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Lower Atmosphere

Basics 

Unit 1 
An introduction to the troposphere 
 
 
The troposphere is the layer of the atmosphere closest to the ground.  It 
is where plants and animals live and where our weather takes place.  If we look 
towards the sky, the air seems to be endless. However, the layer of air 
surrounding our planet, protecting us and making life possible, is really very 
thin.  
  
When we travel by aeroplane, 
80% of the air mass is below us.  
In this unit we look at how the 
composition and properties of the 
air vary with altitude.  We 
compare the dimensions of the 
Earth's surface with the 
dimensions of the troposphere 
and look at how the properties of 
the troposphere change 
depending on where we are on 
Earth.  Finally, we look at the 
composition of the air and see 
how very small amounts 
of certain chemicals affect our 
climate. 

  

 
1 . The atmosphere from space - source: NASA 
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Part 1 - Vertical
The Troposphere - variations with height and temperature 

The lowest layer of our atmosphere, next to the Earth's surface, is 
called the 'troposphere'.  It reaches from the ground to the highest 
clouds we can see.  If we look into the sky, this layer seems endless but 
it is really just a thin cover.  However it's really important to us, it 
protects us from the damaging rays of the Sun, contains oxygen so we 
can breathe and allows life to exist on Earth. 
  

 
1. The atmosphere (shown in blue) consists of 
several layers.  The lowest layer is the 
troposphere.  In this figure, the atmosphere is 
shown much thicker than it is in reality.  source: 
freeware STRATO, scheme: University of 
ambridge.  http://www.atm.ch.cam.ac.uk/tour C 

Dimensions of the troposphere 

Although the troposphere is the 
thinnest layer of the atmosphere, 
about 11 kilometers in height around
a planet of 12,800 km in diameter, it
contains about 90% of the mass of 
the atmosphere, i.e. 90% of the 
molecules of the air.  The 
troposphere reaches an altitude of 
about seven kilometers at the poles 
and about 17 kilometers at the 
Equator.  The layer above the 
troposhere is known as the 
stratosphere and the border 
between the two layers is called the 
tropopause.  How do we know where
the troposphere ends? Changes in 
the temperature trend give us the 
answer. 
  

The temperature profile and the transport of 
air 

In the troposphere, the temperature decreases 
with increasing altitude, it becomes colder, the 
higher you go.  You can feel this temperature 
change if you hike in the mountains.  There is, 
however, a point in the atmosphere where this 
trend changes. This is the tropopause, a 
temperature minimum in the atmosphere. Some 
scientists call it a cold trap because this is a point 
where rising air can't go higher and it gets 
trapped.  The tropopause is very important for air 
movement and for chemistry in the troposphere, 
for cloud formation and for weather. Warm air is 
lighter than cold air.  If you open the door in 
winter you feel the cold air first at your feet, as it's 
heavier and sinks to the floor. Similarly, when the 
morning Sun heats the ground, the air starts 
rising.  As long as the air around it is colder (= 
heavier) the warm air continues to rise.  At the 
tropopause this travel stops as the air above is 
warmer and lighter.  This is the reason why it's 
difficult for water (clouds) and chemical 

 
2. Rising air.  A parcel of warm 
tropospheric air (red) rises and 
expands.  It becomes cooler (as 
shown by the disappearing red 
color), but is always warmer than 
the surrounding air   When it gets 
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compounds in the air to cross the tropopause, it 
acts as an invisible temperature barrier.  It's also 
why most of the chemistry and weather takes 
place in the troposphere. 
The animation shows average temperatures at the 
ground (15°C) and at the tropopause (-50°C) and 
a rather simple temperature profile. 
  
  

the surrounding air.  When it gets 
to the tropopause it can't rise 
further  but can only expand 
horizontally.  Author: Elmar 
Uherek. 

   

  
3. Temperature profiles in the troposphere and lower 
stratosphere. Temperatures are given in Kelvin (K) and 
in Celsius (°C).  Source: unknown.  Adapted by Elmar 
Uherek from a lecture at Harvard University. 
icg.harvard.edu/~eps132/lecture.dir/lecture3a/notes.htm

   

The real world is, however, a 
little bit more complicated. It 
isn't the same temperature 
everywhere at the ground or at 
the tropopause and 
temperatures change 
with season (although this 
change is only small in the 
tropics).  This figure gives an 
idea how the temperature 
profiles look at different 
latitudes in the summer and the 
winter. 

The temperature profile in the 
tropics is shown in green.  Here 
the tropopause is at altitudes 
greater than 15 kilometers.  In 
temperate regions (light red for 
summer, dark red for winter) 
the tropopause occurs at 
altitudes greater than 10 
kilometers.  In the polar regions 
(light blue for summer, dark 
blue for winter) the tropopause 
is at altitudes of less than 10 
kilometers. 

We divide the troposphere 
further into two sublayers, a 
layer which is directly influenced 
by the surface of the Earth 
known as the planetary 
boundary layer, and the free 
troposphere above.  In the 
planetary boundary layer, 
processes such as friction, heat 
transport, evaporation, and air 
pollution lead to changes in 
conditions which occur within 
one hour. The thickness of this 
layer varies between a few 
hundred meters and about two 
kilometers.  Mixing of air as 
warm air rises from the ground 
is the most important process 
which occurs in this layer. 
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Part 2 – Horizontal 
 
Different landscapes - the horizontal extension 

The troposphere is much more than just a shell around a sphere.  The 
surface of the Earth is rough and structured.  The depth of the ocean is 
between two and six kilometers, in some places even deeper.  The 
highest mountains are greater than six kilometers in height.  That's 
about half the altitude of the troposphere!

  
 
1. The troposphere - a very structured place.  Author: Elmar Uherek. 

Different landscapes 

Have a look at the Earth and 
the two American 
continents below and explore 
our planet a bit: 
Look up the numbered places in 
an atlas!  
What is the landscape like?  
Is the climate dry or wet?  
What latitudes are dry, where is it 
wet? 
Which climate zones do the places 
belong? 
What temperatures would you 
expect in the winter and the 
summer? 
How much rain falls? 
The troposphere is in contact with 
many different landscapes and 
climate zones: dry deserts, snowy 
mountain peaks, humid rain 
forests and don't forget the 
oceans, these make up 71% of 
the contact area. 

 
2. Mountains reaching high into the 
troposphere.  The photograph shows a view across the 
Tibetan Plateau.  The Dhaulagiri Peak (8167 m) is 
higher than the troposphere at the poles. Source: 
NASA Earth Sciences and Image Analysis.  
http://visibleearth.nasa.gov/cgi-bin/viewrecord?783 
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3. Our planet Earth from space.  Author: Reto Stockli, Nazmi El Saleous, and Marit Jentoft-Nilsen, 

NASA GSFC.  To see the detailed structure of the landscape. 
 
 
Below are three pieces of information about the places marked on the globe 
above: 1) A modified image from space (75 KB per image); 2) a photograph of 
the landscape (50 KB); 3) annual average temperatures and precipitation from 
this place or a place nearby.  

      
1                    2                     3                    4                     5 

      
 
4. Locations: 1) Yosemite Park, Rocky Mountains (USA) - 2) Erie Lake Area, Pennsylvania (USA) - 3) 
Landscape near El Paso, Mexican boarder (USA) - 4) Amazonian rainforest (Brazil) - 5) Atacama 
desert (Chile). 
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1                    2                     3                    4                     5 
Please note: Summer is always in the middle of the graph, i.e. the month time scale is not the same 

for the northern and southern hemispheres.   Source: www.klimadiagramme.de - Bernhard 
Mühr. 

  
5. Koeppen's climate map - This shows which climate zone the places above belong to.    

 

 

The human population on 
Earth 

The examples above show 
different natural landscapes from 
space and from photographs.  
These images and the climate 
diagrams give us an impression of 
their climate.  The composition of 
the troposphere is not, however, 
just governed by natural 
processes.  Humans also affect 
the troposphere through energy 
release and emissions of 
chemicals.  The view of city lights 
at night over the globe shows that
human activities, other than 
agriculture, are concentrated in 
particular regions of our planet, 
the big urban areas. 

Data: AVHRR, NDVI, Seawifs, MODIS, 
NCEP, DMSP and Sky2000 star catalogue. 

 
6. The world at night.  Authors: AVHRR and Seawifs 
texture: Reto Stockli; Visualization: Marit Jentoft-
Nilsen, VAL, NASA GSFC. 
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How large is the area covered by the troposphere?

People sometimes think that if it is unusually cold or warm or that there is too 
much rain or too little snow in our country for a few days or weeks then this is a 
sign that the climate is changing.  But what does it really mean if such unusual 
events take place in our country? How big is, for example, Poland compared to 
the area of our planet? 
Let's have a look: 
Area of the Earth's surface: 510,000,000 km2 (29.2% land, 70.8% water) 
Surface area of Poland: 312,000 km2 
The Earth's surface is 1637 times bigger.   
Here you can see this relationship (land is shown in brown, water in blue 
and Poland in red).  
 

 

7. Imagine the total size of land (in brown) and water (in blue) on Earth compared to the size of 
Poland. 

   
For global climate change to be real, changes should be seen over a period of at 
least 30 years (1560 weeks).  If you observe unusual weather for one week in 
Poland, you only see it on 1/1637 of the Earth's surface and for just 1/1560 of 
the time recommended.   

How do you think we can observe climate change in an objective way?  Ask your 
parents and grandparents about the climate when they were young. Is it different 
from nowadays? Think about how your perception of average weather 
conditions are influenced by the environment, by where you live and 
your personal feelings. 
 
Part 3: Components 
 
What does tropospheric air consist of? 

Tropospheric air is a mixture of a few dominant gases and many many 
trace gases, some of which are rather important for our climate.
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1. Dew rising in the morning - Virgen valley Osttirol.  
Photograph: Elmar Uherek. 

   

The gas phase 

The most obvious problem we 
have with air is that we cannot 
see it!  But if something is 
invisible this does not mean that 
it does not exist.  Dew on the 
grass in the morning disappears 
as the sun comes up.  The water 
droplets don't disappear by 
magic, they simply evaporate and 
change from the liquid phase to 
the gas phase.  This change 
between a visible and an invisible 
state is most easily 
understandable for water. 
  

Dry air is made up of about 78% 
nitrogen, 21% oxygen and 1% 
Argon. These gases can also be 
occur as liquids but it takes 
temperatures below -150°C for 
this to happen and we never 
observe such low temperatures 
naturally.  So air always exists as 
a gas and is invisible to our eyes. 

Particles 

When we see pictures of sand 
storms in the Sahara it's very 
obvious that there is a lot of sand 
and dust particles in the air. The 
same is true in cities 
where industrial processes and 
car exhausts emit particles into 
the air.  Little particles are even 
found in air over really remote 
places such as Antarctica or 
over the middle of the oceans.  
  

 
2. The major components of the atmosphere - nitrogen 
(N2), oxygen (O2) and argon (Ar).  Author: Elmar 
Uherek. 

   

  
3. Electron microscope image of aerosol particles 
collected from the atmosphere above the Mediterranean 
Sea.  Author: Research Group Dr. Helas, MPI Mainz.  
http://www.mpch-

ainz.mpg.de/~kosmo/remgallery/medsea/medsea.htmm 

Particles can either be directly 
emitted into the atmosphere or 
can be formed by chemical 
reactions in the air.  They are 
extremely important to our 
climate, they are essential for 
cloud formation and they can 
prevent solar radiation from 
reaching the surface of the 
Earth. 
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Water vapour 

When we talk about the 
composition of air we generally 
mean dry air and ignore any 
water it contains.  The main gases
(nitrogen, oxygen, and argon) 
make up nearly 100% of the 
composition of dry air.  The most 
important of the trace gases is 
carbon dioxide which makes up 
0.037% of the air, other gases 
occur in much smaller amounts.  
The amount of water vapour in 
the air is really variable, making 
up between 0.1% and 4% of 
tropospheric air, depending on 
the climatic conditions.  Cold air 
can hold much less water vapour 
than warm air. 
  

