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the one thing you need to know

together but it is also the glue that sticks them to other atoms 
to make molecules. Chemistry is also fundamentally electrical 
because it involves rearranging the electrons in atoms. Even 
your rigidity is due to electrical forces. If  it were not for 
the repulsion between the electrons on the outside of  the 
molecules you are made of, the Earth’s gravity would crush 
you flat.

But this is not the end of  the involvement of  electricity 
in the everyday world. Electricity powers life itself, as Luigi 
Galvani discovered in 1781 when he observed it twitch the 
leg of  a dead frog. It was this discovery that electricity could 
animate dead flesh that inspired the precocious nineteen-year-
old Mary Shelley to begin writing Frankenstein (later published 
in 1818). Electricity drives biology and we are electrical 
beings. Electrons from food create electric fields across cell 
walls which drive the creation of  power-pack molecules such 
as adenosine triphosphate, or ATP. Ultimately, it is electrons 
flowing between neurons in your brain that are enabling you 
to process these very words and – if  they are interesting 
enough! – lay them down as long-term memories.
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GLOBAL WARMING

Molecules like carbon dioxide absorb 
heat radiated by the Earth’s surface 

and trap it in the atmosphere. 

‘Earth might one day soon resemble the planet Venus.’

stephen hawking

Several types of  molecule floating in the Earth’s 
atmosphere have the property of  trapping heat given 

off  from the Earth’s surface. Between them, these molecules 
keep the planet from freezing solid and make life possible. 
In fact, without the most important of  all the heat-trapping 
molecules – water vapour – the planet would be a giant ball 
of  ice with an average temperature of  only -18 degrees C.

The fact that the air around us is not passive but warms 
in the presence of  sunlight was discovered in 1856 by a 
little-known American scientist called Eunice Foote. Born 
Eunice Newton, she was the daughter of  Isaac Newton, Jr, a 
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distant relative of  the famous English physicist, who, among 
other things, discovered the universal law of  gravity. Foote 
inserted thermometers into long glass tubes which she filled 
with different gases such as oxygen and hydrogen. When she 
exposed the tubes to sunlight, she found that, of  all the gases, 
water vapour and carbon dioxide – which she called ‘carbonic 
acid’ – warmed up the most .9 She went on to speculate that 
if  the amount of  these two gases in the atmosphere varied, it 
might the change the climate, making her the first person in 
history to make the connection. 

The Irish physicist John Tyndall was unaware of  Foote’s 
findings. But three years later he independently confirmed her 
discovery. Crucially, he took the work a step further. Foote 
had not determined whether the gases in the atmosphere were 
heated directly by visible light from the sun or by heat in the 
form of  invisible infrared light, radiated by the surface of  the 
Earth after it has been warmed by the sun. Tyndall created a 
source of  infrared radiation from a copper cube filled with 
boiling water (known as a ‘Leslie cube’). He demonstrated 
that water vapour and carbon dioxide do not absorb direct 
sunlight but rather infrared which is radiated by the ground.10 
In retrospect, the fact that the air is not being heated directly 
by sunlight is not surprising. After all, it is common sense that 
the atmosphere does not absorb visible light but is transparent 
to it. If  it was not, how would we be able to see right through 
it to the sun, moon and stars out in space?

So, during the day, visible light from the sun streams down 
through the atmosphere and warms the ground. The heat is then 
radiated as infrared, which is absorbed mostly by water vapour 
and carbon dioxide. ‘The atmosphere admits the entrance of  
the solar heat but checks its exit, and the result is a tendency 

to accumulate heat at the surface of  the planet,’ wrote Tyndall.* 
This is, of  course, the famous ‘greenhouse effect’, although it is a 
misnomer. In a greenhouse, the air is hot principally because the 
glass roof  prevents it from rising (convecting) and cooling rather 
than because of  the presence of  heat-absorbing molecules. 

*    John Tyndall was in his mid-fifties when he eventually married 
in 1876. Sadly, his wife, who was the love of his life, accidentally 
killed him in 1893 by giving him an overdose of the wrong 
medicine in the dark.
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In general, infrared light is absorbed by simple molecules 
consisting of  two or more atoms because the energy of  such 
light is just right to set the molecules vibrating. Naively, you 
can think of  the atoms inside a molecule such as water (H2O) 
or carbon dioxide (CO2) as being connected by springs that 
can alternately compress and expand.

