e.g., ‘radiation’ 
or ‘light’).” 

– Willis E. Lamb jr. (1913–2008), American 
physicist and winner of the Nobel prize, in his 
article ‘Anti-photon’ (1995) 

Figure 11.1: Cooling of the stratosphere results in the formation of more polar stratospheric clouds (PSCs). Also known as nacreous or mother-of-pearl 
clouds, they are composed of ice crystals and form in the altitude range 10–25 km during the winter and early spring when frigid temperatures are 
below the ice frost point (typically below −83°C). PSCs play a central role in the formation of the ozone hole in the Antarctic and Arctic by providing 
surfaces upon which chemical reactions occur that chew away at the ozone layer. These reactions lead to the production of free radicals of chlorine 
and bromine which directly destroy ozone molecules. As CFC gases are declining thanks to the banning of these substances in 1987, the stratosphere 
should start to warm, and ozone levels should recover. But the release of carbon dioxide in the troposphere implies cooling of the stratosphere. One 
may speculate if more carbon dioxide indirectly could contribute to the formation of the ozone hole? Photo: Martin Landrø. 
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Chapter 12  
On Sustainability 

Guest author: Christine Reisæter Amundsen  
(student at NTNU). 

 

Today’s energy companies state they are 
founded on a ‘strong commitment to 
sustainability’. What is sustainability? 
The word was used as early as 1972 in 
the context of 'humanity's future' in the 
report Blueprint for Survival. The report 
suggested that the planetary ecosystem 
was reaching the limits of what it could 
sustain. Economic and environmental 
overhaul was in need. It pointed to zero  
economic growth as an alternative.  
 

 

 
‘Radical change is both necessary and inevitable 
because the present increases in human numbers and 
per capita consumption, by disrupting ecosystems 
and depleting resources, are undermining the very 
foundations of survival.’ 
 
Editors of The Ecologist (E Goldsmith et al) 1972. 
 
 
 
 
 
 

 

Figure 12.1: Youths who perceive themselves as more connected to nature tend to perform more sustainable behaviors. 
Photo from Hamarøy, Norway. 
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Figure 12.2: ‘A Blueprint for survival’, by the editors of The 
Ecologist, was published in 1972, prior to the UN Conference 
on the Human Environment, in Stockholm. 
 
Fifteen years later, the term sustainability received 
great international attention through the Brundtland 
Commission's report Our common future. The report 
defined: 
 
Sustainable development is development that meets 
the needs of the present without compromising the 
ability of future generations to meet their own needs. 
 
It divided sustainability into three dimensions: 
economic, social and environmental, including climate.  
 
In the discussion about whether sustainable growth is 
possible, two different terms may be defined: weak 
and strong sustainability. Weak sustainability refers to 
the fact that harmful environmental activity can be 
accepted if it leads to major economic or societal 
benefits. In contrast, strong sustainability emphasizes 
ecological scale over economic gains. This means that 
nature has a holistic and sustainable right to exist. It is 
borrowed and should be passed on to the future 
generations as untouched as possible (Carson and 
Skauge, 2020).  
 
Today there are 8 billion people on Earth, and 
according to the UN there will be 11 billion by the end 
of this century. Humans use more resources than those 
available, and overconsumption is expected to increase 
with population growth. It can have serious 

consequences for the Earth and all life on it if there is 
no plan that steers development in a direction that is 
‘good’ for everyone. This direction is understood as the 
one that is sustainable. The plan for how it will be done 
is called sustainable development.  
 
UN’s Sustainable Development Goals 
 
In 2015 the United Nations General Assembly (UN-GA) 
adopted the 2030 Agenda for Sustainable Development 
at a UN summit held in New York. The agenda included 
17 Sustainable Development Goals (SDGs) to be 
achieved by 2030, designed to be a ‘shared blueprint 
for peace and prosperity for people and the planet, 
now and into the future’. The SDGs emphasize the 
interconnected environmental, social and economic 
aspects of sustainable development, by putting 
sustainability at their center. The 17 SDGs are: 1 no 
poverty, 2 zero hunger, 3 good health and well-being,  
4 quality education, 5 gender equality, 6 clean water 
and sanitation, 7 affordable and clean energy, 8 decent 
work and economic growth, 9 industry, innovation and 
infrastructure, 10 reduced inequality, 11 sustainable 
cities and communities, 12 responsible consumption 
and production, 13 climate action, 14 life below water, 
15 life on land, 16 peace, justice, and strong 
institutions, 17 partnerships for the goals. 
 
The SDG 7 is to ‘Ensure access to affordable, reliable, 
sustainable and modern energy for all’. Energy is 
central to almost every major challenge and 
opportunity the world faces today. Energy is key to 
achieve many of the SDGs. But energy should be 
sustainable. 
 
Sustainable Energy 
 
Lemaire (2010) gives the following definition of 
sustainable energy: 
 
Effectively, the provision of energy such that it meets 
the needs of the future without compromising the 
ability of future generations to meet their own needs … 
Sustainable Energy has two key components: 
renewable energy and energy efficiency. 
 
From this, one may conclude that sustainable energy 
production means energy that can be renewed within a 
generation without causing long-term damage to 
nature and the environment, without increasing 
climate change, and at the same time not having a 
disproportionately high cost. The generations after us 
should not suffer by our choices.  
 
Sustainable or Unsustainable Energy Forms?  
A number of forms of energy production are not 
sustainable in this context: coal, oil and gas, which 
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Figure 12.5: World's largest: Bhadla Solar 
Park in India, situated on 56 km2 of land. The 
temperature in Bhadla is 46-48 Celsius 
degrees and it is defined as uninhabitable.  
Source: Wikipedia Commons. 

Figure 12.3: Smøla Wind Farm is a 68-
turbine wind farm located in Smøla 
Municipality in Møre og Romsdal county, 
Norway. It is operated by Statkraft and 
covers an area of 18 km2.  

Figure 12.4: The floating offshore wind park 
Hywind Tampen in the North Sea. 
Photo: Karoline Rivero Bernacki/Equinor ASA. 

https://commons.wikimedia.org/wiki/File:Sm%C3%B8la.jpg 

https://commons.wikimedia.org/wiki/File:Sm%C3%B8la.jpg
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emit CO2 when burned. But whether a form of energy 
is sustainable is determined by more than greenhouse 
gas emissions. Hydropower, which we are taught to 
think of as sustainable, falls outside the scope since the 
development of hydropower has negative 
consequences that damage nature and the ecosystem 
through dammed valleys and dried rivers and 
waterfalls. Onshore wind power produces minimal 
greenhouse gas emissions beyond emissions for the 
production and transport of wind turbines, but their 
size and number have negative consequences for 
wildlife, birds and plants, in addition to noise and lost 
nature experiences. Offshore wind power is today 
considered more sustainable, even if the consequences 
for marine life are partly unknown. Solar energy is the 
most sustainable source of energy. Residential solar is 
placed on rooftops and has no consequences for the 
environment. Utility-scale and large-scale solar 
installations require the use of large land surface areas. 
It is a topic of research to investigate how large plants 
impact local wildlife, wildlife habitat, and soil. The 
disadvantage of solar energy is that solar panels 
currently are expensive in relation to the amount of 
electricity they produce. 
 