 
4. Global overview of the total water vapour column in 
July 1989.  Source: NASA water vapour project NVAP.  
http://www.cira.colostate.edu/climate 
/NVAP/nvapcira.html 
  

Trace gases 

Many climate processes are controlled by the levels of trace gases in the 
atmosphere, rather than the major constituents.  These gases are present in 
very low amounts, i.e. a few molecules in one million or even one billion air 
molecules.  To describe this, we often use the unit ppm (parts per million) so a 
trace gas with a concentration of 1 ppm means that there is just one molecule 
of the gas in every 1,000,000 air molecules (the more scientific unit is 1 µmol 
mol-1, we will talk more about atmospheric gas concentration units later).   
Levels of carbon dioxide, a very important greenhouse gas have increased from 
280 ppm in preindustrial times to about 370 ppm now and predictions are that 
these concentrations will continue to rise due to human activities, the most 
important of which is fossil fuel combustion.  Two other important greenhouse 
gases are methane (1.7 ppm) and ozone (varying around about. 0.04 ppm).  In 
addition, there are thousands of organic and inorganic gases which are emitted 
into the air from plants (imagine the smell of flowers) or during industrial 
procedures (think about solvents) or are formed during chemical processes in 
the atmosphere. These gases all play a part in the complex chemistry which 
goes on in the lowest layer of the atmosphere, the troposphere. 
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Lower Atmosphere

Basics 

Unit 2 
The greenhouse effect, light and the biosphere 

When we speak about climate, most people think about global warming. And if we
speak about global warming, most of us think about the greenhouse effect.  The 
greenhouse effect is actually a naturally occurring process which has been 
affected by human activity.   
  

 
1. greenhouse effect 

Without the greenhouse effect, life wouldn't be possible on Earth. 

  

 
2. greenhouse 
effect 

   

The energy driving our climate comes from the Sun. In the first 
part of this unit we look at what happens to the solar energy as 
it passes through the atmosphere, as it hits clouds and when it 
reaches the surface of the Earth.  We look at how this energy 
warms the Earth, how some of the energy is returned back into 
space and what effect clouds and greenhouse gases have.  In 
the second part of this unit we look at the impact plant 
emissions have on our atmosphere, both during their growth 
and if they are burnt in vegetation fires. 

  

Humans have enhanced the natural greenhouse effect 
and have changed the climate of the Earth. 

  

 

ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere Basics - page 1 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 

 



Part 1: Greenhouse effect and light 
 

Light and the greenhouse effect 

Energy to power our planet comes from the Sun.  But what happens to 
the sunlight on its way to Earth and what happens to the energy emitted 
from the surface of the Earth as it travels back into space?
  
The atmosphere has an influence on light 

We learnt in the first unit of this topic that air 
consists of different gases, particles and water 
which can either exist in the gas phase or as 
liquid droplets.  During a dust storm, when the 
sun is pale or on a rainy day, when clouds cover 
the sky, it's much darker than on a bright clear 
day without any clouds.   But it's not only 
particles and clouds which affect how much 
light gets to the surface of the Earth, the gases 
in the air also influence the amount of sunlight 
which reaches the ground. 
  

 
1. All energy comes from the sun. 
Source: Freefoto.com 

   

Energy is in balance 

Sunlight warms the surface of the Earth.  The water in the sea becomes warmer 
in summer and the streets get so hot in some places that its impossible to walk 
on them barefoot.  Since the earth cannot store this heat forever, the warm Earth 
sends energy back into space.  The sunlight which hits the Earth's surface is 
made up of high energy ultra-violet and visible radiation.  The energy emitted 
from the surface of the Earth is infra-red or 'longwave radiation' and is less 
energetic than sunlight. 

• We have to learn an important rule: 

If the Earth doesn't send back all the energy it receives from the Sun, more and 
more energy would accumulate on the Earth and it would become hotter and 
hotter. But this isn't the case. Energy is in balance. Radiation comes from the 
Sun. We call this radiation light (shown in yellow on the image).  Radiation is sent 
back from the Earth and we call this infrared light or infrared radiation (shown 
in red). 
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2. What happens to radiation from the Sun?  Author: Elmar Uherek. 

What happens when solar radiation enters the atmosphere? 

First, let us look what happens to the sunlight. 
1.  The Sun is the source of all radiation and energy coming to the Earth from 
space. 
2.  Part of the sunlight reaches the Earth's surface - the forests, oceans, deserts, 
savannah, cities, ice and snow.  
3.  The Earth's surface doesn't take up (absorb) all the sunlight, but sends 
(reflects) a certain part of it directly back into space.  Very light coloured 
surfaces (e.g. ice and snow) are excellent reflectors. 
4.  Reflection doesn't just occur at the Earth's surface. Some light is 
reflected back into space by the top of the clouds and by particles in the air. 
5.  Absorption of sunlight doesn't only take place at the surface. Gas molecules 
and particles in the air also absorb sunlight. 
The sunlight which reaches the Earth, warms its surface. The Earth sends this 
warmth back into space as infra-red heat radiation.  
What happens to this heat radiation? 
6.  The warm surface of the Earth is a source of infra-red heat radiation to 
space.   
7.  A portion of this energy is used to evaporate water (think about a kettle -
 energy in the form of electricity is used to heat the liquid water up and in the 
process some is converted into water vapour or steam). 
8.  A small fraction of the infrared radiation goes directly back into space.  
9.  Clouds not only reflect sunlight, they also absorb and re-emit heat radiation 
from the Earth. A cloudy sky keeps the Earth warm, like a blanket. 
10. Particles and gases in the air absorb infrared heat radiation. The gases are 
called greenhouse gases. They trap the heat near the ground. 
We must take all these processes into account if we want to understand our 
climate.  But why do we call it a greenhouse effect?  
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3. The greenhouse effect - compare the interaction of light in a greenhouse with that on Earth!  
Original source: NOAA. 

 

The role of greenhouse gases in the atmosphere can be compared to the role of 
glass in a greenhouse.  The glass lets the sunlight in and the light warms the soil 
and plants in the greenhouse. These send out heat radiation. When this heat 
radiation hits the glass, it doesn't pass back through like the sunlight, but is 
absorbed by the glass. So the glass heats up and this heat goes back into the 
greenhouse and it gets hotter.  This is similar to what greenhouse gases in the 
atmosphere do.  They let the sunlight in, but they don't let the heat radiation 
from Earth back out into space. 
 
 
Part 2: Greenhouse Gases 
 
Greenhouse gases and their effect 

The greenhouse effect is very important for life on Earth.  The average 
temperature of the Earth is 15 C, if there were no greenhouse gases in 
the air, the average temperature of the Earth would be about 30 C 
lower.  

o

o

 
1. Greenhouse gases act like a pullover.  Adapted 
rom: fashion 3sat online. f 

We need a natural greenhouse 
effect.  This acts like a pullover in 
winter which traps a warm layer 
of air around our body. However, 
if the pullover is too thick, we 
begin to sweat. By putting more 
and more greenhouse gases into 
the air, humans have enhanced 
the natural greenhouse effect and 
are making the Earth warmer.   
It's not the natural greenhouse 
effect which is causing global 
warming, it's the additional 
greenhouse effect caused by 
humans which is causing the 
trouble. 
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So greenhouse gases do the same with the heat radiation from the Earth as a 
pullover does with our body in winter. They hold back the warmth and cause a 
warm layer to form around the Earth's surface. 

  

  
 
2. Light coming from the Sun is mostly visible light, the dangerous ultra-violet part is absorbed by 
the ozone layer. This sunlight is either reflected back into space by the light coloured parts of the 
Earth's surface (ice, snow and clouds) or reaches the Earth's surface and heats it up (symbolised by 
the red colour).  Author: Elmar Uherek. 

  

  
 
3. Warm infrared heat radiation (invisible to our eyes) is emitted by the Earth.  Greenhouse gases in 
the atmosphere (symbolised by blue ellipses) absorb the infrared radiation and send part of the 
heat back to the Earth and part of it back into space.  Author: Elmar Uherek. 

  
4. Contributions of the tropospheric greenhouse gases to radiative forcing between 1750 (preindustrial 
times) and 2000.  This is a measure of the additional greenhouse effect resulting from human activity.  
Carbon dioxide has the greatest effect.   Author: Elmar Uherek.  Values from IPCC TAR 2001 . 
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Radiative forcing of the additional greenhouse gases (1750 - 2000) values in W m-

2. 
1.46 CO2  (carbon dioxide) 
0.48 CH4  (methane) 
0.24 CFC 11+12 (chlorofluorocarbons) 
0.35 trop. O3 (tropospheric ozone) 
0.15 N2O (nitrous oxide) 

 Which gases contribute to the greenhouse effect? 

The most important greenhouse gas is water vapour (which accounts for about 
60% of the greenhouse effect) but we don't think that concentrations of water 
vapour in the atmosphere have changed much over the past few centuries.  So its 
unlikely that water vapour is responsible for the observed warming of our planet.  
However, human activity has dramatically increased the concentration of carbon 
dioxide in the atmosphere, from 280 ppm in preindustrial times to 370 ppm* 
today.  Carbon dioxide is the second most important greenhouse gas in the 
atmosphere, contributing about 20% of the greenhouse effect.  Concentrations of 
methane and ozone, which are also strong greenhouse gases, have also increased 
dramatically since the industrial revolution.  Greenhouse gases are trace gases, 
and beside from CO2, they account for less than one millionth of the total air mass. 
In some scientific publications the contribution of the greenhouse gases to the 
warming of the Earth is called 'radiative forcing'.  It is measured in watts per 
square meter (W m-2).  Between 1750 (when the industrial revolution started) and 
today, the concentrations of greenhouse gases have increased dramatically as a 
result of human activity.  The numbers on the right show the increase in radiative 
forcing during this time.   
* 1ppm = 1 molecule of a gas in 1 million molecules of air 
  

 

4. Contributions of the tropospheric greenhouse gases to radiative forcing between 1750 (preindustrial 
times) and 2000.  This is a measure of the additional greenhouse effect resulting from human activity.  
Carbon dioxide has the greatest effect.   Author: Elmar Uherek.  Values from IPCC TAR 2001 . 

Radiative forcing of the additional greenhouse gases (1750 - 2000) values in W m-2. 
1.46 CO2  (carbon dioxide) 
0.48 CH4  (methane) 
0.24 CFC 11+12 (chlorofluorocarbons) 
0.35 trop. O3 (tropospheric ozone) 
0.15 N2O (nitrous oxide) 
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Part 3: Emissions 
 
Emissions from the biosphere 

Most of us live in towns or villages, in areas surrounded by industry and 
dominated by cars and other transport. In densely populated European 
countries it's difficult to imagine that it's plants, not humans, which emit 
most of the organic (carbon based) compounds into the air globally.  
The biosphere is the part of the Earth where plants and animals live.
  

 
1. Rice paddy field - Bali, Indonesia 
oto by: STRINGER/INDONESIA for Reuters f 

What is emitted by the 
biosphere? 

Carbon is the most important 
element in the living world. 
Chemicals, made up mainly of 
carbon and hydrogen, are called 
organic compounds.  If you walk 
through a forest or a grassy area 
you smell many organic gases 
which are emitted by the trees, 
the grasses and the flowers.  
World-wide, more than one 
thousand million tonnes of 
organic compounds are emitted 
by plants.  About half of this is a 
gas called isoprene.  Another 
important group are the 
monoterpenes (~130 million 
tonnes per year) which give pine 
trees their characteristic smell.  
Plants emit these gases through 
their leaves and their needles, 
often in response to stress such 
as drought or high temperatures, 
but also during normal growth. 
  

Methane (CH4) is the simplest organic compound and about 200 million tonnes of 
it are produced naturally each year.  Human activity roughly doubles this, with 
emissions from cows and rice paddies being important sources. 

Organic compounds are also naturally emitted from the oceans.  Single celled 
marine plants, known as phytoplankton, produce organic compounds which can 
be released from seawater into the air.  One of the most important is dimethyl 
sulphide.  About 45 million tonnes of this sulphur containing gas enters the air 
each year.  Once in the air, it is converted to sulphuric acid and then to sulphate 
aerosol particles.  This sulphuric acid plays a part in governing how acidic the 
atmosphere is and the sulphate aerosols help form clouds.  So dimethyl sulphide 
is very important to our climate. 
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2. Global emissions of volatile organic compounds (VOC's) in millions of tonnes per year (methane 
and DMS not included).  The compounds are emitted by the oceans, soils, from trees and plants, by 
fires and from human sources.  Author: Jurgen Kesselmeier. 

