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Energy, power and climate change 8

The greenhouse effect is the warming of a planet due its atmosphere allowing in 
ultraviolet radiation from the Sun, but trapping the infrared radiation emitted by 
the warm Earth. This is similar to the way that the glass of a greenhouse warms 
the plants inside, hence the name. There are many physical principles that need to 
be explained before we can fully understand how this effect works: firstly, how the 
energy from the Sun gets to the Earth; and secondly, the interaction between this 
energy and the atmosphere.

Solar radiation
As explained in an earlier section, the Sun radiates 3.9 × 1026 joules per second. 
This energy spreads out in a sphere. By the time it reaches the Earth at a distance of

1.5 3 1011 m, the power per m2 (or intensity) is   3.9 × 1026
  ________________  

4p 3 (1.5 3 1011)2   5 1380  W  m22

The intensity of radiation at each planet is related to its distance from the Sun: 
Mercury, the closest planet, receives more power per m2 than Neptune, the 
furthest.

16 Waves of amplitude of 1 m roll onto a beach at a rate of one every 12 s. If the wavelength of the 
waves is 120 m, calculate
(a) the velocity of the waves
(b) how much power there is per metre along the shore
(c) the power along a 2  km length of beach.

Exercises

Assessment statements
8.5.1 Calculate the intensity of the Sun’s radiation incident on a planet.
8.5.2 Define albedo.
8.5.3 State factors that determine a planet’s albedo.
8.5.4 Describe the greenhouse effect.
8.5.5 Identify the main greenhouse gases and their sources.
8.5.6 Explain the molecular mechanisms by which greenhouse gases absorb 

infrared radiation.
8.5.7 Analyse absorption graphs to compare the relative effects of different 

greenhouse gases.
8.5.8 Outline the nature of black–body radiation.
8.5.9 Draw and annotate a graph of the emission spectra of black bodies at 

different temperatures.
8.5.10 State the Stefan–Boltzmann law and apply it to compare emission rates 

from different surfaces.
8.5.11 Apply the concept of emissivity to compare the emission rates from the 

different surfaces.
8.5.12 Define surface heat capacity Cs. 
8.5.13 Solve problems on the greenhouse effect and the heating of planets 

using a simple energy balance climate model.

The greenhouse effect8.9
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Interaction between light and matter
Exciting electrons

The light that comes from the Sun is made up of photons of many different 
wavelengths. When a photon interacts with an atom, it can give energy to the 
atom by exciting one of its electrons into a higher energy level, as explained in 
Chapter 7. This can only happen if the energy of the photon is exactly the same 
as the energy needed to excite the electron, and when it happens the photon 
disappears. This can be reversed, and an electron that has been excited into a 
higher energy level can give a photon back out again, when the electron goes 
back to its original energy level. This is what happens when light is scattered by 
the atmosphere.

Ionization

If the photon is of high frequency and therefore high energy (remember E 5 hf) 
then an absorbed photon can cause an electron to be ejected from an atom. This is 
called ionization. When this happens the energy of the photon doesn’t have to be 
an exact value, just big enough to get the electron away from the atom. 

Excitation of molecules

In previous chapters we have mainly been interested in individual atoms rather 
than molecules. However, to understand the greenhouse effect we must look at 
how molecules can absorb a photon. A molecule is made of several atoms held 
together by the electromagnetic force. A simple model would be two balls joined 
together with a spring as in Figure 8.32. According to what you have learnt in 
this course, a single ball can only have three types of energy, kinetic due to its 
movement, potential due to its position and, thirdly, internal energy. If you 
consider the balls in the figure, they can also be made to oscillate or rotate. If the 
frequency of oscillation of a molecule is the same as the frequency of a photon, 
then the molecule can absorb the photon. This causes the molecules to move 
more and hence have a higher temperature. This is an example of resonance. The 
frequencies that cause this sort of vibration tend to be quite low, in the infrared 
region of the spectrum. 

Figure 8.30 The solar system with 
planet orbits drawn to scale. The size of 
the planets and the Sun are not to scale 
–  they would be much smaller. The 
units are 1010  m.

17 Calculate the intensity of the Sun’s radiation on the surface of
(a) Mercury
(b) Jupiter.

Exercises

5.7

Sun

15.0

22.7

77.8

Mercury Earth Mars Jupiter

Figure 8.32 A simple model of atoms 
in a molecule.

atom (has kinetic energy,
potential energy and
internal energy)

molecule (can
oscillate and rotate)

Figure 8.31 Different wavelengths 
excite electrons to different energy 
levels.
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Energy, power and climate change 8

Interaction with solids

When dealing with electron energy levels in Chapter 7, we were considering 
individual atoms. However, a solid is made up of many atoms that interact with 
each other. When this happens the electrons no longer have to exist in special 
(discrete) energy levels but they can have many different energies, and these 
different energies form bands. This means that solids can absorb many different 
wavelengths of light rather than just a few special ones. Another consequence 
of this structure is that it is easier for the energy absorbed by the electrons to be 
passed on to the atoms, resulting in an increased temperature. When the molecules 
of a solid are given energy, they can vibrate and give out low frequency radiation. 
So when light is absorbed, it causes a solid to get hot, resulting in the emission of 
infrared radiation.