Due to the current (2022) energy shortage in Europe, 
more and more people are advocating for investing in 

nuclear power to cover Europe's energy needs in a 
‘sustainable’ way. Nuclear power requires relatively 
small interventions in nature compared to the 
enormous amounts of energy that are produced. 
Nuclear power plants are expensive to build because 
they are technically complex and must satisfy strict 
licensing and design requirements, but cheap to 
operate.  
 
Nuclear power uses nuclear reactions to produce 
electricity. Nuclear power can be obtained from 
nuclear fission and nuclear fusion reactions. Today, 
nuclear power is produced by nuclear fission of 
uranium and plutonium because they are easy to 
initiate and control. The energy released in the reactor 
heats water into steam, and the steam spins a turbine 
to produce electricity. An inevitable byproduct of 
nuclear fission is the production of fission products 
which are highly radioactive. In nuclear power plants 
fueled with uranium-235, large quantities of 
radioactive waste are created which must be stored for 
a hundred thousand years. The waste plutonium is a 
possible ingredient in nuclear weapons. Thorium is 
considered as an alternative to uranium-235 as fuel. 
This waste associated with thorium power products is 
dangerous due to strong gamma radiation but has a 
significantly shorter lifespan. 

Figure 12.6: Watts Bar Nuclear Power Plant Units 1 & 2 cooling towers and containment buildings, located in Tennessee. The 
construction began in 1973 and suffered from many delays. The commercial operation started in 1996 (Unit 1) and 2016 (Unit 2). 
Nuclear power has difficulties in competing with other energy, particularly natural gas, because of the high cost of constructing 
plants. Source: Wikimedia https://commons.wikimedia.org/wiki/File:Watts_Bar-6.jpg  

https://commons.wikimedia.org/wiki/File:Watts_Bar-6.jpg
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Germany is phasing out its nuclear power plants as the 
country fears nuclear accidents. This out-phasing was 
accelerated after the accident at the nuclear power 
plant in Fukushima in Japan in 2011. At the same time 
as Germany is reducing/closing down its plants, France 
is announcing a major investment in nuclear power 
plants as a solution to become climate neutral in 2050, 
while at the same time the country is expanding wind 
and solar power. In this way, Germany defines nuclear 
power as unsustainable from the perspective of a 
possible catastrophic nuclear accident, while France 
sees nuclear power as sustainable in order to become 
climate neutral.  
 
The nuclear industry is currently considering 
Generation IV or ‘next generation’ nuclear power 
plants. For a reactor to be categorized as next 
generation, it must satisfy several requirements: be 
highly economical, incorporate enhanced safety, 
produce minimal waste, and be proliferation resistant. 
 
One of the Toughest Challenges in Science: Fusion 
 
Nuclear fusion is what keeps the Sun and other stars 
shining in the sky (see Landrø and Amundsen, 2018, 

The Mysteries of Space, Chapter 9). Before a star is 
formed, it is a cloud of gas made up of hydrogen and 
some helium. When the cloud became massive, gravity 
caused it to collapse. Collisions in the core of the gas 
separated electrons from atoms, creating plasma – 
which are free electrons and charged particles called 
ions with extremely high kinetic energy. The ions got 
close enough to fuse, the ball of gas ignited, fusion 
started, and the ball of gas became a star. 
 
The science and physics of fusion started in the 1920s 
when the British astrophysicist Arthur Eddington 
(1882-1944) suggested that the stars’ internal 
temperatures had to be millions of degrees, or they 
would collapse. He found it likely that the source of 
energy was sub-atomic, and that hydrogen played a 
dominant role in supplying this energy. In 1939, other 
scientists working on theories for the fusion of 
hydrogen into helium clarified the picture of energy 
generation in stars and added insight and weight to 
Eddington’s ideas.  
 
By the 1950s, researchers started looking at 
possibilities of replicating the process of nuclear fusion 
on Earth. Today’s fusion reactors use the hydrogen 

Figure 12.7: An earthquake followed be a tsunami caused extensive damage to the Fukushima Daichi plant in 2011. 
The accident initiated a debate about the future of nuclear power in Japan and led to the temporary shutdown of all 
nuclear power reactors in the country. Several reactors have since been shut down permanently.  
Credit: Tokyo Electric Power Co., TEPCO/IAEA. License: CC BY SA 2.0 
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isotopes deuterium (D+) and tritium (T+) as fuel for 
hydrogen fusion. In the fusion process, one seeks to 
maximize the number of ions in a small region and 
maximize the time that they stay close together. To do 
that, a fusion reactor heats the plasma to 
temperatures of 100 million degrees Celsius. But the 
fusion plasma needs to be confined. The plasma cannot 
be put into a container because when the plasma 
comes in contact with anything solid, either the solid 
will vaporize or the plasma will cool down. Therefore, a 
tokamak chamber of doughnut form is used to confine 
the plasma using strong magnetic fields created by 
superconducting electromagnetic coils.  
 

 
Figure 12.8: Deuterium-tritium fusion is a type of nuclear 
fusion in which one deuterium nucleus fuses with one tritium 
nucleus, giving one helium nucleus, one free neutron, and 
17.6 MeV of energy. Deuterium is obtained from seawater, 
where 1 out of 5,000 hydrogen atoms is in the form of 
deuterium. Tritium is rare in nature but exposing lithium to 
energetic neutrons will generate tritium. A fusion reactor 
would need lithium to breed the tritium it needs to close the 
deuterium-tritium fuel cycle. Source: Wikimedia Commons. 

But the fusion reactions are challenging to sustain for 
long periods of time because of the tremendous 
amount of pressure and temperature needed to join 
the nuclei together. Among physicists, the difficulty of 
the physics of fusion reactors and the lack of funding 
have led to the joke that ‘fusion is always 30 years 
away’. Thirty years is also approximately the length of 
a scientist's productive career. 
 
In 2020, however, one could read in the media that the 
technology start-up Commonwealth Fusion Systems 
(CFS), spun out of the Plasma Science and Fusion 
Center at Massachusetts Institute of Technology (MIT), 
and backed by energy companies Eni and Equinor, as 
well as investors including Microsoft founder Bill Gates, 
announced the goal is to deliver commercial fusion  

power by the early 2030s. In 2021, CFS and MIT 
scientists claimed a ‘watershed moment’ in the 
development of nuclear fusion technology with the 
successful test of high temperature superconducting 
magnet technology. The magnetic technique uses 
strong magnetic fields to confine the hot plasma with 
pressures up to ten times the atmospheric pressure at 
Earth’s surface.  

Figure 12.9. Tokamak. Source: U.S. Department of 
Energy/snl.no. Public domain. 

Today there are around 20 fusion experimental 
reactors, all striving to make fusion viable. If fusion 
technology can be commercialized within 20-30 years, 
that would truly be an outstanding achievement.  
 
Fusion does not emit greenhouse gases. Unlike today's 
nuclear reactors based on fission, a fusion reactor will 
only produce small amounts of radioactive waste with 
a very short half-life. But there is a catch: Tritium only 
occurs in small amounts in nature. Tritium is needed to 
start the first generation of fusion power plants, and 
they will consume a significant amount of what is 
available, leaving little for reactors that come after. 
Many fusion scientists shrug off this problem, arguing 
that future reactors will ‘breed’ the tritium they need 
to close the deuterium-tritium fuel cycle. When the 
reactor wall is lined with lithium, breeding takes place 
when high-energy neutrons released in the fusion 
reactions split lithium into helium and tritium. The 
tritium within the reactor is radioactive but is produced 
and consumed in a closed circuit.  
 