 
So if we want to understand how our climate system works and how it is likely to 
change in the future, it is important to look at emissions both from human 
activity and also from the biosphere.  Here we look at three examples to show 
just how important plant emissions are to our climate. 

  

 
3. The tree as a source of organic compounds (after N. C. Hewitt; image Elmar Uherek).  Plants emit 
a huge number of different chemical compounds into the air.  Isoprene (emissions of around 500 
million tonnes per year worldwide) and monoterpenes (emissions of 130 million tonnes per year 
worldwide) are the dominant species emitted. 
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4.  Emissions of gases from trees and the conversion of 
these gases into fine aerosol particles is probably the 
cause of the blueish haze over the Great Smoky 
Mountains (USA). 

   

Monoterpenes 

Monoterpenes contribute to the 
smell of the forest and also to the 
smell of some fruits. They are 
made up of carbon and hydrogen 
and sometimes also contain 
oxygen.  Many of them have very 
descriptive names, for example, 
limonene and pinene.  They are 
produced most actively when the 
Sun rises on warm days and can 
either be stored or released 
directly into the air.  Production of
the compounds rises if the plant 
is stressed.   
  

 
  

5. In this figure you can see the chemical 
structure of the monoterpene, beta-pinene 
(left), and of one of the most important 
natural organic compounds, isoprene 
(right).  Both compounds are unsaturated. 
This means, they have C=C double bonds, 
highlighted by a red loop.  In order to 
simplify complicated organic molecules, 
chemists ususally do not draw the C and H 
atoms. Isoprene is shown in both forms, 
without C and H atoms above and with C 
and H atoms below. 

What happens to these 
compounds in the 
atmosphere? 

Once they enter the atmosphere, 
monoterpenes react with hydroxyl 
radicals (OH) or ozone to form 
compounds which either deposit 
onto plants, the ground or react 
with other chemicals in the air to 
form aerosols (particles or liquid 
droplets in the air).  Sometimes 
it's possible to see these aerosols 
forming as the reactions occur.  
The blue haze you see over 
forests is formed as aerosols are 
produced.  The picture opposite 
shows a laboratory simulation of 
this.  Some of the aerosols which 
are formed can act as cloud 
condensation nuclei and may start
the formation of clouds.  
  

 
6. Simulation of  blue haze formation in the laboratory 
(carried out at MPI Mainz).  The beam of a strong lamp 
helps us to see the smoke formed when ozone comes 
into contact with monoterpenes from pine needles. 
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7. Medicago varia (Fabaceae).  This 
plant is used in agriculture to take 
up nitrogen from the air. 
Photo: Patrick Knopf, spez. Botanik, 
Ruhr-Universität Bochum. 

 
  

Nitrous oxide N2O  

Nitrogen is an important chemical element in the 
biosphere since it's a fundamental component 
of proteins and DNA.  Plants take up the 
nitrogen they need from the ground (as nitrate 
or ammonium) and some bacteria help make 
nitrogen gas available to plants in a process 
known as nitrogen fixation.  Bacteria, however, 
also breakdown nitrate to form the gas nitrous 
oxide which is released into the air.  Nitrous 
oxide is extremely stable, isn't destroyed in the 
troposphere and, as a result, makes it all the 
way into the stratosphere, the next layer of our 
atmosphere.  In the stratosphere it plays a part 
in reactions which deplete the ozone layer.   
Emissions of nitrous oxide have increased over 
time due to increasing use of fertilisers in 
agriculture.  Roughly 15 million tonnes are 
emitted world-wide each year. 
  

Dimethyl sulphide 

Tiny sulphate containing aerosol 
particles allow clouds to form over 
the oceans.  But where does this 
sulphate come from?  Phytoplankton 
produce sulphur containing 
compounds to help them survive the 
very salty conditions in the sea.  
One of the by-products of this 
process is a gas called dimethyl 
sulphide.  This gas enters the 
atmosphere and, once in the air, it is
converted into sulphuric acid and 
then to sulphate aerosols.   
  

 
8. Visualisation of chlorophyll from phytoplankton.  
The satellite image shows the Atlantic Ocean east of 
Canada.    The animation switches to a visualisaton 
of the phytoplankton in the sea 
(increasing numbers from blue to red).  Some of 
these phytoplankton emit dimethyl sulfide into the 
ir.  Source: SEAWIFS Project. a 

So emissions from the biosphere are fundamentally important to our climate. 
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Part 4: Fire 
 
Vegetation fires 

Fires are a natural part of life on Earth, occurring when there are 
droughts and lightning strikes.  These fires allow vegetation to 
naturally regenerate.  Nowadays most fires are, unfortunately, caused 
by humans particularly in the tropics.  When large areas of vegetation 
are burnt, we call the process biomass burning.
Fires started by humans are often the result of carelessness or even arson.  
Many, however, are started deliberately so humans can use the land.  For 
example, large areas of the tropical rain forest have been burnt so that the land 
can be used for agriculture. 
  

 
1. Pollution detected by the TOMS 
satellite over Indonesia and the 
Indian Ocean on 22nd October 
1997.  Image courtesy NASA GSFC 
Scientific Visualization Studio.   
ttp://svs.gsfc.nasa.gov h 

Huge fires destroyed vast areas of the 
Indonesian rain forest in 1997.  So much air 
pollution resulted from these fires that it could 
be seen by satellites in space.  The white colour 
in the image shows the smoke particles coming 
directly from the burning vegetation and the 
green, yellow and red colours show the 
tropospheric ozone which was also produced.  
The ozone forms when hydrocarbons and 
nitrogen oxides (NO and NO2) produced by the 
fire react in the presence of sunlight.   

So fires not only change the landscape, they also
change the chemical composition of the air.  

What is emitted by fires? 

Many gases are emitted into the 
air when plants are burnt.  Some 
examples of these gases include: 
carbon dioxide (CO2), carbon 
monoxide (CO), nitrogen oxides 
(NO + NO2 = NOx) and simple 
organic hydrocarbons with 
methane (CH4) the most 
abundant.  
Particulate compounds are also 
formed.  These are dominated by 
organic carbon compounds and 
soot carbon. 
Biomass burning is an 
important contributor to the 
global atmospheric budgets of CO 
and NOx.   If old forests 
containing large amounts of 
vegetation are burnt, a lot of CO2 
is emitted into the air.  Savannah 
(grassland) fires, on the other 
hand, can be an overall sink for 
CO2, since the soot carbon is 

 
2. Savanna fire in an open tree savanna in Central 
enya.  Source: Global Fire Monotoring Centre K 
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partially stored as sediment on 
the ground and the fresh grass in 
the burned area takes up CO2 as 
it grows. 
  
Example: Carbon monoxide (CO) 

The pie chart gives an overview of global sources for atmospheric carbon 
monoxide (Tg stands for teragram and one teragram is one million tonnes).  
Biomass burning dominates the global CO budget.   
A: Technological = 400 Tg CO per year 
B: Biomass burning = 748 Tg CO per year 
C*: Terrestrial biosphere = 100 Tg CO per year 
D: Oceans = 13 Tg CO per year 
* mainly from the degradation of plant material in soils. 
The 1996 IPCC estimates for the amount of CO emitted from the oceans and all 
soils is between 80 and 360 Tg CO per year. 
About 20% of the global nitrogen oxide emissions are due to vegetation fires. 
Since NOx contributes to ozone formation, high ozone concentrations are often 
found in the plumes from fires. 

 

3. Sources of carbon monoxide (CO).  Chart by Elmar Uherek. 

 
Land use change 

When forests are converted into farmland, towns or roads humans destroy the 
original vegetation and cause an irreversible conversion of the organic plant 
material into carbon dioxide.  This type of land use change has occurred 
extensively in the rain forests in Africa and Brazil.  The photograph below shows 
a measurement station at Rodônia in Brazil. 
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3. Photograph by Greg Roberts of a measurement site in the province of Rodônia in Brazil and an 
image of the region from space from the LANDSAT satellite. 

 
4. Satellite image from Jacques Descloitres, MODIS 
and Rapid Response Team / NASA visible Earth. L 

 The satellite picture opposite 
shows the location of the 
measurement site (marked with 
an arrow) in the south-central 
Amazon Basin.  A large road was 
built through the area in 
1968 from which settlers and 
loggers started to clear the 
forest.  The extensive 
deforestation (in a typical 
"fishbone" pattern) is visible from 
satellite. 

  

Biomass burning takes place 
during the dry season (in Brazil 
this is from June to November).  
The photographs compare the 
situation during the wet season in 
May 1999 (top) and in September 
1999.  The maps show the 
incidence of forest fires in Brazil 
in the different seasons.  The 
figure also shows aerosol samples 
collected in these months.  While 
filters collected in the wet season 
are usually clean after sampling, 
they are completely black from 
soot carbon and organic material 
in the fire season.  90% of the 
CO2 emissions from land use 
change are due to such forest 
fires. 

 
5. Photographs taken by Greg Roberts during field 
campaigns from the measurement tower above 
(location: 10° 004' S, 61° 058' W). 
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Lower Atmosphere

Basics 

 

Unit 3 

 
Ozone and nitrogen oxides as key compounds 

Most chemical processes which occur in the atmosphere are oxidation 
processes. The key chemical compounds involved are the hydroxyl radical (OH), 
ozone (O3) and the nitrogen oxides (NO + NO2 = NOx).   
  
In  this unit we look at the formation 
and main characteristics of these 
compounds.  We look particularly at 
the role of ozone which is essential in 
the stratosphere but harmful in the 
troposphere. 
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Part 1: Ozone 
 
Tropospheric Ozone 

Ozone is probably the most famous gas in climate science. Why is this 
the case? 

Ozone is a very contradictory gas.  It is essential in the stratosphere where it 
protects us from damaging ultra-violet radiation from the Sun, but it is harmful in
the troposphere with high levels causing health problems.  In some large 
cities, car traffic is banned on particular days to prevent ozone smog events from 
occurring. 
  
As well as causing health problems, tropospheric ozone acts as a strong 
greenhouse gas and contributes to global warming.   

In this unit we look at how tropospheric ozone is harmful to plants and humans 
and how it acts as a greenhouse gas.  In the topic on the Upper Atmosphere, 
we look at how stratospheric ozone protects us from harmful ultra-violet 
radiation. 

  

      
1. a-e) Chronic plant damage is one of the negative impacts of ozone.   These photographs show 
leaves from prunus serotina (the autumn cherry) 0%, 4.4%, 7.8%, 12.3% and 24.5% damage.  
Source: Innes, Skelly, Schaub - Ozon, Laubholz- und Krautpflanzen, ISBN 3-258-06384-2, Copyright 
by Haupt Verlag AG / Switzerland. 

  
Ozone is a gas with many different properties. Some of them are helpful, some of 
them are not. Ozone is found in different layers of the atmosphere:  

The ozone layer in the stratosphere occurs at altitudes of greater than 10 km.  This 
ozone is essential since it prevents harmful ultra-violet radiation from the Sun 
reaching the Earth and prevents us from getting skin cancer.  

We need a small amount of ozone in the troposphere since it helps clear the air of 
harmful chemicals.  However over the past few decades, ozone levels have risen 
continuously.  During ozone smog events, levels can be so high that they 
are dangerous to our health. 
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2. Tropospheric ozone levels have continuously increased since the first measurements were made in 
1870. The diagram shows the fraction of ozone in every billion volume fraction of air = ppbv.  
Composed by Valérie Gros, MPI Mainz, adapted from:  Marenco et al., 1992 (Long term evolution of 
ozone at the mid-latitudes of the Northern Hemisphere, European Geophysical Society, XVII General 
Assembly, 6-10 April 1992, Edinburgh). 
 

 
  

 Danger to the respiratory system 

Ozone is a reactive and irritant gas and, in high 
concentrations, leads to respiratory problems. 
It causes inflammation in the lungs and 
bronchia.  Our bodies try their best to protect 
our lungs from the ozone.  However, preventing 
ozone from entering the lungs also reduces the 
amount of oxygen we can take up and this 
makes our hearts work harder.  People with 
respiratory problems such as asthma are 
particularly at risk of health problems.  In the 
worst case, high ozone levels can cause death.  
  