The most abundant molecules in the atmosphere are 
nitrogen (N2), which accounts for 78.08 per cent of  the 
air, and oxygen (O2), which makes up 20.95 per cent. An 
obvious question, therefore, is: why do these molecules not 
act as greenhouse gases?11 The answer is technical. Infrared 
radiation can be absorbed by a molecule only if  the vibrating 
of  the spring between two of  its atoms also changes the 
separation between the negative and positive electric charge 
in the molecule, something known as its ‘dipole moment’. 
Fortunately for us, this is not the case for molecules of  either 
nitrogen or oxygen. If  it was, the Earth would be as hot as 
an oven!

Foote and Tyndall’s discovery was surprising not only 
because it showed that something as insubstantial as air traps 
heat, but also that molecules with concentrations as tiny as 
carbon dioxide, which makes up just 0.04 per cent of  the 
atmosphere, have such a huge effect. Both scientists suggested 
there might be a link between carbon dioxide and climate. 
However, it was the Swedish chemist Svante Arrhenius who 
suggested, in 1896, that at the end of  ice ages an increase 
in carbon dioxide had helped warm the Earth.12 He also 
demonstrated that burning fossil fuels such as coal and oil 
could create large enough quantities of  carbon dioxide and 
that this would cause a ‘hot-house effect’, a phrase that did 
not catch on but which today we would recognize as global 

warming. Arrhenius was the first, therefore, to show that 
human activity could change the climate.13

We now know that he was correct. Carbon dioxide levels 
have been measured on the top of  Mauna Loa volcano 
on the island of  Hawaii since 1958, and they have risen 
from 315 parts per million to 420 parts per million in 2021. 
The carbon dioxide concentration has increased in perfect 
step with rising temperatures across the globe, exactly as 
Arrhenius predicted. 

To learn about the Earth’s climate in the past, when there 
were no scientific measurements, it is necessary to use 
proxies for the amount of  carbon dioxide in the atmosphere 
and the temperature. The concentration of  carbon dioxide, 
for instance, can be deduced from tree rings and the shells 
of  creatures, while the temperature can be deduced from 
ice cores because there are measurable differences in snow 
formed at different temperatures.

The evidence paints a stark picture. Carbon dioxide from 
the burning of  fossil fuels has elevated the global temperature 
about 1.18 degrees C above what it was in pre-industrial 
times. The years 2016 to 2020 tied for the warmest years on 
record. The Greenland and Antarctic ice sheets have shrunk, 
and all across the world glaciers – great rivers of  ice – are 
retreating. Both the extent and thickness of  Arctic sea ice 
has declined rapidly over the past few decades. In addition 
to this, human-made carbon dioxide absorbed by the oceans 
has created carbonic acid, acidifying the water and stressing 
creatures such as corals. 

Currently, the world’s nations are committed to keeping the 
temperature rise to less than 2 degrees Celsius above pre-
industrial levels. This requires a reduction of  carbon dioxide 
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emissions by 80 per cent by 2050, which is a tall order. 
Nevertheless, a way must be found to generate most of  our 
electricity without using fossil fuels to turn water into steam 
to drive turbines. The obvious ways involve using solar cells 
to generate electricity directly from sunlight, and exploiting 
wind and wave power.

But it is not just carbon dioxide from the burning of  fossil 
fuels that is contributing to global warming. Cement, which 
is made from limestone, is another source. And the levels of  
other greenhouse gases such as methane and nitrous oxide 
are also increasing. Nitrous oxide is emitted by the exhausts 
of  car and lorries. Methane is released by farm animals as 
they digest food. 

The concern is that sooner or later a tipping point will 
be reached where positive feedback loops exacerbate the 
problem. As sea ice lessens, for instance, it reflects less sunlight 
back into space, boosting warming. And as permafrost melts, 
the soil releases trapped methane, an even more potent 
greenhouse gas than carbon dioxide, boosting warming.