Albedo

When electromagnetic radiation is incident on a surface it is either absorbed, 
causing the surface to get hot, or it is reflected. The ratio of reflected to incident 
radiation is called the albedo. The albedo for snow is high (90%) since it reflects 
most of the radiation incident on it, whereas a dark forest has a low albedo of 
around 10%. The average for the planet Earth including its atmosphere is 30%.

Black body radiation

As mentioned previously, due to their atomic structure, solids can absorb many 
different wavelengths of radiation: for the same reason, if a solid is heated it will 
emit a wide range of frequencies. If we observe the spectrum of light from a solid we 
see it is continuous because it is made up of many wavelengths. The spectrum from 
a low pressure gas, on the other hand, consists of just a few lines as in Figure 8.33.

A black object is an object that absorbs all wavelengths, and if heated, it will emit 
all wavelengths, too. However, not all frequencies will be equally intense. The 
spectrum for light emitted from a black body is shown in Figure 8.34. The peak of 
this graph represents the most intense part of the spectrum; this is dependent on 
the temperature of the body (T  ). The hotter it is the shorter wavelength this will 
be. This wavelength (lmax) can be calculated from Wien’s displacement law:

lmax 5   b __ 
T

   where b 5 2.89 3 1023 mK

intensity
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Figure 8.33 A continuous spectrum 
from a solid and the line spectrum for 
the gas hydrogen.

Red hot
When a rod of metal is heated to 
around 1000 K it starts to glow red. 
Although the most intense part of 
the spectrum is not in the visible 
region, there is enough visible red 
light to make the rod glow.

Figure 8.34 The intensity distribution 
for a black body at different 
temperatures.

The PhET simulation ‘Microwaves’ 
shows how water molecules are 
excited by microwave radiation. To 
view, visit www.heinemann.co.uk/
hotlinks, enter the express code 
4426P and click on Weblink 8.6. 
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Stefan–Boltzmann Law

From the graph in Figure 8.34 we can see that as the temperature of a black body 
increases, the intensity of the radiation also increases. In other words, the amount 
of energy emitted from the surface increases. The Stefan–Boltzmann Law relates the 
power emitted per unit area to the temperature of the surface with the equation:
Power per unit area 5 T 4 where  5 5.67 3 1028 W  m22  K24

Radiation from the Sun
As calculated in Question 19, the spectrum of electromagnetic radiation from the 
Sun has a maximum intensity around 480  nm. This is the wavelength of blue light 
as seen in the spectrum shown in Figure 8.33. This means that the visible part of 
the spectrum is right on the peak of the intensity curve – it is no surprise therefore 
that this is the part we have evolved to see.

Temperature of the Earth with no atmosphere

Energy comes from the Sun to the Earth; this warms up the Earth and the Earth 
radiates some energy back into space. As the temperature of the Earth increases, 
it will radiate more and more until the amount of energy radiated 5 amount of 
energy absorbed, at which point the temperature will stay constant.

If we ignore the atmosphere we can calculate how hot the Earth should be. We 
know that the energy incident on the Earth per second is 1360 W  m22. As the 
Earth only catches radiation on one side at a time, we can simplify this as a disc of 
radius 6400  km. The energy incident on the whole Earth per second is 

1360 3 p 3 (6.4 3 106)2 5 1.75 3 1017  W

But the average albedo of the Earth is 30%. This means that 70% is absorbed, 
therefore: 

absorbed energy per second 5 1.23 3 1017  W

To calculate the heat radiated by the planet, we have to consider the complete area 
of the sphere: if the temperature is T then (using Stefan–Boltzmann) the radiated 
energy per second is: 

(5.67 3 1028 3 T 4) 3 4pr 2 5 2.9 3 107 3 T 4

When this equals the heat absorbed, the temperature will stay constant so:

2.9 3 107 3 T 4 5 1.23 3 1017

This gives a value of T 5 255  K (218°  C)

This is quite a lot colder than the Earth actually is, because the Earth’s atmosphere 
absorbs some of the radiation radiated by the Earth. This is the greenhouse effect.

18 Calculate the amount of energy in one photon of light of wavelength 600  nm. 
 The Sun is a hot dense gas so can be treated like a black body.
19 The temperature of surface of the Sun is 6000  K. Use Wien’s displacement law to calculate the 

most intense wavelength in the spectrum of emitted radiation.
20 Use the Stefan–Boltzmann Law to calculate the power per m2 emitted from the Sun.
21 The Sun’s radius is 7 3 108  m. Use your answer to Question 20 to calculate the total energy 

radiated by the Sun per second.