Late 2022, scientists at Lawrence Livermore National 
Laboratory in California reported a breakthrough on 
fusion by achieving a net energy gain - more energy out 
than goes in - for the first time, in an experiment using 
lasers. In the experiment, the hydrogen isotopes 
deuterium and tritium are housed in a small capsule. 
High-powered laser beams strike the capsule and 
abruptly heat its shell to a temperature of more than 
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three million degrees centigrade. The isotopes collide 
and fuse, releasing fusion energy. While the results are 
an important proof of principle, the technology is a 
long way from being a mainstay of the energy 
landscape. 
 
To commercialize fusion reactors will have tremendous 
cost. The guess of perhaps 30 years more journey to 
fusion, may make fusion economically unviable before 
it is even born. Europe is investing massively in wind 
and solar power and green hydrogen. In a 30-year 
timeframe, these technologies may be so cheap that 
the investments in fusion technology will not make an 
economic return? 
 
Muon-catalyzed Fusion 
 
A third fusion process is muon-catalyzed fusion, which 
allows nuclear fusion to take place at temperatures 
significantly lower than the temperatures required for 
conventional fusion -even perhaps at room 
temperature. Muons, which are the big cousins of the 
electrons, 207 times more massive, are the topic of 
Chapter 18. In schematic terms, when muons are 
injected into a mixture of deuterium and tritium, it is 
possible that a muonic molecule (D+-μ-T+) forms. Once 
formed, the rate of fusion reactions is approximately 

3 × 10−8 second. The muon is released into the mixture 
to be captured again to possibly form a muonic 
molecule and allowing the process to continue. The old 
problem since the 1950s has been how to generate 
enough fusion reactions before the muon decays. 
Muons have a decay lifetime of about 2.2 × 10−6 
second. The difficulties of muon-catalyzed fusion are 
many and include generating the muons and rapidly 
injecting them into the deuterium-tritium mixture. 
Laser-driven muon sources are one possible approach. 
 
Muons can be created in large particle accelerators 
such as the United States' Fermilab national in Illinois 
and the European CERN accelerator in Switzerland. No 
practical active sources of muons, however, exist 
today. But late 2022 the U.S. Defense Advanced 
Research Projects Agency (DARPA) invited the industry 
to bid on a project ‘to develop enabling technologies 
for future atomic charged particle beams potentially 
able to destroy enemy electronics and weapons, as 
well as to detect submarines in the ocean or nuclear 
weapons hidden in caves.’ This beam, generated from 
a portable muon source, has 10 GeV to 100 GeV 
energies. It has the potential to penetrate mountains 
and oceans, and to help study the nature of matter and 
the universe. Or it may become the laser-driven source 

Figure 12.10: The Muon g-2 storage ring at Fermilab, where scientists conduct experiments to better understand the properties of 
the muon and probe the Standard Model of particle physics. Credit: Reidar Hahn - https://vms.fnal.gov/asset/detail?recid=1950114   
Source: Wikimedia Commons. 

https://vms.fnal.gov/asset/detail?recid=1950114
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to inject muons into the deuterium-tritium mixture to 
start low-temperature fusion? 
 
What is Needed for Energy Production in Europe to be 
Considered Sustainable?  
 
It is a calculation with answers that depend on 
disasters, war, politics and economics. Over time, 
European opposition has built up against fossil fuels, 
especially coal, because of their CO2 emissions. But 
Russia's invasion of Ukraine on February 24, 2022, has 
made the energy shortage acute and Europe 
vulnerable economically and politically. In the 
uncertain situation in Europe, with a boycott of 
Russia's oil and gas export to Europe, the EU 
Commission has classified gas and nuclear projects 
(based on fission) as a sustainable part of the green 
shift, at least for some time to come. It shows that 
Europe's economy and secure access to energy are 
more important than emissions of CO2 from burning 
gas and its consequences. 
 
The question of what is needed for energy production 
in Europe to be considered sustainable does not have 
an exact answer. The answer will depend on whom is 
being asked. The EU's goal is to phase out polluting 
forms of energy such as coal and oil. But in principle, 
gas is also a fossil energy source, and thus can never be 
sustainable.  
 
The purpose of EU's taxonomy is not to encourage 
member states to build gas power plants or nuclear 
power (fission) plants. But when gas and nuclear power 

are given the label ‘sustainable’, then it will give the 
development of these forms of energy access to more 
affordable financing. The criticism that is raised is that 
the sustainable label could provide access to so much 
energy that it becomes less attractive for investors to 
shift their investments to renewable energy. 
 
Sustainability in the ideal world is not the same as 
sustainability in the real world, where war and 
disasters can overturn the ideal answer with the 
answer given by the politicians depending on the 
circumstances. The leaders of the European countries 
put economic development that meets the needs and 
expectations of the citizens ahead of the environment 
and climate. Zero growth, as the report Blueprint for 
Survival pointed to, is not seen as an option. 
  
How should we stop CO2 reaching the atmosphere and 
exacerbating global warming? When I was in 
kindergarten, I was told about the problem that the 
natural gas produced from some fields contains 
significant amounts of CO2. I asked: ‘Why don’t you 
remove the CO2 and send it back where it came from?’ 
 
Today's Europe is morally responsible for the future of 
the next generations on our planet. One technology 
that responds to our responsibility is Carbon Capture 
and Storage (CCS). CCS is identified as one of the 
measures that the UN Intergovernmental Panel on 
Climate Change recommends keeping global warming 
to 1.5 °C. The International Energy Agency states that 
billions of tonnes of CO2 need to be stored every year 
to reduce global warming. Is it feasible?  

 
 
 
 

Figure 12.11: Shell’s original plan for the Draugen oil field in the Norwegian Sea involved controlled gas 
flaring during the initial production years. Shell decided, however, until the gas could be sent ashore 
through a pipeline from the Halten Bank, it would be injected in the Husmus aquifer about 10 kilometres 
away. Production started in 1993. PHOTO: A/S NORSKE SHELL/NORWEGIAN PETROLEUM MUSEUM. 
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Chapter 13   
 CCS Projects Worldwide and  

CO2 Storage for Dummies 

 

Carbon capture and storage (CCS) is the 
process of capturing CO2 and storing it in 
an underground geological formation, 
preventing the release of this stored CO2 
into the atmosphere. As of 2022, the 
majority of large-scale CCS projects 
worldwide are concentrated in North 
America, with 11 projects in operation. In 
comparison, Europe had 4 CCS projects in 
operation at that time. Many projects, 
however, are in planning or under 
development.  
 
 

Þá mælir Gangleri: ‘Hver er leið til himins af jǫrðu?’  
Þá svarar Hár ok hló við: ‘Eigi er nú fróðliga spurt. Er þér 
eigi sagt þat at guðin gerðu brú til himins af jǫrðu ok 
heitir Bifrǫst? Hana muntu sét hafa, kann vera at þat 
kallir þú regnboga. Hon er með þrim litum ok mjǫk sterk 
ok ger með list ok kunnáttu meiri en aðrar smíðir. Ok svá 
sem hon er sterk, þá mun hon brotna þá er Muspells 
megir fara ok ríða hana, ok svima hestar þeira yfir stórar 
ár. Svá koma þeir fram.’  
Þá mælir Gangleri: ‘Eigi þótti mér goðin gera af trúnaði 
brúna, er hon skal brotna mega, er þau megu gera sem 
þau vilja.’  
Þá mælir Hár: ‘Eigi eru goðin hallmælis verð fyrir þessa 
smíð.  Góð brú er Bifrǫst, en engi hlutr er sá í þessum 
heimi er sér megi treystask þá er Muspells synir herja.’  