Ozone - a special form of 
oxygen 

Ozone is a special form of 
oxygen. Normal oxygen molecules
(O2) consists of two oxygen atoms
whereas ozone consists of three 
(O3).  It is less stable, more 
reactive and is able to destroy 
organic material.  This is how it 
damages plants and causes 
human health problems.  We look 
at how this happens in more 
detail in the 'read more' section of 
this Unit. 
  

 
3. The three forms of oxygen, all with very different 
stabilities. The arrow shows increasing reactivity. 
Image by Elmar Uherek. 
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Forms of oxygen in the air

form of 
oxygen 

number 
of atoms 

chemical stability 
appearance in 
air 

atomic oxygen 1 atom 
unstable / very 
reactive 

slightest traces 

'normal' 
oxygen 

2 atoms stable 21% of the air 

ozone 3 atoms 
fairly stable / 
reactive 

10 - 100 ppb 
 

ppb = parts per billion 

  
Ozone as a greenhouse gas 

After carbon dioxide (CO2) and 
methane (CH4), tropospheric 
ozone is the third most important 
greenhouse gas, able to absorb 
heat radiation coming from the 
surface of the Earth and trap this 
heat in the troposphere.  The 
additional radiative forcing ( F) 
since the Industrial Revolution 
(about 1750) gives us a measure 
of the contribution of human 
activity to the warming of the 
Earth.  The graph shows the 
impact of tropospheric ozone 
compared to other greenhouse 
gases. 
 
Tropospheric ozone causes health 
problems for animals and damage 
to plants and acts as a strong 
greenhouse gas contributing to 
global warming.  So we need to 
look for ways to reduce ozone 
concentrations in the troposphere.
  

 
4. The contribution of different greenhouse gases 
to radiative forcing ( F).   

   

Calculate how much each greenhouse gas contributes to global warming! 

The diagram above shows the contribution of several greenhouse gases to the 
positive change in radiative forcing F at the tropopause (given in W m-2).  The 
equation below shows how the average temperature at the Earth's surface ( TS) 
changes in response to changes in this radiative forcing. 

TS / F = 0.5 °C / W m-2

Can you calculate the temperature change ( TS) caused by cabon dioxide, 
methane, ozone and nitrous oxide? 
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Part 2: Nitrogen oxides 
 
Nitrogen oxides - formation and relevance 

Nitrogen oxides play an important role in the chemistry of our 
atmosphere.  In this section we look at how they are formed and why 
they are so important.
  

  
 
1. Traffic, an important source of nitrogen oxides.  (c) FreeFoto.com 

Where do nitrogen oxides come 
from? 

The most important forms of reactive 
nitrogen in the air are nitrogen monoxide 
(NO) and nitrogen dioxide (NO2) and 
together we call them NOx.  Nitrogen 
oxides are formed in the atmosphere 
mainly from the breakdown of nitrogen 
gas (N2).  Because the two nitrogen 
atoms in N2 are bound very strongly 
together (with a nitrogen to nitrogen 
triple bond), it isn't easy to break N2 
down into its atoms.  A few bacteria have 
developed special mechanisms to do this 
and very high temperatures can also 
break the molecule down.  Vehicle 
engines operate at high enough 
temperatures and nitrogen oxides are 
emitted in the exhaust fumes.  Catalytic 
converters fitted to cars decrease the 
production of these harmful compounds.  
Nitrogen oxides can also be formed when 
biomass is burnt and during lightning. 

2. right: Lightning is another important source of 
nitrogen oxides.  Picture by Bernhard Mühr / 
Karlsruher Wolkenatlas. 
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3. This figure gives an overview of the role of 
nitrogen oxides in some of the most important 
processes in atmospheric chemistry. By Elmar 
Uherek. 

   

Where are they involved? 

NOx (= NO + NO2) and other 
nitrogen oxides are important in 
almost all atmospheric reactions.  
Another form of nitrogen oxide, the 
very reactive nitrate radical (NO3) is 
formed in the dark and this controls 
the chemistry of the night time 
atmosphere.  Nitrogen oxides react 
with water to form nitric acid 
(HNO3).  Nitric acid is not only a 
major contributor to acid rain but is 
also the main way in which nitrogen 
oxides are removed from the air, 
either by dry deposition of the acid 
directly or by removal in rain.  Nitric
acid is also important in polar 
stratospheric cloud chemistry.  Here 
it occurs as nitric acid trihydrate 
and this species plays a part in the 
formation of the ozone hole. 
  

Names of nitrogen compounds: 

Formula Systematic Name Common Name 

NO nitrogen monoxide nitric oxide 

N2O dinitrogen monoxide nitrous oxide 

NO2 nitrogen dioxide nitrogen peroxide 

N2O5 dinitrogen pentoxide nitric anhydride 

N2O3 dinitrogen trioxide nitrous anhydride 

HNO3  - nitric acid 

NH3  - ammonia 

  
Nitrogen oxides are very important in the formation and loss of tropospheric 
ozone.  They are involved in catalytic cycles and continuously react and reform.  
Nitrogen dioxide (NO2) is broken down by sunlight to form nitrogen monoxide 
(NO).  This NO then re-reacts to form more NO2.  Ozone and unstable oxygen 
compounds known as peroxy-radicals can also be involved in this cycle.  We will 
look at these reactions in more detail later.  

We emit far too much of these nitrogen oxides during combustion proceses, 
particularly from vehicles.  The main aim of fitting catalytic converters to cars is 
to reduce the emission of these compounds into the air. 

Other important nitrogen gases in the atmosphere include: 
 
Nitrous oxide (N2O) which is formed during microbiological degradation 
processes.  It is an important greenhouse gas but does not react in 
the troposphere. In the stratosphere it destroys ozone. 
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Ammonia (NH3) is the most important basic gas in the atmosphere. It comes 
mainly from agriculture, both from the storage of animal wastes and from 
fertiliser use.  It reacts in the atmosphere with acid species like nitric acid to 
form aerosol particles. 

  
Nitrogen oxides - at the centre of 
atmospheric chemistry 

Nitrogen oxides are really at the centre of 
atmospheric chemistry.  Most chemical 
compounds which are oxidised and removed 
from the air or are transformed into other 
chemical species come into touch directly or 
indirectly with NO or NO2. 
  

 

  
4. Nitrogen oxides - at the centre 
of atmospheric chemistry.  Image 
lmar Uherek. E 

 
Part 3: Ozone smog 
 
Ozone smog is a significant problem in big cities. Ozone is formed as 
part of a complicated process involving nitrogen oxides, ozone 
formation and ozone loss.  Ozone smog formation shows just how 
interconnected processes in the atmosphere really are.
  

 
1. NOx emissions in the city.  Image: Elmar Uherek, 
photograph © FreeFoto.com. 

   

  

What happens in the city? 

Lets make the example simple 
and assume almost all nitrogen 
oxides come from combustion 
processes happening in car 
engines.  Nitrogen monoxide (NO)
rich air rises from the roads. This 
NO reacts with ozone (O3) already 
in the air to form nitrogen dioxide 
(NO2).  So the first part of the 
reaction cycle actually causes a 
loss of ozone from the 
atmosphere.  Indeed, directly 
over roads, ozone concentrations 
are often very low.  During ozone 
smog periods, ozone 
concentrations in cities can be 
lower than in the rural areas 
around.  The plumes of NOx rich 
air are then transported by the 
wind to the countryside. 
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2. Organic emissions from forests and industry.  
Image: Elmar Uherek,  Photograph © FreeFoto.com. 

   

Where do organic compounds 
come from? 

The second partner needed in the 
reaction cycle are organic 
peroxides. What are these and 
where do they come from? 
Organic molecules are emitted 
from forests and other plants but 
also from human sources (e.g. 
solvents or fuel at filling 
stations).  The structure of a few 
organic compounds, which are 
abbreviated as RH, are shown 
here. These compounds are 
chemically attacked in the air. 
The typical reaction favoured 
during the day is the reaction with
the hydroxyl radical (OH) followed
by addition of an oxygen molecule
(O2). The result is a peroxy-
radical (RO2), with R representing 
the unreactive organic part of the 
molecule.  Radical species have a 
spare electron which makes them 
very reactive. 
  

 
3. Formation of ozone smog.  Image: Elmar Uherek, 
photgraph © FreeFoto.com. 

   

When are the best conditions 
for ozone smog? 

Over rural areas, downwind of 
cities, the ozone formation cycle 
starts: 
1) Nitrogen dioxide (NO2) is 
broken down by the Sun to 
form oxygen atoms (O) and 
nitrogen monoxide (NO). 
2) The O atoms react with oxygen 
gas (O2) to form ozone (O3). 
3) The NO reacts with peroxy 
radicals RO2 forming NO2 again. 
4) Some O3 is removed 
by reaction with NO.  The amount 
lost depends on the concentration 
of the competing RO2 radicals. 
  

In the end the peroxy radicals are lost and ozone is formed while the nitrogen 
oxides are always recycled. This cycle only happens if: 

a) There is enough sunlight to breakdown NO2 into NO and O (the reaction 
happens on hot sunny days). 
b) If the mixture of peroxy-radicals and nitrogen oxides favours the reaction. 
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4 . The complete ozone oxidation cycle, 960 px width.  Image: Elmar Uherek. 

 

If no nitrogen oxides are available, the reaction cycle can't take place. 
If nitrogen oxide concentrations are very high, NO reacts not only with peroxy 
radicals but also with ozone and this removes ozone from the system. 
If sunlight is not available, NO can't be recycled again and not enough peroxy 
radicals are formed to keep the cycle going. 

Nitrogen oxide concentrations are usually low enough to prevent severe ozone 
smog events occurring but if we continue to emit them during combustion 
processes, ozone smog events are likely to increase.  A comparable situation is 
seen in the smoke plume of a vegetation fire as the temperatures generated in 
these fires are hot enough to allow nitrogen oxide to form. 
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Lower Atmosphere

Read more 

Unit 1 
The main oxidants in the troposphere and how we 
observe them 

The troposphere is the most chemically reactive part of the atmosphere.  
  
Most chemical reactions which 
occur in the troposphere involve 
oxidation.  In this unit we look at 
the major oxidising species during 
the day and during the night and 
how we go about measuring 
them. 

 

 
1. We will discuss only basic atmospheric chemistry in 
this unit.  However the chemistry which goes on can be 
really complicated.  Just have a look at the 
atmospheric chemistry of a simple organic molecule 
such as butane (which is used, for example, in camping
toves). From: lecture by Jim Smith at NCAR. s 
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Part 1: Oxidation and OH radicals 
 
Oxidation in the Atmosphere 

Many chemical compounds are emitted into the atmosphere but removal 
processes prevent them accumulating in the air.  Species are removed 
by dry deposition of gases or particles or can be incorporated into rain 
and removed by wet deposition.  For gas phase organic chemicals, 
removal is easiest if they are first oxidised to a less volatile, water 
soluble form.
   

 
1. Hydroxyl radicals (OH) 
clean the air.  Image: 
Elmar Uherek. 

   

Oxidation in a chemical sense does not necessarily 
mean a reaction with oxygen containing compounds, it 
is rather the loss of electrons.  However, in the air, 
oxidation does generally involve the reaction of a 
chemical species with an oxygen containing compound.  

The three most important oxidising species in the air 
are: 

the hydroxyl radical OH 
the nitrate radical NO3 
the ozone molecule O3

Hydroperoxy radicals (HO2) are also important and the 
sum of HO2 and OH is sometimes referred to as HOx.   

The most important oxidising species is the hydroxyl 
radical (OH).  It is extremely reactive and able to 
oxidise most of the chemicals found in the 
troposphere.  The hydroxyl radical is therefore known as
the 'detergent of the atmosphere'. 

  
Only a few compounds in the 
troposphere do not react at all or 
react only very slowly with the 
hydroxyl radical.  These 
include the chlorofluorocarbons 
(CFC's), nitrous oxide (N2O) and 
carbon dioxide (CO2).  The rate of 
methane (CH4) oxidation by OH is 
also very slow, between 100 and 
1000 times slower than other 
organic compounds.  This is why 
methane concentrations in the 
atmosphere can reach around 1.7 
ppm (1.7 µmol mol-1), a value 
significantly higher than 
the concentrations of other 
organic trace gas concentrations 
present which are generally below 
1 ppb (1 nmol mol-1)*. 