Exercises
The PhET simulation, ‘Blackbody’, 
will help you to see how the 
temperature of a body affects the 
radiation emitted. To view this, visit  
www.heinemann.co.uk/hotlinks, 
enter the express code 4426P and 
click on Weblink 8.7.
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Emmisivity (e)

The reason that the temperature in the previous example was too low was that the 
Earth does not radiate as well as a black body. 

The emissivity, e, of the Earth tells us how it compares to a black body; it is the 
ratio of the energy radiated by a body to the energy radiated by a black body of the 
same temperature.

The average temperature of the Earth is 288 K. From the previous calculation we 
know that if the Earth was a black body it would radiate 

2.9 3 107 3 2884 W 5 1.99 3 1017 W

But we know that since the temperature is stable the Earth must be radiating  
1.23 3 1017 W (the same as the radiation from the Sun) so the 

emissivity is   1.23 ____ 
1.99

   5 0.6

Absorption by the atmosphere
Before the radiation from the Sun lands on the surface of the Earth it first has 
to pass through the atmosphere. The atmosphere is in layers, the outer layers 
containing ozone (a form of oxygen whose molecules are made of three oxygen 
atoms, O3). This absorbs the higher-energy parts of the spectrum, ultraviolet and 
X-rays. If it were not for this layer, these harmful rays would reach the Earth. As 
the radiation passes through the lower layers, infrared radiation is absorbed by 
water vapour and carbon dioxide. These gases have molecules that can be excited 
by the frequency equal to that of infrared photons. 

intensity
T � 6000 K

0
0 500 1000

wavelength/nm

480 nm

1500 2000

Absorption spectroscopy

The amount of different wavelengths absorbed by each gas can be found by 
measuring the intensity of light of known wavelength passing into and out of the 
gas. Figure 8.36 shows the absorption spectra for three different gases showing 
how ozone absorbs UV, and how carbon dioxide and water absorb IR. Notice that 
none of these gases absorbs visible light.

Figure 8.35 The solar spectrum 
showing all wavelengths emitted by 
the Sun.
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Absorption by the ground
When solar radiation lands on the ground, a fraction,  
depending on the albedo, is reflected straight back. Since this 
radiation is the same as the radiation that has just made it 
through the atmosphere, it goes back through the atmosphere 
without being absorbed. The remaining radiation (mostly 
visible light) is absorbed and this increases the temperature of 
the ground. Since the ground is not very hot, then according to 
Wien’s law, the wavelength of the emitted radiation will be in the 
IR region.

Surface heat capacity

The temperature increase of the ground can be calculated from the surface heat 
capacity (Cs). This is the amount of heat required to raise the temperature of 1 m2 
of the ground by 1  K. For the Earth this is 4 3 108  J  km22.

The greenhouse effect
The IR radiation radiated from the ground travels upwards through the 
atmosphere and as it does it is absorbed by CO2 and H2O. As a result, these 
molecules become excited, raising the temperature of the atmosphere. They 
themselves can then radiate IR radiation in all directions, some of which goes 
back to the Earth. We have seen that the temperature of the Earth is determined 
by the point at which the radiation leaving the Earth is equal to that arriving. 
By reducing the amount leaving, the temperature at which this balance will be 
achieved will be higher.

Figure 8.36 Absorption spectra for 
ozone, carbon dioxide and water.

radiation from Sun

20% UV and X-rays
absorbed by ozone

30% IR absorbed
by H2O and CO2

50% arrives at Earth

Figure 8.37 Sankey diagram showing 
solar radiation absorbed by the 
atmosphere.

To see how the greenhouse gases 
contribute to the warming of 
planet Earth, visit  
www.heinemann.co.uk/hotlinks. 
enter the express code 4426P and 
click on Weblink 8.8.
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Sankey diagrams
We have calculated already that by the time it gets to the Earth the intensity of 
the Sun’s radiation is 1380  W  m22. However, the Earth is a sphere, so the power 
received per unit area will be different at different places (less at the poles than at 
the equator). The average value is taken here to be 342  W  m22.

To understand the energy flow diagram for the complete greenhouse effect let us 
first consider the flow diagram with no greenhouse gases (Figure 8.38). 

But we know that due to the greenhouse effect, the Earth is hotter than in this 
model and so emits more radiation. 
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Figure 8.38 Sankey diagram for 
energy flow without greenhouse gases. 
The amount of radiation absorbed by 
the ground equals the amount being 
radiated.

Figure 8.39 Sankey diagram 
for energy flow for the Earth and 
greenhouse gases in the atmosphere. 
The 102 W  m22 wiggly line represents 
energy that is partly lost by convection 
and partly used when water in the sea 
turns to water vapour.

Energy flow with greenhouse 
gases
Here we can see that 342 W  m22 
still enter and leave but now the 
Earth is radiating more energy. 
This energy is recirculated by the 
greenhouse gases. 519 W  m22 are 
absorbed by the gases and  
519 W  m22 are given out while 
324 W  m22 of this do not leave the 
atmosphere.
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Exercises

22 Using the data on the Sankey diagram, calculate the albedo of the Earth.
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