- Snorri Sturlason: Edda (ca 1220) 

Figure 13.1: In Norse mythology, Bifrost, also known as Bivrǫst and Bilrǫst, is the rainbow bridge between Midgard, the home of the 
mortals, and Asgard, the dwelling place of the Aesir gods. Bifrost was built out of red fire, blue air, and green water, seen as the colours 
of the rainbow. At the top of Bivrost, Heimdall, the guardian of the gods’ stronghold, had his dwelling, where he watched and listened, 
holding at the ready the horn Gjallarhorn, which he sounded when intruders were approaching. During Ragnarok, the gods heard 
Gjallarhorn signalling. As the Eldjötnar (fire giants) rode across Bifrost, the bridge shattered under their terrible weight: the world burnt 
and sank into the sea. Only a handful of gods and men survived Ragnarok, to continue the eternal cycle of life in a new golden age. In 
2022, TotalEnergies, Noreco, Orsted, Nordsofonden, and the Technical University of Denmark established another sort of bridge of the 
name Bifrost - for CCS, connecting perhaps our world’s fossil past and present to a greener future. In the Norse poem Grímnismál, Bifrost 
is described as the best of bridges. The operators of the Bifrost project are planning the best of all CCS projects, we’re sure, with 
Heimdall as the guardian and sentinel, we hope. The reader may have noticed that the publisher of this book is Bivrost. See Epilogue.  
"Heimdall an der Himmelsbrücke" is an illustration by Emil Doepler (1855-1922) published ca 1905. Public domain.  

 

 

 

Then said Gangleri: “What is the way to 
heaven from earth?”  
Then Hárr answered, and laughed aloud: 
“Now, that is not wisely asked; has it not 
been told thee, that the gods made a 
bridge from earth, to heaven, called 
Bifröst? Thou must have seen it; it may be 
that ye call it rainbow. It is of three colors, 
and very strong, and made with cunning 
and with more magic art than other works 
of craftsmanship.  But strong as it is, yet 
must it be broken, when the sons of 
Múspell shall go forth harrying and ride it, 
and swim their horses over great rivers; 
thus they shall proceed.”  
Then said Gangleri: “To my thinking the 
gods did not build the bridge honestly, 
seeing that it could be broken, and they 
able to make it as they would.”  
Then Hárr replied: “The gods are not 
deserving of reproof because of this work 
of skill: a good bridge is Bifröst, but 
nothing in this world is of such nature that 
it may be relied on when the sons of 
Múspell go a-harrying.”  

(Translated by Arthur Gilchrist Brodeur, 
New York, 1916). 
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Chapter 14   
 CCS Challenges and Practical Issues 

Guest author: Philip Ringrose (Equinor/NTNU) 

 

The basic idea behind Carbon Capture 
and Storage (CCS) is simple: put the 
unwanted CO2 back into the ground 
again ‘from whence it came’, like 
fishermen returning leftover fish parts to 
the ocean. 
 
 
 
 
 
 

 
 “If you really could take the CO2, when you burn 
hydrocarbons – coal, for example – if you could 
really capture the carbon and sequester it – they call it 
CCS – if the extra capital cost, energy cost, and 
storage costs over time didn’t make it super 
expensive, then that’s another path that you could go 
down.”  
 
Bill Gates, February 2016 
 
 
 
 

Figure 14.1: Since 1996, Norway’s Sleipner field has been used as a facility for carbon capture and storage (CCS) where up to 
1 million tonnes of CO2 is captured and stored each year. This is the longest ongoing CO2 storage project in the world.  
Photo: Øyvind Hagen/Equinor. 
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Chapter 15   
 Sleipner CO2 Storage - 

 Pioneering Storage Under the Seabed 

Guest authors: Anne-Kari Furre & Lasse Amundsen (Equinor) 

 

When it came online in 1996, the 
Sleipner CCS project was the first in the 
world to store captured CO2 in a deep 
saline reservoir beneath the seabed.   
 

‘Vi henger alle i en tynn, tynn tråd 
Ingenting å stresse med, vi skal samme sted’. 
 
 

- Aslak Dørum, DumDumBoys (2006) 

Figure 15.1: Schematic representation of the Sleipner CO2 injection operation. 
CO2 separated from natural gas produced from the Sleipner Vest field 
(greenish colour) is being injected into the Utsira Sand, a regional saline 
aquifer (shown in bluish colour) with porosity in the order of 35-40% and 
permeability of several Darcy. The injection point is located 1,000m below the 
sea-level, and around 200 m below the reservoir top. The large Utsira 
sandstone formation, sealed by a tight ‘cap rock’, has plenty of capacity to 
store large volumes of CO2. Illustration: Alligator film, BUG / Equinor (Statoil). 
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Chapter 16  
 Underground CO2 Storage on the NCS  

Guest author: Eva K. Halland (CarbonGeo, formerly NPD). 

 

By building on knowledge from the 
petroleum industry and experience over 
26 years of storing CO₂ in deep geological 
formations, we are making a new value 
chain and a business model for carbon 
capture and storage in the North Sea 
Basin.  
 

 
 
 

“It is important that carbon storage is carefully 
regulated, that the process is transparent to the 
public, and that there is a clear accounting of what 
happened to the CO2. This is particularly true of 
underground storage, where there is always a small 
chance that pressurised CO2 could escape.”  
 

- Klaus Lackner, Director CNSE  
(Center for Negative Carbon Emissions) 

 
 
 

Figure 16.1: Since 1996, Norway’s Sleipner field has been used as a facility for carbon capture and storage (CCS) and about 1 million 
tonnes of CO2 is captured and stored each year. This is the longest ongoing CO2 storage project in the world. The CO2 is captured 
and injected at the Sleipner T facility to the left. Illustration: ExxonMobil. 
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Chapter 17   
 Fibre Optic Cables for CO2-monitoring 

and More 

This chapter is partly based on Chapter 4 in the book Introduction to Exploration Geophysics with Recent 
Advances and more recent publications.   

Capture and storage of CO2 is costly, and 
hence all methods that can contribute to 
cheap and cost-effective monitoring is 
highly valuable. Distributed Acoustic 
Sensing (DAS) using fibre optic cables for 
this purpose, is an alternative to 
conventional 4D seismic.  
 

 

‘Fibre optic is becoming like electricity. If you look at 
how electricity spread around the globe a 100 years 
ago, that’s what’s happening now.’ 