  

 
2. Formation of OH: More than 97% of the O atoms 
which are formed by photolysis of ozone, react back 
again to ozone. Less than 3% start the formation of 
the most important radical in the atmosphere, OH.  If 
two molecules or atoms collide to form a product, 
a third species M is needed to take away some excess 
energy.  M (usually nitrogen N2) does not react itself. 
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3. OH and the nitrogen oxide cycle 
Scheme by Elmar Uherek 
 

   

How is OH formed? 

OH governs atmospheric 
chemistry during the day since its 
formation depends on radiation 
from the Sun.  The initial reaction 
(shown above) involves the 
breakdown (photolysis) of ozone 
by solar radiation 
with wavelengths less than 310 
nm. The oxygen atom (O) formed 
then reacts with water to form 
OH.  This reaction mechanism 
is why a small amount of ozone is 
essential in the troposphere.  
Other sources of OH are: 
the photolysis of nitrous acid 
(HONO), hydrogen peroxide 
(H2O2) or peroxy-methane 
(CH3OOH) 
the reaction of nitrogen monoxide 
(NO) with the hydroperoxy radical 
(HO2) or the reaction of alkenes 
with ozone.  
The scheme on the left shows 
how OH chemistry is 
fundamentally linked with the 
day-time reaction cycles of the 
nitrogen oxides. 
  

How much OH is formed? 

Since OH is an extremely reactive 
radical it reacts as soon as it is 
formed. It's lifetime is less than a 
second. This means the 
concentration is extremely low, in 
the range of 1x105 to 2x107 
molecules cm-3. At sea level 
pressure this is equivalent to a 
mixing ratio of 0.01 - 1 ppt.  
Since it's formation depends 
on water vapour, the 
concentration of OH tends to 
decrease with altitude as the 
air becomes cooler and drier. 
  

 
4. Zonal distribution of OH.  A pressure of 250 hPa is 
reached at roughly 11 km altitude (the tropopause in 
the mid latitudes).  Source: presentation by J. Lelieveld
- MPI Mainz,  2003.  
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Hydroxyl radical concentrations 
not only decrease with altitude 
but also decrease with latitude 
since both the water vapour 
concentrations and sunlight 
intensity decrease as you move 
towards the poles. 

How does OH react? 

The figure on the right shows low 
levels of OH near the ground 
over the tropical rainforest. Why 
is this the case?  Plants emit 
organic gases with isoprene being 
the most abundant.  This isoprene 
reacts with OH, removing it from 
the air, and forming  water and a 
reactive organic radical (R).  OH 
has a strong tendancy to remove 
(abstract) a hydrogen atom from 
organic species (RH) whenever 
possible.  The organic radical 
(R) then reacts with oxygen (O2) 
to form organic peroxides (RO2).  
These compounds are an essential
part of the ozone formation cycle. 
  

 
5. OH distribution in the tropics.  Top: the global 
distribution in tropical regions, below: profile over the 
Manaus rain forest station (Brazil).  Source: 
resentation J. Lelieveld MPI Mainz, 2003. p 

On a global scale, OH reacts primarily with carbon monoxide (40%) to form 
carbon dioxide.  Around 30% of the OH produced is removed from the 
atmosphere in reactions with organic compounds and 15% reacts with methane 
(CH4).  The remaining 15% reacts with ozone (O3), hydroperoxy radicals (HO2) 
and hydrogen gas (H2). 

  

 
6 . Important OH reactions in the troposphere. 

The oxidation of carbon monoxide 
and methane by OH are very 
important as they are the major 
ways by which OH is removed 
from the atmosphere.  Reaction of
OH with alkenes, a special class of
organic compounds, is also very 
important as this reaction results 
in the formation of peroxides.  
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OH is the most important oxidant 
in the atmosphere.  However OH 
concentrations are close to zero 
during the night since sunlight is 
needed for its formation.  So 
during dark periods and during 
night-time, ozone and nitrate 
radical (NO3) chemistry become 
important.  

  

 
7. Time profile of OH concentrations over several 
days.  Source: Presentation J. Lelieveld MPI Mainz, 
003. 2 

* The mixing ratio ppb (1 molecule in 1 billion molecules of air) or ppm (1 molecule in 1 million 
molecules of air) is often used in scientific publications as well as in other literature on the 
atmosphere and climate.  Because of this we use it here in the Climate Encyclopaedia.  However, the 
correct unit is 1 nmol mol-1 (equivalent to 1 ppb) or 1 µmol m-1 (for 1 ppm) since mole is the 
standard unit of concentration. 

  

 
Part 2: Night and nitrate 
 
Night-time conditions and chemistry 

The chemistry of the atmosphere depends not only on the chemical 
compounds present in the air but also on the physical conditions.  These 
physical conditions depend, for example, on the season, whether it's day 
or night, what the temperature is and how humid the air is.
  

 
1. Collapsing temperature inversion on a July 
morning (Isar Valley / Germany).  By Elmar Uherek 
and adapted from: Schirmer - Wetter und Klima - Wie 
unktioniert das?  f 

The diurnal cycle 

In the last section we saw that 
OH concentrations are highest 
during the day and approach zero 
at night when there is no sunlight 
present.  Temperature and other 
physical properties also show 
a diurnal or daily cycle.   
Conditions close to the ground in 
the planetary boundary layer vary 
and do not always follow the 
general rule (e.g. of decreasing 
temperature with increasing 
altitude) because of interactions 
with the Earth's surface. A very 
typical example is the night-time 
inversion layer which collapses in 
the morning. 
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Night-time inversion in the 
planetary boundary layer 

Everything below the free 
atmosphere (D) is part of 
our planetary boundary layer. 
Changes within the planetary 
boundary layer occur during the 
day and these are shown from 
the left to the right in the 
diagram.  At noon the air is well 
mixed (light blue). After sunset a 
stable nocturnal layer forms (A) 
and residual air remains above 
it (B). Air from the surface layer 
(below the dotted brown line) 
cannot go up to high altitudes 
during the night as there is no 
energy from the Sun to drive this 
movement. Air movement starts 
again as the Sun rises. The 
ground warms, air starts rising 
(red arrow) and the stable layers 
formed during the night collapse. 
A so called 'entrainment zone' 
rises up from ground to the top of 
the boundary layer (dark blue) 
and mixes the air (C). 
  

 
2. Model of the planetary boundary layer. The 
thickness of the planetery boundary layer may vary 
(see different altitudes at 12 o'clock). 
By Elmar Uherek, adapted from Stull, 1988. 

   

In the winter the Sun's energy 
isn't always strong enough 
to breakdown the inversion layer 
in the morning and the 
layer exists for the whole day or 
even for several days.  In these 
situations, pollution accumulates 
over the cities and leads to smog 
formation.  Similarly in mountain 
valleys, the inversion layer can 
be trapped below the cloud layer 

  
 
3. Inversion layer in winter in the mountains.  © 
Institute for Geographical Education, University of 
Erlangen-Nurnberg, Germany. 
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4. Important night-time reactions of the nitrate radical.  The 
radical is broken down by sunlight when the sun rises 
(shown in the yellow box).  Scheme by Elmar Uherek. 
  

   

Nitrate radical chemistry 

The chemistry of the night-
time atmosphere is 
dominated by the nitrate 
radical (NO3).  These nitrate 
radicals are formed from the 
reaction of ozone (O3) with 
nitrogen dioxide (NO2).  The 
reaction of NO3 with NO2 is 
the only way to form 
dinitrogen pentoxide (N2O5) in
the atmosphere. This N2O5 
acts as a store of NO3.   It 
can either decompose back to 
NO3 and NO2 or react 
with water to form nitric acid 
(HNO3). 
NO3 reacts with organic 
molecules in the same way as 
OH does.  It removes a 
hydrogen atom from alkanes 
to form an organic alkyl 
radical (R) which then reacts 
with O2 in the air to form 
peroxy radicals (RO2). 
  

NO3 adds also to the double 
bonds of unsaturated organic 
compounds and forms peroxy 
nitrates after addition of O2.  
The lifetime of NO3 / N2O5 
decreases drastically as 
concentrations of water vapour 
increase.  As water vapour levels 
increase, more of the NO3 is 
converted to nitric acid (HNO3), in 
particular on liquid films on 
surfaces. 

All peroxy species resulting from 
OH and NO3 radicals or ozone 
reactions undergo rather 
complicated and numerous 
further reactions in the 
atmosphere  leading to, for 
example, alcohols, aldehydes, 
nitrates and carboxylic acids.  

  

 
5. Nitrate radical reactions with alkanes and alkenes. 

   

ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere More - page 7 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



 
6. Nitrate absorption spectrum in the visible range.  
Maximum absorption occurs in the red part of the 
spectrum (600-700 nm).   Measurements were made 
at 230 K.  Adapted from Sander (1986).  

   

NO3 radicals absorb light in the 
red part of the visible spectrum. 
As soon as the sun rises, the 
nitrate radical is photolysed 
mainly into NO2 and O atoms and 
NO3 concentrations fall to 
zero.  Now hydroxyl radicals 
(OH) start to be produced and 
these become the most important 
oxidant in the atmosphere. 

Ozone, the third most important 
oxidant in the atmosphere, does 
not react with alkanes but will 
react with alkenes (unsaturated 
hydrocarbons with a carbon to 
carbon double bond) if OH 
concentrations are low, 
particularly in the winter or the 
evening.  We will look at the 
atmospheric chemistry of 
ozone later in this unit. 

  
 
 
Part 3: Observational spectroscopy 
 
Measurement techniques - spectroscopy 

Concentrations of trace gases in the atmosphere are very very low.  In 
this section we look at the measurement techniques we use to determine
the levels of trace gases in air.
  
The two most common methods used for the analysis of air, either in the 
laboratory or outside, are: 

a)  spectroscopy - based on how different molecules with interact with light 
b)  chromatography - based on how different molecules react with each other. 

  
The character of radiation 

By using radios, microwaves, tanning salons and having X-Ray examinations we 
know that there are lots of different types of radiation in the air, all with different 
energies and only some of them visible as light.  These different forms of 
radiation  altogether form the electromagnetic spectrum.  The least energetic 
form are the radiowaves, followed by microwaves, infra-red radiation, visible 
light, ultra-violet radiation and X-Rays with the most energetic being gamma 
rays.  As the energy of the radiation increases, the frequency increases and the 
wavelength decreases.  Nearly all these different forms of radiation interact with 
molecules and, from the way they do this, we can identify the chemical 
species present in the atmosphere. 
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1. The electromagnetic spectrum consist of different sorts of electromagnetic waves with different 
energies.  We can use most of them to investigate the character and the concentrations of 
different molecules in the air.  Source and further information about the electromagnetic spectrum: 
rom NASA. f 

Wavelength, frequency and energy of the different regions of the 
electromagnetic spectrum:

  Wavelength (m) Frequency (Hz = s-1) Energy (J) 

Radio > 1 x 10-1 < 3 x 109 < 2 x 10-24

Microwave 1 x 10-3 - 1 x 10-1 3 x 109 - 3 x 1011 2 x 10-24- 2 x 10-22

Infra-Red 7 x 10-7 - 1 x 10-3  3 x 1011 - 4 x 1014 2 x 10-22 - 3 x 10-19

Optical 4 x 10-7 - 7 x 10-7 4 x 1014 - 7.5 x 1014 3 x 10-19 - 5 x 10-19

Ultra-Violet 1 x 10-8 - 4 x 10-7 7.5 x 1014 - 3 x 1016 5 x 10-19 - 2 x 10-17

X-Ray 1 x 10-11 - 1 x 10-8 3 x 1016 - 3 x 1019 2 x 10-17 - 2 x 10-14

Gamma-Ray < 1 x 10-11 > 3 x 1019 > 2 x 10-14

 
Interaction of light and molecules 

If a parcel of radiation meets a molecule in the air, it can transfer its energy and 
change the state of the molecule.  Least energy is needed to make the molecule 
rotate, more to make the bonds move and even more to move the electrons 
present to higher energy levels. 
The amount of energy transfered depends on the molecule, its size and how 
strongly the atoms of the molecule are bound together.  Therefore, if we send 
radiation into the atmosphere and compare it before and after the air parcel we 
are looking at, we see that certain fractions of the radiation have been absorbed 
(consumed) by the molecules.   From the character of the absorption we 
can determine the type  and  concentration of the molecules present. 
  