The biggest irony is that although human-created, or 
anthropogenic, greenhouse warming is threatening the 
very existence of  human civilization, as mentioned before 
greenhouse warming has been essential for keeping the Earth 
habitable for over 4 billion years. There is even a natural 
mechanism that regulates the amount of  carbon dioxide in 
the atmosphere so that the planet does not have too much 
and get too hot or have too little and get too cold. In the 
presence of  rock and water, carbon dioxide reacts to make 
carbonic acid, which creates limestone and other carbonates. 
When tectonic plates dive under each other, these carbon-
dioxide-containing rocks are then taken down into the 

interior of  the Earth (see Chapter 6 on plate tectonics). The 
more carbon dioxide that is injected into the atmosphere 
– from volcanoes, and so on – the faster this carbon cycle 
buries the gas. In this way, it regulates the amount of  the 
gas in the atmosphere, keeping the global temperature stable. 
Unfortunately, the carbon cycle acts on a very long timescale 
– too long to remove the carbon dioxide that humans are 
pumping into the atmosphere at an unprecedented rate.

Having said this, the carbon cycle itself  has been out of  
kilter at least three times in history – 2.2 billion years ago, 
746 million years ago and 635 million years ago. On each 
occasion, carbon dioxide levels dropped so much that the 
planet was covered in ice from pole to pole. Such ‘Snowball 
Earths’ were eventually ended when volcanic activity pumped 
enough carbon dioxide into the atmosphere to melt the ice.

The critical importance of  having plate tectonics and a 
carbon cycle is obvious when Earth is compared with its 
nearest planetary neighbour. Venus is almost identical in 
size to Earth and in its youth probably had oceans and 
rivers. However, it is 30 per cent closer to the sun than 
our planet and this caused its oceans to evaporate. A 
dangerous positive feedback loop was established because 
the evaporation pumped water vapour into the atmosphere, 
which trapped heat and caused the temperature to climb 
even higher. At the top of  the atmosphere, water molecules 
were even split by solar ultraviolet radiation into their 
constituent hydrogen and oxygen atoms, which floated 
away into space. All the while, the rising temperature caused 
carbon dioxide to bubble out of  rocks so that today the 
planet has an atmosphere of  96 per cent carbon dioxide, a 
surface temperature hot enough to melt lead and a surface 
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pressure equivalent to being crushed under almost a 
kilometre of  Earth’s ocean.

Given that the amount of  carbon dioxide in the Venusian 
atmosphere is equivalent to that locked up in carbonate rocks 
on Earth, Venus’s runaway greenhouse effect is a warning. 
‘The possibility of  a runaway greenhouse effect suggests that 
we have to be careful,’ wrote American planetary scientist 
Carl Sagan. ‘Even a one- or two-degree rise in the global 
temperature can have catastrophic consequences.’14

A greenhouse-related mystery that has puzzled scientists 
for a long time is the ‘faint sun paradox’. Models of  the sun 
show that it was 30 per cent less bright when the Earth was 
born. By rights, the planet should have been frozen solid. 
Yet the evidence from zircons – the oldest rocks to survive 
unchanged on Earth – is that water was liquid on the surface 
as early as 4.4 billion years ago. The best bet for an explanation 
is that the primordial Earth had a thick atmosphere of  carbon 
dioxide from volcanic activity – not the mere 0.04 per cent of  
today but a whopping 70 per cent. But even this may not be 
enough on its own.

In 2021, René Heller of  the Max Planck Institute for Solar 
System Research in Göttingen, Germany, and her colleagues 
pointed to the creation of  the moon by the impact of  a 
Mars-mass body shortly after the Earth was born. Initially, 
the moon may have been fifteen times closer to the Earth 
than it is today, causing tides in the magma or liquid oceans 
that towered 2 kilometres high. Tides are the result of  the 
stretching and squeezing of  an astronomical body by the 
gravity of  another. As mentioned in the chapter on gravity, 
this effect has made Jupiter’s moon Io the most volcanic body 
in the solar system. Similar tidal heating on the primordial 

Earth could conceivably have supplemented greenhouse 
warming and kept the planet from freezing solid.15 

But whereas greenhouse warming may be a major factor 
in why the Earth was not frozen solid in its early years, the 
faint sun paradox is an even bigger problem for Mars. There 
is abundant evidence on the Martian surface that water once 
ran there and that the planet, in its first half  a billion years of  
existence, may have had both rivers and oceans. The problem 
is that Mars is about 50 per cent further from the sun than 
the Earth, which means it receives about half  the heat of  our 
planet. Nobody knows how Mars escaped the fate of  being 
frozen solid.