 

- Reed Hastings, co-founder of Netflix 

Figure 17.1: A bundle of optical fibres. Fibre-optic cables, which normally are used for telecommunications, such as internet, television, 
and telephone service, can also be used to detect acoustic (seismic) waves that hit the cable, every metre along the cable for tens to 
hundreds of kilometers. Optical fibres are very good at transmitting light, but there are microscopic imperfections in all fibres. As depicted 
in Figure 17.4, an interrogation unit transmits thousands of laser light pulses into an optical fibre every second. When a pulse hits an 
imperfection it bounces back – a phenomenon known as Rayleigh backscattering – and is measured by the interrogator. The interrogator 
then sends another pulse into the fibre a fraction of a second later, it reflects at the imperfection, and a second pulse is measured. By 
comparing the time difference between the two pulses the interrogator calculates if the fibre has stretched, and if it has stretched due to 
acoustic energy passing by, how much the fibre stretched between the two pulses. By repeating this process thousands of times per 
second, the system samples tiny stretches at the Rayleigh frequencies in real-time, all the time. These stretches of the fibre are 
transformed into a signal which gives information about acoustic events which are traveling from a source to the fibre. In this way, the 
interrogator turns the fibre-optic cable into thousands of sensors that measure acoustic waves; the fibre becomes a distributed 
(continuous) acoustic sensor (DAS). 
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is too early to say whether DAS-fibres that are laid 
down on the seabed or trenched into the seabed will 
be a preferred choice for future CO2-storage projects. 
 
 

The trenching cost of cables into the seabed is 
significant, and if the operator has a budget for 
trenching, the operator probably can afford fibres with 
a full sensor system, based on Bragg gitters or similar.  
 

 
 
 
 
 
 
 
 

Field Applications Comments 

Engineering 
sciences 

Material sciences 

Perimeter security at airports, railways, 
power plants 

Composite materials in aircrafts; Material 
crack formation process in buildings, 
structures, vehicles, etc 

Commercially available fibre sensing solutions 
in this area already exist. Research still needed 
for optimal algorithms for extracting 
information from the received signal 

Geophysics VSP, microseismic, hydraulic fracturing 
monitoring, fluid flow along the entire well, 
near-surface characterization, dynamics of 
mountain glaciers and other natural 
hazards, subsurface imaging in boreholes, 
phase velocity of surface waves, 
characteristics of surface waves generated 
by lightning, earthquakes  

Ordinary optical cables provide only one-
dimensional sensitivity … but spiral cable 
option ensuring omnidirectional sensitivity is 
proposed 

Marine geophysics Observation of ocean and solid earth 
phenomena, study active faults on the 
seabed, sea-state dynamics during a storm 
cycle 

 

“Exotic” 
applications 

Sound image of processes in a mine or 
borehole, acoustic snapshot of highways, 
the sound of forests … red palm weevil 
detection, polar bear intrusion detection, 
salmon farming, marine fauna, mammals 
and ecosystems …  

NTNU/CGF record vocalising baleen whales; 
Sandia recorded under the Arctic sea ice/North 
Slope of Alaska - captured ice quakes and 
transportation activities while also monitoring 
for other climate signals and marine life 

Underwater DAS  Detector of intrusions, including ships, 
submarines, and divers 

Introduced about three decades ago and have 
gained popularity  

Global warming 
monitoring 

Melting glaciers, ice calving, weather and 
environment dynamics  

 

Lunar DAS Using DAS-cables at the moon for ice 
prospecting and detection of gravitational 
waves 

NTNU + DLR + EGO 

Table 17.1: Various applications of DAS and an attempt to comment on technology readiness level. For additional 
information, the reader may consult Gorshkov et al. (2022). 
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Chapter 18  
Muon Tomography –  

A Tool for Monitoring CO2/H2 storage? 
 

Muons—the short-lived cousins of the 
electron—are provided for free from the 
cosmos. They are used for mineral 
exploration and for archeological 
purposes to peer inside large, dense 
objects such as the pyramids in Egypt. 
Muons have been used to see into 
damaged nuclear power plants. Muon 
tomography is of interest in geoscience 
projects. We equip you with the physical  
basis for muon tomography. 

 
 
 
 

What of course I would like to be writing is the story 
of the Red and White Dwarves and their 
Remembering Mirror, their space rocket (powered by 
anti-gravity), their attendant entities Hadron, Gluon, 
Pion, Lepton, and Muon, and the Charmed Quarks 
and the Coloured Quarks. But we can't all be 
physicists. 

— Doris Lessing (1919 –2013), British novelist, 
awarded the 2007 Nobel Prize in Literature. 

 

 

 

 

Figure 18.1: Cosmic rays are high-energy particles arriving from cosmos: mainly protons, but they also include nuclei of helium and 
heavier nuclei. When these particles collide with the nuclei of atoms in the upper atmosphere, the collision process initiates a 
hadronic shower— a cascade of particles (mostly pions) that may undergo further nuclear reactions. The pions swiftly decay, 
emitting muons. The muon and its corresponding neutrino are classified as leptons— particles that do not participate in nuclear 
reactions. The muons thus have the nice property that they do not interact strongly with matter, and they travel through the 
atmosphere in straight lines to penetrate below Earth’s surface. The rate of muons arriving at the ground is about one per square cm 
per second. Photo: Martin Landrø. 



117 
 

Chapter 19   
 The Great Whales are Our Allies in 

CO2 Capture and Storage 
 

Guest author: Birgitte Reisæter Amundsen, NTNU student 

Phytoplankton are known as 'the grass of 
the sea' because they form the base of 
aquatic food web. Moreover, they 
consume vast amounts of CO2 from the 
atmosphere, and help regulating the 
carbon cycle. They are responsible for 
half of the planetary annual carbon 
fixation, approximately 500Gt carbon per 
annum. A 1% increase in phytoplankton 
productivity would capture hundreds of 
millions of tonnes of additional CO2 a 
year! Today, it is known that the great 
whales in the oceans help sequester 

carbon in two ways. Their jumbo-sized 
excrement provides nutrients for the 
phytoplankton, potentially giving 
conditions for more phytoplankton to 
grow. More phytoplankton means more 
CO2 capture. Further, when a whale dies 
and its carcass descends to the ocean 
bottom, the tons of carbon stored in its 
massive body, are trapped for hundreds 
to thousands of years.  
Are whales Mother Nature’s solution to 
moderate climate change? Or can we 
help by developing engineered solutions?

‘Hanau ka palaoa noho i kai’ - Born is the whale living in the ocean 
- In the Kumulipo, the 2,000-line Hawaiian creation chant 

Figure 19.1: Humpback whale straining krill in Southeast Alaska. Credit: Personnel of NOAA Ship RAINIER.  
https://photolib.noaa.gov/Collections/NOAAs-Ark/Whales/emodule/722/eitem/30653  

https://photolib.noaa.gov/Collections/NOAAs-Ark/Whales/emodule/722/eitem/30653


118 
 

The Problem in a Nutshell 
 
Earth’s natural carbon cycle moves CO2 around our 
planet. Examples of natural sources that release CO2 
are undersea volcanoes and hydrothermal vents, 
decomposing vegetation and other biomass, and 
naturally occurring wildfires. One the other hand, the 
oceans and forests are natural carbon sinks that tend 
to remove CO2 from the atmosphere and store it for 
thousands of years. NASA (2019) estimate that Earth 
emits 770 Gt of CO2 through this natural cycle every 
year (a gigaton, Gt is a billion tonnes). At the same 
time, Earth absorbs 790 Gt of CO2. In the natural 
carbon cycle process, Earth could emit 20 Gt 
additionally and still be in balance. The problem our 
generation is facing is that humans are putting CO2 into 
the atmosphere faster than natural sinks can remove it. 