 
  

So what happens if we emit infra-
red radiation of different energies 
(E) from a source (S) through an 
air parcel and measure which  
fraction of the radiation reaches 
the detector (D)?   The different 
energies (different wavelengths) 
are shown in different shades of 
red.  

 
  

A molecule present in the air  
absorbs radiation of a particular 
energy from the source (here two
of the six different energies 
emitted by the source are 
absorbed by the molecule) 
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preventing it reaching the 
detector.  If we subtract the 
original energy spectrum emitted 
from the source from that 
measured by the detector, we 
get an absorption peak which is 
shown on the right.  This peak 
represents the radiation 
absorbed by the molecule.  
The more light absorbed, the 
higher the peak becomes. 

 
2. a-c) Animations by Elmar Uherek. 

   

Another molecule in the air 
absorbs radiation as well. The 
bonds between the atoms in this 
molecule are, however, stronger 
so more energy is needed to 
make them move.  As a result, 
the absorption peak appears 
at different energy (wavelength) 
of the spectrum. 

  

 
2. d) In contrast to the three images before, we now 
zoom into a smaller energy range (all the arrows have 
very similar energies).  The weakening of the colours 
tells us that less light arrives at the detector as the 
number of molecules present in the air increases.   
Since the absorption peak is the difference between the 
radiation emitted by the source and the radiation 
measured by the detector, the peak grows in size as 
the amount of radiation reaching the detector 
ecreases. d 

From the position of the 
absorption band we get 
information on which molecules 
are present in the air.  From 
the intensity of the absorption 
band, we can determine how 
many molecules there are in the 
air, because the amount 
of radiation absorbed is 
proportional to the number of 
molecules present. 

  

In the atmosphere there are 
several ways in which we can 
measure the absorption of 
radiation.  On Earth, we can 
measure the absorption of ultra-
violet and visible radiation from 
the Sun or reflected back from 
the Moon.  We can also measure 
infra-red radiation emitted from 
the Earth's surface using satellites 
in space.  We can also use 
satellites to measure the amount 
of solar radiation reflected directly 
back from the Earth's surface, by 
clouds or that which passes 
tangentially through the Earth's 
atmosphere. 

  

 
3. Satellite based measurements of absorption in the 
atmosphere.  Image by Elmar Uherek. 
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Its not only infra-red radiation 
coming from the surface of the 
Earth which can be measured by 
satellites. It's also possible to 
measure the concentrations of 
important inorganic compounds 
such as ozone, nitrogen oxides 
and halogen oxides from space.  
One example is the Global Ozone 
Monitoring Experiment (GOME) 
which uses a spectrometer aboard
the ERS-2 satellite to measure 
not only ozone but also nitrogen 
dioxide, water, sulphur dioxide 
and formaldehyde (HCHO) in the 
atmosphere at wavelengths from 
the ultra-violet, through the 
visible and into the infra-red 
(wavelengths from 240 to 790 
nm). 

 
4. Satellelite based spectra of various inorganic 
compounds in the atmosphere, taken from the GOME 
instrument.  Source: Satellite group, IUP Heidelberg. 

 
 
 
 

 
5.  Please note: Infra-red radiation isn't visible to our eyes.  
In the photograph beams can be seen because the light 
source not only emits infra-red radiation but it also emits in 
the red part of the visible spectrum. 

   

We can make similar 
measurements from the 
ground.  As the 
concentrations of the 
chemicals we are interested 
in are really small, we use 
mirrors to reflect the 
radiation beam many times 
through the air before it 
reaches the detector.  This 
means that 
the radiation passes through
many kilometers of air and 
the concentrations of the 
chemical compounds are 
high enough for us to 
measure them. 

The left hand side image 
shows such a set-up in 
theory (image from EPA 
Field Analytik Technology 
Encylopaedia) and in 
practice (photo from FZ 
Jülich). Here infra-red 
spectroscopy is used and a 
simple example of the type 
of spectrum recorded is 
given below. 
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6. This simple example shows the infra-red spectrum of CO2 together 
with the activated vibrations. Infra-red spectra can be rather 
complicated if the absorptions of different molecules overlap or if the 
molecules are complicated and many vibrations are possible.   
pectrum and animations from Scott Van Bramer, Widner University. S 

Vibrations: 

A asymmetrical stretch

 

B symmetrical stretch 
[not IR active] 

 

C vertical bend 

 

D horizontal bend 
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Lower Atmosphere

Read more 

Unit 2 
Radiation, greenhouse gases and the Greenhouse 
Effect 

All the energy on Earth comes originally from the Sun.  In this unit we look 
at what happens to solar energy in the atmosphere and what proportion of 
it actually reaches the surface of the Earth.  We also look at the energy emitted 
back into space from the Earth.  
  
So in this unit we look at the 
radiation budget of the Earth - 
how much energy enters and 
leaves the system.  
We then study how increasing 
greenhouse gas concentrations 
have altered the radiation 
budget.  We focus on carbon 
dioxide and methane, levels of 
which have increased dramatically 
as a result of human activity.  
We also look in detail at the role 
of water vapour.  We know that 
water vapour is the most 
important natural greenhouse gas 
but we are very unsure how it will 
affect global warming in the 
future. 

  

  

 
Over the past few decades, the average temperature of
the Earth has been increasing dramatically.  
Greenhouse gases are responsible for this.  © NASA 
GISS. 
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Part 1: Radiation 
 
The Earth's radiation budget and the Greenhouse Effect 

The climate system is driven by the energy from the Sun.  Only a certain 
fraction of this energy reaches the surface of the Earth and 
causes warming.  The rest of the solar energy is reflected back into 
space or absorbed by the atmosphere.  In this section we look at how 
the Earth's radiation system works.
  
a) When we look at the radiation budget of the Earth, we can divide the 
system into three parts: 
1) outer space 
2) our atmosphere 
3) the surface of the Earth 
In each part of the system the amount of energy coming in equals the amount 
of the energy leaving. If this wasn't the case, one part of the system would 
become either warmer and warmer or colder and colder over time and 
this isn't happening.  So the system is in equilibrium (balance).  

b) Greenhouse gases do NOT produce energy.  They help to generate an 
equilibrium state where the surface layer of the atmosphere is unusually 
warm. 

 

1. The global radiation budget as published in IPCC TAR Chap. 1.2.1.  In the following sections we 
try to understand the different energy transport  systems which govern our climate. 
The reality is a bit more complicated since the oceans react very slowly to 
changes in temperature.  So if the temperature rises as a result of global 
warming, the atmospheric temperature increases rapidly but it takes much 
longer for the oceans to heat up.  This means that until the oceans heat up 
fully, the Earth is in a state of disequilibrium.   In the following sections we 
assume that the equilibrium situation has been reached and the Earth system is 
in balance. 
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2. Greenhouse gases keep the planetary boundary 
layer warm in the same way as our clothes do in 
winter.  Adapted from fashion 3sat online. 

   

The role of greenhouse gases 

We wear a jumper on a cold day 
to keep us warm.  However, the 
jumper doesn't make the air any 
warmer or make our body 
produce more energy and the 
jumper doesn't produce energy 
itself!  It simply sends part of the 
energy coming from our body 
back towards our skin causing a 
warm layer of air between the 
jumper and ourselves.  This is 
exactly what greenhouse gases 
do.  An increasing greenhouse 
effect doesn't mean that more 
energy comes from the Sun but 
that a larger proportion of 
the energy coming from the 
Earth's surface is sent back 
towards the surface allowing 
more heat to accumulate before it 
is released back into space. 
  

Understanding the energy budget 

We measure the energy transferred into, or emitted from, a part of the system in 
watts per square metre (W m-2).  First, let us check that that the same amount of
energy comes in and goes out of the system (here we simplify by leaving out the 
retarding effect of the oceans): 
342 W m-2 of energy enters our atmosphere directly from the Sun.  About 30% of
this solar energy (107 W m-2) is directly reflected back into space either from the 
clouds or from the surface of the Earth.  This fraction of sunlight reflected directly
back to space is known as the Earth's albedo, so the Earth has an average 
albedo of 0.3.  Clouds and polar ice caps are the most efficient reflectors of 
solar radiation directly back into space. 
Definition of albedo: The ratio of the light reflected by a body to the light 
received by it. Albedo values range from 0 (pitch black) to 1 (perfect reflector). 
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3. The energy balance for outer space, our atmosphere and the Earth's surface. Everything is in 
equilibrium.  Solar radiation is shown in yellow and long wave infra-red radiation in red.  A certain 
fraction of the energy is also needed for evaporation of water and thermal transfer.    
Image: Elmar Uherek, data from IPCC TAR. 

The remaining 235 W m-2  of energy from the Sun interacts either with the 
atmosphere or with the Earth's surface.  It then returns to space as long wave 
infra-red radiation. 

 
4. A reduced view of the Earth's radiation budget 
(reflection excluded) and an illustration of the 
atmospheric window.  Image by Elmar Uherek. 
 

   

When we look at the radiation 
budget, we see that the surface of
the Earth absorbs more energy 
(492 W m-2) than the total 
amount of energy coming from 
the Sun.  If the system is in 
equilibrium this can't be true!  So 
how does this happen?  The 
atmosphere can either re-emit 
the energy it has absorbed 
back into space or send it back to 
the surface of the Earth.  The 
presence of greenhouse gases in 
the atmosphere allows energy to 
be reflected back to the Earth 
making it appear that the system 
is unbalanced.   

The atmospheric window 

Only 40 W  m-2 of energy is 
directly emitted as long wave 
infra-red radiation from the 
Earth's surface into space. 
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5. The model of a greenhouse.  Illustration: Elmar 

herek. U 

Only a small amount of the infra-red 
radiation emitted from the surface of 
the Earth can escape directly into 
space.  Most is absorbed by the 
greenhouse gases present in the 
atmosphere.  There are a few gaps in 
the overlapping absorption spectra of 
water (which absorbs roughly 60%), 
carbon dioxide, methane, nitrous 
oxide, ozone and the other 
greenhouse gases where infra-red 
radiation can't be absorbed. The most 
important gaps are known as the 
atmospheric window.  Put very 
simply, the infrared radiation can 
disappear into space like heat does 
through a window in the roof of a 
greenhouse. 
 

The analogy of the greenhouse gases to the glass of a greenhouse is not perfect. 
The gases interact with light, while the glass is a solid barrier which 
also prevents convection so that heat is retained. 

  
6. The interaction of electromagnetic waves with the 
atmosphere (how much radiation and which 
wavelengths pass through the atmosphere) means 
that certain parts of the atmosphere are opaque.  In 
the image above, these parts are shown in brown. 
Of special interest is the near ultra-violet radiation 
(1), the visible light (2) and the near infra-red 
radiation (3).   Ozone absorbs in the range 1 and 
makes the atmosphere opaque for dangerous UV-B 
radiation.  Next to it, visible light (2) reaches the 
ground and lights our days and heats the Earth's 
surface.  Infra-red radiation (3)  from the Earth (see 
image on the right) can go back to space, but only 
in the areas which are not blocked.  Firstly water 
and then carbon dioxide make parts of the infrared 
range opaque for the radiation from the Earth 
(greenhouse effect). If other gases (O3, CH4, N2O) 
absorb in the remaining 'atmospheric window' (see 
spectra right), they are very efficient greenhouse 
gases.  Picture from NASA / IPAC.  
    

 
7. Only a fraction of the theoretical 
spectra of the Earth (so called black 
body radiation, shown in red) is 
really emitted into space. This 
fraction (shown in blue) is called the 
atmospheric window. The rest is 
absorbed primarily by water and 
carbon dioxide.  Image adopted from 
H amburger Bildungsserver. 

Part 2: CO2 CH4 
 
The Greenhouse gases - carbon dioxide and methane 

Although water vapour is the most important greenhouse gas, it's 
carbon dioxide and methane that normally make the headlines.  The 

ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere More - page 5 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



concentration of these gases is far less than that of water vapour but 
they prevent particular wavelengths of infra-red heat radiation leaving 
the atmosphere.  Their concentrations are also continuously increasing 
as a result of human activity. 
  