In 2021 global emissions of CO2 from energy use 
totaled 36.6 Gt CO2 (IEA, 2022). These emissions which 
are human-caused (anthropogenic) come primarily 
from burning fossil fuels—coal, natural gas, and 
petroleum. IEA predicts that energy-related CO2 
emissions reach a plateau around 37 Gt before falling 
slowly to 32 Gt in 2050. The anthropogenic emissions 
of CO2 into the atmosphere thus are approximately 5% 
of the total emissions of CO2 by natural sources. The 
problem is that the amount of 37 Gt is about 50% too 
much for the Earth system to deal with. This problem is 
also reflected by the Keeling curve (see Chapter 6) 
which shows the ongoing change in the concentration 
of CO2 in the Earth's atmosphere. 

Can our planet capture and hide the close to 20 Gt that 
humans should not be sending into the atmosphere? 
This book discusses carbon storage into geological 
formations as a promising approach to reducing CO2 
concentrations in the atmosphere in the short and 
medium term. The new CCS projects (see Chapter 13) 
are planning to store of the order of 5 Mt annually (a 
Mt is million tonnes). If CCS projects alone were to 
offset 20 Gt yearly, our engineers will need to build 
4,000 storage sites. Therefore, efforts to reduce CO2 
concentrations in the atmosphere may call for very 
substantial contributions from CCS in the coming years. 

Importance of Phytoplankton 
 
Oceans have a large capacity to absorb CO2. One 
oceanic process that acts as a carbon sink is the 
‘biological carbon pump’ (BCP). In the BCP process, 
dissolved CO2 is taken up by marine vegetation and 
phytoplankton living in the upper ocean or by marine 
organisms that use CO2 to build skeletons of calcium 
carbonate. When these organisms die, their remains 
sink into deeper water as detritus and decompose, 
releasing carbon dioxide and nutrients back into the 
water. A small part, however, about 0.1% of the 
phytoplankton get buried in the seafloor, and is 
trapped in the sediment (see, e.g., Falkowski 2012).  

Plankton, derived from the Greek word planktos, which 
means wanderer or drifter, are free-floating organisms 
riding the ocean currents. The plantlike community of 
plankton is called phytoplankton; the name comes 
from the Greek word phyton, meaning plant (Figures 
19.2-19.4). 

Figure 19.2: Examples of phytoplankton. Phytoplankton convert CO2 into organic carbon via photosynthesis. They produce much of 
the oxygen we breathe and are the foundation of the marine food chain. They thus play an important role in drawing CO2 from the 
atmosphere into the ocean. The presence of nutrient salts is necessary for the phytoplankton to be able to grow.  
Credit: Birgitte Reisæter Amundsen/NTNU Class BI3070. Ecological studies fall 2022 in Hopavågen, a landlocked bay at Agdenes, 
Sør-Trøndelag, Norway. 
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They make their own food by transforming 
energy from the sun via photosynthesis – taking 
up CO2 and releasing oxygen in the process. The 
animal component of the planktonic community 
is known as zooplankton; zoo comes from the 
Greek word for animal. A large phytoplankton 
bloom in the Norwegian Sea is seen in Figure 
19.5. 

Thus, through photosynthesis, phytoplankton living on 
the ocean’s surface consume CO2. They do this in big 
quanta: between 30 and 50 Gt of carbon annually 
(Falkowski 1994). This is about 40% of all CO2 
produced. To put things in perspective, we note that 
Qin et al (2021) concluded that during 2010-2019, the 
Amazon rainforest absorbed yearly 1.4 Gt of carbon – a 
factor 20-30 less than the capacity of the 
phytoplankton. Unfortunately, the Amazon is now 
emitting more CO2 than it is able to absorb. The reason 
is emissions caused by fires, where many deliberately 
are set to clear land for beef and soy production. 

More phytoplankton means more carbon capture. But 
phytoplankton need nitrogen to make biological 
molecules (DNA and proteins). Nitrogen and iron 
availability is often an important factor that limits the 
growth rate of phytoplankton.  

The phytoplankton are eaten by other marine 
creatures, not only zooplankton but also krill, fish and 
whales. 

 

Figure 19.5: A large phytoplankton bloom in the Norwegian Sea, offshore 
Nordland and Trøndelag counties. Although each phytoplankton is 
microscopic, the chlorophyll used for photosynthesis tints the colour of the 
surrounding ocean waters when they gather in abundance. This image was 
acquired on NASA’s Terra satellite on June 5, 2019.  
The bloom includes plenty of Emiliania huxleyi (see Fig. 19.3). The mixture of 
calcium carbonate and ocean water appears milky blue-green. Some of the 
color may come from sediment. Emiliania huxleyi is harmless to fish and 
people. Some algae species however are toxic. During optimal bloom 
conditions, if they get out of control, they can deplete water of oxygen and 
suffocate larger fish. One example is the species Chrysochromulina 
leadbeaterii (see Fig. 19.4). Although not visible in this image, high 
concentrations of Chrysochromulina were responsible for suffocating millions 
of farmed salmon in northern Norway in 2019. The reasons for their great 
intensity and toxicity are still not fully understood. Studies however indicate 
that the toxic species secrete hemolytic compounds, which in contact with the 
gills of the fish, give damage which can result in the fish not getting enough 
oxygen and eventually die. The phytoplankton population will decrease when 
they are eaten by zooplankton and the nutrient salts are depleted.  
Credit: NASA Earth Observatory/Joshua Stevens.  

Figure 19.3: A scanning electron micrograph of a 
single Emiliania huxleyi cell. Source: Wikimedia 
Commons. 

Figure 19.4: The ‘death algae’ Chrysochromulina is 
linked to mortality of farmed salmon off the coast 
of Norway. Credit: Algelaboratoriet/ 
Havforskningsinstituttet. CC BY-SA 4.0 
https://www.hi.no/resources/HI-034869.jpg  

https://www.hi.no/resources/HI-034869.jpg
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Can Oceans be ‘Fertilized’ with Iron to Grow 
Phytoplankton to Sequester More Carbon? 

Some parts of the oceans have lower 
concentrations of iron than others (Martin 
and Fitzwater 1988). Those with lower levels, 
like the Southern Ocean (Antarctic Ocean) 
also have a low phytoplankton population, 
despite being rich in nitrate and phosphate. 
Since the late 1980s, a widely discussed idea 
that adding iron to the oceans would 
encourage the phytoplankton to bloom - 
which would capture more CO2 to be 
exported through the biological pump. Iron 
makes up 5% of the mass of Earth’s crust but 
it mainly enters the surface of the oceans as 
dust from storms over the continents. Then, 
it quickly sinks to the ocean floor.  

The reader who wants to know more may 
consult Yoon et al (2018) who review ocean 
iron fertilization experiments. From 2016 to 
2020 the South Korea’s Ministry of Oceans 
and Fisheries and the Korea Polar Research 
Institute led a project to explore the 
possibility of experimenting with small-scale 
iron fertilization in the Southern Ocean. 
There are still critical questions that need to 
be answered. Phytoplankton are at the base 
of the aquatic food chain. Could iron 
fertilization interfere with their populations 
to significantly impact the marine 
ecosystem? Could the process favor toxic 
algal blooms and deoxygenate water, 
depleting marine life? This and other 
concerns in 2008 led the United Nations 
Convention on Biological Diversity (CBD) to 
establish a moratorium on ocean-fertilization 
projects, except small-scale, coastal experiments. Are 
other methods available? 