 
1. Absorption of water and other greenhouse gases.  
dapted from: Climate Website of the German Museum. A 

Water vapour absorbs 
most wavelengths of the infra-
red radiation  emitted by the 
Earth's surface, trapping it as 
heat.  At some wavelengths, 
however, the absorption is 
weak or close to zero allowing 
infra-red radiation to escape 
into space.   

Other greenhouse gases absorb infra-red radiation at these wavelengths and 
reduce the amount of heat lost into space. Simply increasing the concentration of 
water vapour wouldn't have such a large effect on global warming as the 
presence of small amounts of these other greenhouse gases has.  
These greenhouse gases are more efficient at trapping particular wavelengths of 
infra-red radiation than water vapour is.   

So, the impact of a particular greenhouse gas on global warming depends not 
only on its concentration, but also on how efficiently it can trap infra-red 
radiation.  The concept of a Global Warming Potential (GWP) was developed to 
compare the ability of each greenhouse gas to trap heat in the atmosphere 
relative to another gas. Carbon dioxide (CO2) was chosen as the reference gas. 
  
This table shows some of the most important greenhouse gases, their 
concentrations in 1750 (preindustrial times), in 1998 and their 100 year global 
warming potential (GWP) which indicates how efficient a greenhouse gas the 
chemical is. Data from IPCC TAR 2001: 

Greenhouse gas abundance 1750 abundance 1998 100 year GWP

carbon dioxide CO2 280 ppm 365 ppm 1 

methane CH4 700 ppb 1745 ppb 23 

nitrous oxide N2O 270 ppb 314 ppb 296 

tropospheric ozone* O3
25 DU 
(10 ppb) 

34 DU 
(30-40 ppb)   

CFC-11 CFCl3 0 268 ppt 4600 

CFC-12 CF2Cl2 0 533 ppt 10600 

1 DU = Dobson Unit = 0.01 mm column of pure ozone 
*since ozone is not evenly spread in the atmosphere, only rough assumptions of the 
average mixing ratios (in ppb) for the lower troposphere can be given. 
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The change in CO2 
emissions over time 

Analysis of air trapped within 
ice has allowed us to look at 
how CO2 concentrations in 
the air have changed with 
time.  Over the past 400,000 
years atmospheric CO2 
concentrations ranged 
between 180 ppm during 
glacial times to 280 ppm 
during the interglacials.  This 
trend changed with the 
beginning of industrialisation 
as a result of our 
increasing exploitation of 
fossil fuels (coal, oil, gas) as 
energy sources.  
  

 
2. The atmospheric CO2 trend over the last 400,000 years 
from analysis of the Vostok ice core.  Source: IPCC TAR 
2001 fig 3-2. 

   

Since the industrial revolution, CO2 emissions have increased exponentially and 
atmospheric concentrations are currently around 370 ppm.  This rapid increase in 
CO2 concentrations is primarily the result of human activity.   
  
Every year several billion 
tons of carbon enter the 
atmosphere as CO2.  In the 
1980's 5.4 ± 0.3 Pg C yr-1 
was emitted, with this rising 
to 6.3 ± 0.4 Pg C yr-1 in the 
1990's (1 Petagram C = Pg C 
= 1x1015 g = billion tonnes), 
most of which came from 
fossil fuel burning.  Another 
1.5 - 2 Pg C yr-1 enters the 
air as a result of land use 
changes, mostly from 
vegetation.  

We know the magnitude of 
these CO2 sources fairly well 
but are much more unsure 
where much of the CO2 goes 
once it is emitted into the air. 

 
3. The CO2 trend over the last few decades. The increase of 
CO2 occurs in parallel with a slight decrease in atmospheric 
oxygen, as this is lost during the oxidation process.  
Source: IPCC TAR fig 3-2. 

   

About 3.2 to 3.3 ± 0.1 Pg C y-1 remains in the atmosphere.  The oceans take up 
between 1 and 2 Pg C y-1 converting much of the carbon into carbonate and we 
assume that around 2 Pg C y-1 is taken up by growing vegetation.  The amount of 
CO2 taken up by plants is particularly unsure, it can easily vary by a factor of 2 
from year to year and is related to different weather conditions, for example if 
an El Niño event occurs. 
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4. The CO2 budget: Estimated average values for CO2 sources and sinks for the 1980's in 
PgC y-1. Fossil fuel burning and land use change are the major sources,  vegetation and the 
ocean are the major sinks.  Image by Elmar Uherek, data from IPCC TAR 2001. 
  
The carbon cycle 
Exchange of CO2 between the biosphere and the atmosphere is on a much larger 
scale than indicated by the source and sink values shown above.  About 270 Pg C 
y-1 is temporarily stored in plants during photosynthesis and about 60 Pg C y-1 
fuels annual plant growth.  This natural carbon cycle is in equilibrium so that all 
of the carbon stored temporarily and all the carbon which is needed for growth is 
returned to the atmosphere when the plants die and decompose or when they 
are burnt during biomass burning.  This means that natural plant growth does 
not significantly alter CO2 levels in the atmosphere.  Rather, it is the additional 
CO2 entering the atmosphere as a result of human activities that alters the 
natural equilibrium of the carbon system.   
Sources of methane 
  

 
5. a-d) Methane 
producing bacteria are active the 
tomachs of cows  s 

 
and sheep.  Source: 

ww.freefoto.com w 

    

 
Methane is emitted from rice 
addies p 

 
m oors and other wetlands. 
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The globally averaged concentration of methane in the troposphere in 1998 was 
1745 ppb.  However, the magnitude of the exact sources are uncertain since 
emissions from wetlands are very variable and emissions from rice paddies have
probably been overestimated (they may be just 40 Tg y-1).  The table below 
gives estimates of methane emissions from two different studies. 

  
Sources of methane (global emissions in Tera grams per year - 1 Tg = 1012 g): 
  

Source 
(selected) 

Emissions [Tg CH   yr ]4
-1  

(Hein et al., 1997) 
Emissions [Tg CH   yr ]4

-1  
(Lelieveld et al., 1998) 

wetlands + rice 
325 
(237 + 88) 

225 

energy sector 97 110 

ruminants 90 
(including waste treatment) 

115 

landfills 35 40 

biomass burning 40 40 

others - (70) 

Total 587 600 
  

 
6. The change in CH4 concentrations in the atmosphere over 
time (mole fraction, in ppb = 10-9) determined from ice cores, 
firn, and whole air samples plotted for the last 1000 years. 
 Radiative forcing, approximated by a linear scale since the 
pre-industrial era, is plotted on the right axis.   Source: IPCC 
AR Fig. 4-1. T 

About 60% of methane 
emissions come 
from human activities 
such as agriculture, fossil 
fuel use and waste 
disposal.  As a result of the 
growing contribution from 
human activity, the 
concentration of methane in 
the air has more than 
doubled over the past 1000 
years. 

The most important loss 
reaction for methane is the 
reaction with OH: 
OH + CH4 -> CH3 + H2O 

But the reaction is rather 
slow and, as a result, the 
atmospheric lifetime of 
methane is long, around 8.4
years. 
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Methane hydrates 

Enormous amounts of CH4 are 
stored on Earth as methane 
hydrates.  These are solid 
mixtures of ice and methane 
which are stable at high pressures 
and low temperatures and 
found under the oceans and in 
deeper layers of permafrost soil.  
About 10,000 Pg of carbon is 
estimated to be stored as 
methane hydrates, about double 
the amount of carbon stored as 
conventional fossil fuels (coal, oil 
and gas), so they represent 
a huge unused 
energy resource.  Data from the 
Vostok ice core shows no 
evidence for large scale methane 
releases from these hydrates over 
the last 400,000 years.  However, 
increasing surface temperatures 
as a result of global warming, 
may melt some of these methane 
hydrates releasing methane into 
the air and further enhance the 
greenhouse effect. 
  

 
7. When methane hydrate melts, the methane 
released burns producing CO2 and liquid water 

emains.  (c) r GEOMAR 2002 (German).  

 
 
Part 3: Water 
 
Water vapour and clouds 

Water vapour is the most important greenhouse gas in the atmosphere 
and accounts for about 60%  of the total greenhouse effect.  Until 
recently, Scientists assumed that the water vapour content of the 
atmosphere was more or less constant and that water vapour didn't 
contribute to the enhanced, human induced, greenhouse effect.  
However, as the Earth continues to warm, the amount of water vapour 
in the air will rise and water may cause greater warming in the future.

*

* some references suggest that tropospheric water (including the long wave absorption by clouds) is
responsible for 80% of the greenhouse effect. 

Probably the greatest uncertainties in future projections of climate 
arise because we don't know the impact of changing water vapour 
levels in the air and because we are unsure how clouds affect the 
amount of solar radiation reaching the surface of the Earth.
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Saturation 

The capacity of air to hold water 
vapour increases with 
temperature. Warmer air can take 
up more water. The saturation 
curve shows how much water air 
of a certain temperature can 
hold before condensation begins 
(i.e. a relative humidity of 100%).
In the atmosphere, air is usually 
unsaturated. The relative 
humidity RH varies greatly and is 
given by the following equation: 

 
p = given partial vapour pressure 
of water 
psat = saturated water vapour 
pressure, this depends strongly 
on the air temperature. 

 
1. The water vapour saturation curve tells us the 
maximum amount of water the air can hold at a 
articular temperature (a relative humidity of 100%). p 

Generally, increasing air temperatures lead to increasing evaporation and more 
water vapour in the air. While ideal thermodynamic conditions are nearly fullfilled 
for evaporation processes in the tropospheric boundary layer (up to 1 to 2 km in 
altitude), conditions in the free troposphere above are much more complicated.  
It is here that the greenhouse potential of water vapour is likely to increase in 
the future. 

 
2. Clouds partially reflect solar 
radiation from the sun back into space 
(shown in yellow), but also absorb 
infra-red radiation from the surface of 
the Earth (shown in red) and return it 
to the Earth in the same way 
a greenhouse gas does.  Picture 
source: Karlsruher Wolkenatlas (c) 
ernhard Mühr. B 

Cloud formation 

The consequence of increasing humidity
is an increase in cloud cover. Clouds 
interact in two ways with radiation.  On 
the one hand, they act like greenhouse 
gases, absorbing infra-red radiation 
from the Earth and trapping the heat in 
the lower atmosphere.  On the other 
hand, they increase the Earth's albedo 
by reflecting incoming solar radiation 
back into space before it reaches the 
Earth, effectively cooling the planet.  It 
strongly depends on the type of cloud 
which effect is strongest but it is 
assumed that, on average, the cooling 
effect dominates. 
  

Twofold feedback 

So global warming is likely to both increase the water vapour content of the air 
and increase cloud formation.   These two effects are likely to have opposite 
feedback effects.  One probably leads to further warming, the other to cooling, 
although the role of high clouds is still unsure. 
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3. Feedbacks in the water cycle. 

Global warming leads to higher water vapour concentrations and more water 
vapour leads to further warming - a positive feedback effect leading to higher and 
higher temperatures.  However increasing water vapour concentrations also leads 
to more clouds.  An increase in clouds probably leads to a cooling since clouds 
can reflect incoming solar radiation back into space.  However, some computer 
models suggest that high clouds may have a positive feedback effect and may 
encourage further warming.   Our knowledge about clouds is not yet sufficient to 
explain exactly how they affect climate. 
  
Uncertainties 

Large differences in the amount of cloud which forms and the amount of water 
vapour in the atmosphere are seen on regional scales.  These scales are often 
smaller than the grid size used in climate models, so climate models don't take 
into account every cloud which appears in the atmosphere.  
The affect of water vapour and clouds on climate is also uncertain because many 
models also don't take into account: 
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- large scale dynamics 
- sub-grid scale dynamics 
- microphysics 
- differences in cloud droplet size 
- the cloud temperature 

and many others. 

The atmosphere is very dynamic 
and nowhere near a state of 
equilibrium.  Latitute also affects 
how moisture is 
transported through the 
atmosphere: 

1. convection (vertical 
transport) is most 
important in the tropics, 
where high cumulonimbus 
clouds are formed  

2. large scale wave motions 
occur at mid and higher 
latitudes, where stratiform 
clouds dominate  

3. advection (horizontal 
transport) is the dominant 
process in the dry areas 
between the tropics and the 
mid-latitudes. 