Great Whales! 

They are the largest mammals on Earth and are found 
in all oceans of the world. They are typically longer 
than 10 metres and weigh more than 10 tonnes. The 
term ‘great whales’ is a name given to the select group 
of thirteen large Cetacean species. All are baleen 
whales with the exception of the sperm whale, which is 
the largest member of the toothed whale family. 
Baleen whales are primarily eating zooplankton and 
small fish, which they encounter in large schools. Blue 
whales eat mostly iron-rich krill. 

In the history of whaling, the great whales were hunted 
and nearly extinguished because of their value in meat, 
oil, clothing, and baleen. What the populations of 
whales were pre-hunting is still a topic of research and 

debate. One method for estimating historic whale 
populations is to sift through the logbooks of old 
whaling ships from the 17th through most of the 20th 
century. Biologists estimate that the pre-whaling 
number of whales was about 5 million. Today, the 
number is slightly more than 1.3 million. Whaling thus 
has culled their populations by around 75%. Some 
species, like the blue whales, have been reduced to 
only 3% of their pre-whaling abundance. Today, six out 
of the 13 great whale species are classified as 
endangered or vulnerable. Whale populations are 
facing numerous threats. Each year, many whales are 
killed as a result of fisheries bycatch. Others succumb 
to several threats including habitat loss, ship strikes, 
climate change, prey depletion, plastic waste, and 
noise pollution. 

Figure 19.6: Harpooning a blue whale in 1951 in the Queen Charlotte Strait 
between Vancouver Island and the mainland of British Columbia, Canada. Blue 
whales range in length from 24 to 30 m and have average weight of about 100-
150 tons. Credit: NOAA Central Library Historical Fisheries Collection. 
 https://photolib.noaa.gov/Collections/Historic-Fisheries/Other/emodule/710/eitem/26511  

https://photolib.noaa.gov/Collections/Historic-Fisheries/Other/emodule/710/eitem/26511
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It is now believed that the great whales play a 
significant role in capturing CO2 from the atmosphere 
(Roman et al 2014). In 2010, Roman and McCarthy 
proposed what they called the ‘whale pump’. The 
whales feed at depth, then release ‘flocculent fecal 
plumes’ while resting at the surface. Flocculent is a 
word for a loose aggregation of particles, fluffy in 
nature. The nutrient-rich plumes which are rich in iron, 
phosphorus and nitrogen stay at the 
surface where phytoplankton feed on 
the plumes of shrimpy excrement, 
fondly nicknamed ‘poo-namis’. 
Therefore, the whale’s fertilizing activity 
may add significantly to phytoplankton 
growth in the areas whales are visiting 
when breeding and feeding. More 
phytoplankton means more CO2 
capture. And if whales were allowed to 
return to their pre-whaling numbers, 
they could contribute to more 
phytoplankton in the oceans and to the 
carbon they capture each year. A 1% 
increase in phytoplankton productivity 
would capture hundreds of millions of 
tons of additional CO2 a year. 

Most whales live for an average of 60-
100 years. At death, they sink to the 
bottom of the ocean. Pershing et al. 

(2010) estimate that eight types of baleen whales 
collectively shuttle each year close to 30,000 tonnes of 
carbon onto the sea floor as their carcasses sink. If 
great whale populations were rebuilt to their pre-
commercial whaling size, the authors estimate that the 
whale populations would remove 190,000 tonnes each 
year through sinking whale carcasses. 

Figure 19.8: Red excrement reflecting the blue whale diet of krill.  
Credit: NOAA/NOS/NMS/CINMS. https://photolib.noaa.gov/Collections/Sanctuaries/Channel-
Islands/emodule/849/eitem/35818  

Figure 19.7:  Whale skeleton submerged in Monterey Bay National Marine Sanctuary, covered in octopuses. When whales die and 
sink, their carcasses — known as whale falls — provide food for the deep sea ecosystem. 
Photo: OET/NOAA. Source:  MBNMS Whale Fall Octopuses  https://www.flickr.com/photos/onms/49050941487/  

https://photolib.noaa.gov/Collections/Sanctuaries/Channel-Islands/emodule/849/eitem/35818
https://photolib.noaa.gov/Collections/Sanctuaries/Channel-Islands/emodule/849/eitem/35818
https://www.flickr.com/photos/onms/49050941487/
https://www.flickr.com/photos/onms/49050941487/
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The first good news here is that protecting whales to 
recover the populations may add significantly to 
carbon capture. The current population of the great 
whales is only a small fraction of what it once was. 
Maybe 'Save The Whales to Save The Climate,' will 
become the slogan of tomorrow’s ecologically-minded 
youth?  

The second good news is that a 1% increase in 
phytoplankton productivity will capture hundreds of 
millions of tonnes of additional CO2 a year.  
 

Engineered Solutions? 

If the great whales cannot do the job to fertilize 
the growth of phytoplankton, an alternative 
may be engineering of phytoplankton. Figure 
19.11 shows in blue color the vast portions of 
the oceans where photosynthesis is not much 
active. The reason is the lack of nutrients 
necessary for the growth of phytoplankton. 
These areas relatively close in distance to 
equator, and far from the poles, receive a lot 
solar light, which is needed for photosynthesis.  

As we have noted, there are concerns about 
potential adverse effects of artificial ocean 
fertilization (AOF). The excess of nutrients, 
especially nitrogen and/or phosphorus, can 
lead to eutrophication, which can reduce 
oxygen levels, change phytoplankton species 
(development of undesired algal blooms), and 
lower biological diversity. Therefore, 
operational AOF activities are currently banned 
under relevant regulatory bodies, for example, 
the UN 2008 moratorium and the London 
Convention/London Protocol which since 1975 

has been in force as a global convention to protect the 
marine environment from human activities. The 
London Protocol prohibits all wastes, except for those 
identified on the ‘reverse list’ which are permitted for 
ocean disposal after careful evaluation that they will 
not pose a danger to human health or the 
environment. Examples of materials listed in the 
reverse list are sewage sludge, fish wastes or material 
resulting from industrial fish processing operations, 
and organic material of natural origin (EPA 2023). 

 

Figure 19.9: Phytoplankton form the base of the aquatic food web. 
(Illustration ©2010 Gulf of Maine Research Institute.) 
https://earthobservatory.nasa.gov/features/Phytoplankton 

Figure 19.10: Northern krill (Meganyctiphanes 
norvegica) is a species of krill that lives in the North 
Atlantic Ocean. Krill feed on phytoplankton and 
zooplankton, and are key prey for various fish, whales 
and seabirds. Krill stay in deep waters during the day to 
avoid predators, and migrate to higher water layers at 
night. Source: Wikimedia Commons. 

https://earthobservatory.nasa.gov/features/Phytoplankton
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To conduct small-scale scientific investigations that 
meet the environmental assessment framework is 
legitimate and accepted to establish a knowledge base 
(GESAMP, 2019; GESAMP is a group of independent 
scientific experts that provides advice to the UN system 
on scientific aspects of marine environmental 
protection).  

Engineered nanoparticles? 

One idea on AOF aims to feed phytoplankton, and 
stimulate their growth in the ocean, by engineered 
nanoparticles (ENPs) to overcome the lack of nutrients 
issue (see Babakhani et al 2022). ENPs are believed to 
enhance phytoplankton growth at concentrations 
below those likely to be toxic in marine ecosystems. 
The goal is to seed the oceans with iron-rich 
engineered fertilizer particles near ocean plankton (to 
feed them) and encourage growth and CO2 uptake.  

Bio-engineering the Whale Pump? 

This article has sketched how the great whales can help 
to trap carbon by stimulating production of 

phytoplankton. The whales feed at depth. When they 
go the surface to rest, they take the opportunity to 
release buoyant, nutrient-rich fecal plumes. The 
plumes can fertilize phytoplankton in the process 
called the whale pump. 

Many of the largest whales are eating krill. They are 
not alone feeding on krill. Krill is also food for penguins, 
seals, and fish (see Figure 19.9). Krill contains an oil 
that is similar to the oils found in fish oils, the omega-3 
fatty acids. Therefore, today you can buy ‘Krill Oil 
Omega-3’ in stores. And there is no fishy aftertaste. 

Krill is not only a food source in the aquatic food web. 
Krill is also harvested as a food source for humans and 
domesticated animals and is used in aquaculture to 
fatten farmed fish. Large-scale krill fishing developed in 
the early 1970s. In 1993, a decline in krill fishing was 
caused by the international organisation that manages 
the Antarctic krill fishery, the Commission for the 
Conservation of Antarctic Marine Living Resources 
(CCAMLR), defining maximum catch quotas for a 
sustainable exploitation of Antarctic krill. Today, fishing 

Figure 19.11: Global Biosphere September 1997-August 1998; the image shows the amount of chlorophyll present in the oceans, 
and the amount of vegetation on land. Purple and blue represent low levels of chlorophyll, while green, yellow, and red indicate 
progressively higher concentrations. A lot of green indicates lots of chlorophyll; a lot of chlorophyll implies healthy 
photosynthesis; strong photosynthesis indicates growth of phytoplankton, and growth of phytoplankton indicates successful 
capture of carbon. On land, brown pixels show areas of little vegetation, while blue-green represents dense vegetation. An old 
tree stores on average 5 tonnes of CO2. A Norwegian emits an average of around 10 tonnes of CO2 a year. Very simply, we can say 
that every Norwegian should plant two trees per year to become CO2 neutral. Credit: NASA/SeaWiFS Project. Source: Wikipedia. 
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occurs mainly in Antarctic waters and in the seas 
around Japan. The annual catch has stabilised at 
around 300,000 tonnes. Norway, Korea, China, and 
Chile are the biggest krill fishing nations. In 2020, more 
than half of the krill was caught by the Norwegian 
company Aker BioMarine. 

Although research studies show that both Antarctic 
and North Atlantic krill stocks may have dropped 
significantly since the 1970s (Atkinson et al. 2014; 
Edwards et al. 2021), in part to ice cover loss caused by 
global warming, krill is still abundant. In the waters 
around Antarctica, Antarctic krill are estimated to 400 
million tons (https://www.antarctica.gov.au/about-
antarctica/animals/krill/). During certain times of year, 
the krill swarms are so dense and widespread that they 
can be seen from space. 

The obvious question now is: can we bioengineer the 
whale pump? Instead of fishing krill for human health 
and animal nutrition products, can we take the krill 
into factories to make iron-rich ‘poo-namis’ for the 
phytoplankton and use supertankers to spread it over 
the oceans to safely fertilize and grow more 
phytoplankton? Could this be a solution for CCS: use 
krill biological products to grow phytoplankton? More 
phytoplankton may also be positive for the krill 
because krill feed on phytoplankton at the surface.  

Further, we note that many models of ocean biology 
and chemistry predict that phytoplankton productivity 
will decline when the ocean surface warms in response 
to global warming. 

Today, there is growing acceptance that more research 
is needed to evaluate AOF to help policymakers and 
the public to obtain a good understanding of the pros 
and cons of AOF. The research proposal here is to 
bioengineer the whale pump by using the biomass of 
naturally occurring krill. While natural fecal plumes 
from the great whales are present all over the oceans, 
the potential adverse environmental risks of adding 
fabric-produced ‘fecal plumes’ made of krill to the 
ocean near-surface require rigorous scientific research. 
To understand the impact on the ecosystem will likely 
require several small to mesoscale experiments which 
need to be performed in accordance with the 
assessment framework of the London Protocol.  
Currently, 51 States are Parties to this Protocol. 

 

 

 

 

 

Figure 19.12: Gentoo penguin feeds its chick regurgitated krill. Photographer: Amy Van Cise. Credit: NOAA NMFS SWFSC 
Antarctic Marine Living Resources (AMLR) Program. https://photolib.noaa.gov/Collections/Fisheries/Other/emodule/1054/eitem/64638  

https://www.antarctica.gov.au/about-antarctica/animals/krill/
https://www.antarctica.gov.au/about-antarctica/animals/krill/
https://photolib.noaa.gov/Collections/Fisheries/Other/emodule/1054/eitem/64638
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Epilogue 

The reader may recognise that this book is published under the name of an old Norse myth: Bivrost, the 
rainbow bridge between Midgard, the home of the mortals, and Asgard, the world of the gods. Bivrost was 
built out of red fire, blue air, and green water, seen as the colours of the rainbow. Shimmering but immensely 
strong, Bivrost was the only bridge between Earth and Asgard. At the top of Bivrost, Heimdall, the guardian of 
the gods’ stronghold, had his dwelling, where he watched and listened, holding at the ready the horn 
Gjallarhorn, which he sounded when intruders were approaching. During Ragnarok (the doom of the gods), 
the gods heard Gjallarhorn signalling the imminent arrival of giants and hordes of evil beings crossing the 
rainbow bridge to storm Asgard. The disloyal Loki was with them, and Loki and Heimdall slayed each other. 
As the Eldjötnar (fire giants) rode across Bivrost, the bridge shattered under their terrible weight: the world 
burnt and sank into the sea. Only a handful of gods and men survived Ragnarok, to continue the eternal cycle 
of life in a new golden age.  

In mythic literature, rainbows often serve as pathways for gods; Bivrost is a classic example. According to 
Snorre’s Edda, written by the Icelandic scholar and historian Snorri Sturluson around the year 1220, Bivrost is 
the rainbow. The first element of Bivrost is the Old Norse verb bifa, meaning “to shimmer” or “to shake”.  

Bivrost has a great story behind its name. Today, the publisher Bivrost is strong; it holds the sum of our 
knowledge. We hope that the knowledge that Bivrost provides will inspire learning and build knowledge. We 
look forward to the day when the next generation of geoscientists tramp across Bivrost to build a new golden 
age for science. 

 

Norse mythology does not give any interpretation of the double rainbow. When sunlight enters raindrops, it separates because each 
raindrop bends light with different wavelengths by different amounts. After reflection inside the drops, the separated light appears as the 
colors of a primary rainbow. A secondary rainbow forms when the light reflects twice inside the water drops. In the secondary bow the 
colors appear in the opposite order of the colors in the primary bow and are more widely separated. The dark band between the two 
rainbows is known as Alexander's band, after Alexander of Aphrodisias who first described it in 200AD. Raindrops that lie in the area 
between the arches and that lie along your line of sight will not send light to your eye, and therefore the sky looks darker in there.  
A rainbow arcs over Oppeid, Hamarøy in Norway. Photo Lasse Amundsen, 12 October 2022. 
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