 
4. Water vapour as part of a dynamic atmosphere.  
ource EU S 

  
5. Global relative humidity distribution [%] in the free troposphere between 600 and 250 hPa. Attention: Read this 
map carefully! The free troposphere over the South Pole is more saturated than the free troposphere over 
the tropics relative to the possible maximum saturation, but it contains by far less water per cubic meter, i.e. in 
absolute values.  Source: IPCC TAR Fig. 7-1. 

   

ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere More - page 13 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



Estimations of the water vapour and cloud feedback effects 

Current estimations say that if we increase CO2 concentrations in the air to 560 
ppm  (double the preindustrial level of 280 ppm), the average temperature of the
Earth will increase by between 1.5 and 4.5 °C.  This wide range in estimates 
is mainly because the overall effect of clouds on our climate is still so uncertain. 
  
A doubling of CO2 without any 
other change would lead to an 
additional radiative forcing of 
3.5 to 4 W m-2, equivalent to a
temperature increase of 1.2 
°C.  This value doubles to 
between 7 and 8 W m-2 if we 
take into account the positive 
feedback effect of water 
vapour alone.  We now need 
to add in the impact of 
clouds, these may lead to 
a slight cooling of the 
planet (regarded as most 
likely) or to an additional 
warming.   The uncertainty in 
this term is estimated to be 
between -3 and +3 W m-2 

leading to an overall radiative 
forcing of about 4 to 11 W m-2 
for a doubling of CO2 or a 
temperature increase between 
1.5 and 4.5 °C. 

  

 
6. Radiative forcing estimate for a doubling of CO2, with 
and without water vapour and cloud feedback effects. Data 
from IPCC TAR Chapter 7. 

   

Comparing this range in possible temperatures to the 1.2 °C temperature rise 
which is estimated to come from the CO2 rise alone, you get an idea just how 
important it is to understand the impact of water vapour on our climate. 
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Lower Atmosphere

Read more 

Unit 3 
More on ozone and fire 

Ozone is a rather aggressive gas. In this unit we look at how it attacks other 
molecules and what impact it has on human health. 
  
Atmospheric concentrations of 
ozone are difficult to predict 
because they depend strongly on 
the local conditions at a particular 
time and on the chemical 
composition of the air.  We look 
at the factors which control the 
atmospheric concentration of 
ozone here.   

Fires are an important source of 
carbon dioxide, nitrogen oxides 
and ozone.  In the final text of 
this unit, we look at the chemistry 
of fires and fire events worldwide. 

  

 
High ozone concentrations affect the alveoli in our 
lungs. Do you know why?  © US national library of 
medicine. 
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Part 1: Ozone reactions 
 
Why is ozone dangerous? 

Stratospheric ozone protects us from harmful ultra-violet radiation from 
the Sun.  However, in the troposphere, ozone is dangerous to our health 
and in this section we look at the damage ozone does.
  
  
A little bit of ozone is needed 

Its not true that we don't want 
any ozone in the troposphere.  
We need low levels in the air to 
form hydroxyl radicals (OH) 
to clean the air of harmful 
chemicals.   However, high 
concentrations of ozone 
are harmful to our health and 
damage plants.  In swimming 
pools ozone is sometimes even 
used to kill bacteria.  So what 
makes ozone so aggressive? 
  

 
1. OH formation can only take place if there is a small 
amount of ozone in the air.  scheme: Elmar Uherek. 
 

   

 
2. Not all fatty acids have double bonds. Some 
are (a) saturated and so just have C-C single 
bonds.  Many of them are, however, (b) 
unsaturated and have C=C double bonds.  
Source: NTRC, Univ. of Texas Kingsville. 

   

Ozone attacks our respiratory 
system 

We know that organic compounds made 
up of carbon (C) and hydrogen (H) are 
present in all living organisms, in 
plants, in animals and in our bodies.  As 
well as C and H, these compounds may 
also contain oxygen (O), nitrogen (N), 
sulphur (S) and phosphorous (P).  The 
main structures of organic compounds 
are made of carbon, and generally 
include C-C single bonds and C=C 
double bonds.  C=C double bonds are 
found everywhere; in unsaturated fatty 
acids, haemoglobin, proteins, on the 
surface of the pulmonary alveoli in our 
lungs and its mucus membrane and in 
many other bio-molecules.  
Ozone attacks these C=C double 
bonds.   
The other two main oxidants, OH and 
NO3, have extremely short lifetimes and 
react immediately they are formed.  
Ozone, however, can enter the lungs.  
Every day we breathe 20,000 liters of 
air into our lungs.  This air carries many 
chemicals and particles, including 
ozone. 
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Ozone breaks down double 
bonds. 

Ozone reacts with fatty acids in the 
lungs in the same way that it does 
in the air.  Ozone reacts with 
the C=C double bonds and breaks 
down the molecule into very 
reactive radicals.  These 
radicals then react further.  The end 
result is inflammation of the lungs.  
This causes breathing problems in 
previously healthy people and is 
particularly dangerous for people 
with asthma.  If ozone levels are 
high it can be dangerous to do 
sports or hard physical activity. 
  

 
3. Our lungs have a surface area of 80 - 100 m2 and 
we breathe in 20,000 litres of air each day.  This air 
contains many chemicals and particles, including 
ozone and this ozone attacks the alveoli and mucus 

embranes of our lungs.  © emphysem-info. m 

 
4. The reaction of ozone with double bonds (ozonolysis) breaks down (cracks) the C=C bond.  
scheme: Institute for chemical education - Univ. of Duisburg, Germany. 

 

Ozone not only breaks down the C=C double bonds in our lungs, it also attacks 
the double bonds of terpenes from plants,  many other molecules in the air and 
causes damage to plant leaves.  At very high concentrations ozone can even 
destroy the double bonds in the rubber of an air balloon and make it burst. 

 
 
5. a + b) Rubber contains C=C double bonds. If 
you expose a balloon to a stream of ozone rich 
ir ... a 

 
... it becomes thinner and thinner and finally 
the balloon bursts.  Experiment: Institute for 
chemical education - University of Duisburg, 
Germany. 
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Part 2: Ozone abundance 
 
Understanding tropospheric ozone abundance 

In this section we look at where ozone comes from and how is removed 
from the air. 
  
Ozone control by nitrogen oxides and organic compounds 

In Unit 3 of the basics section of the Lower Atmosphere topic we learnt about 
the diverse characteristics of ozone and how ozone smog forms.  Have a look at 
the chapter on 'ozone smog' again and at the scheme below. 
  

  
1. How ozone smog is formed. - Scheme: Elmar Uherek. 

  

High ozone concentrations are formed in and around urban areas on hot sunny 
days when volatile organic compounds (VOC's) and nitrogen oxides from traffic 
react together. 

  
The presence of nitrogen oxides 
and sunlight (hv) alone does not 
necessarily lead to ozone 
formation.  This is because the 
ozone which forms simply reacts 
again with nitrogen oxide (NO) 
and is destroyed.  So this reaction 
cycle (a so called null cycle) 
results in no net production or 
depletion of ozone in the air. 

  

 
2. a) Cycle of ozone formation and consumption.  
Although there is high conversion of nitrogen dioxide 
(NO2) into ozone, there is no net production or 
depletion of ozone overall. 
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However the air also contains 
volatile (gaseous) organic 
compounds (VOC's).  In chemical 
reactions these are often 
abbreviated to RH. They react 
with OH radicals to form peroxy 
radicals RO2 and these radicals 
oxidise NO.  This prevents the NO 
from reacting with ozone and 
levels of ozone rise.    

hv stands for sunlight, since light energy is 
given by the quantum mechanical 
expression E = hv 

  

 
2. b) The peroxy chemistry of organic compounds RH 
competes with ozone for the NO. 
 

   

 
3. Ozone isoplethes - The graph shows the dependence 
of the formation of high ozone concentrations on 
the mixture of volatile organic compounds (VOC) and 
nitrogen oxides (NOx).  Images 2+3 are adapted from 
a lecture given by Mike Hannigan, Univ. of Colorado, 
Boulder, U.S.A. 
 

   

In a diagram of so called isopleths
you see black lines 
representing the same ozone 
concentrations.  Production of 
more or less ozone strongly 
depends on the mixture of 
nitrogen oxides (NOx) and VOC's 
(RH) in the air.  If levels of NOx 
are high but VOC levels are low, 
ozone will not be formed (blue 
point A) and may even be 
consumed in the city centre.  If 
levels of VOC's are high but NOx 
levels are low, ozone 
concentrations are also low (point 
B).  It is only when both NOx and 
VOC levels are high that ozone 
levels increase (point C).   

Since ozone levels respond 
quickly to the local conditions, 
ozone concentrations vary 
depending on the time of day, on 
how much sunshine there is and 
on NOx and VOC concentrations.  
This makes it difficult to calculate 
a global average ozone 
concentration. 

  
Other sources 

Urban traffic is not the only source of nitrogen 
oxides and is, therefore, not the only source of 
ozone.  Nitrogen oxides are emitted during other 
combustion processes such as vegetation fires.  
The image on the right shows smog in white and 
increasing ozone concentrations from green to 
yellow to red in the plume of the big fires 
in Indonesia in 1997.   

ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere More - page 5 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



Lightning is another source of nitrogen oxides. 
Some high ozone concentration events in 
Australia are actually the result of 
nitrogen oxides formed during thunderstorms 
and heavy lightning over South Africa. 
  

4. Smog plume from vegetation fires 
in Indonesia.  Image courtesy NASA 
GSFC Scientific Visualization Studio, 
based on data from TOMS. 

   

 
5. Trend in the monthly ozone abundance measured at 
the Hohenpeissenberg Observatory.  Image: courtesy 
of the German Weather Service. 
  

Measuring ozone 

There are only a few surface 
ozone measurement stations in 
Indonesia and none over the 
ocean so how did we get the 
information about ozone 
concentrations during the fires?  
Ozone is observed from space by 
instruments installed on 
satellites. When we use satellite 
data we have to take into account 
that the instruments measure the 
concentration in the whole 
atmosphere and not just in the 
surface layer.  Look at the ozone 
trend measured at the German 
Hohenpeissenberg Observatory.  
Does this mean that ozone in 
Germany is decreasing?  
Previously we learnt that 
tropospheric ozone levels 
have increased 
almost everywhere. 
  

Although the data suggests it, 
tropospheric ozone levels are not 
falling.   

Ozone trends depend on the 
location and there are large 
variations in levels over the 
Earth.  We cannot estimate ozone 
trends either from the global view 
of satellites or from the local view 
of a single ground station.  The 
figure on the right gives ozone 
data at two different heights in 
the atmosphere and shows that 
ozone distributions have different 
trends depending on the altitude.  
The data shows that ozone levels 
are decreasing in the 
stratospheric ozone layer  (have a 
look in the  'Higher Atmosphere' 
topic for more information on 
this) and increasing in the 
troposphere.   

 
6. Ozone data from Hohenpeissenberg separated for 
two altitudes, 5 km in the troposphere and 20 km in 
the stratosphere. 
Image: courtesy of the German Weather Service 
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Satellites see both the 
troposphere and the stratosphere 
at the same time.  The data 
obtained, therefore, needs to be 
carefully interpreted to enable 
accurate representations of ozone 
trends at different altitudes in the 
atmosphere. 

  
 
Part 3: Fire 
 
Fire chemistry and its global importance 

Every year, large areas of our planet burn:
  
10 million hectares of boreal forest in the northern latitudes 
40 million hectares of tropical and sub-tropical forest 
500 - 1000 million hectares of open forest and savannah 

where 1 million hectares = 10,000 km2

Imagine the area: 

  

 
1. Area of European countries in millions of 
hectares.  The Netherlands, for example, covers an 
area of 41,500 km2. image: Elmar Uherek. 

   

  
2. Smoke over Siberia.  Image courtesy of 
the SeaWiFS Project 

Because most of the focus is on the 
destruction of the rainforests by fire,
its easy to forget that large areas of 
the boreal forests in, for 
example, Siberia and Canada also 
burn each year.  These boreal 
forests cover an area of 920 million 
hectares, make up 73% of the 
global coniferous forest area and 
29% of the total world forest.  
Nowadays, boreal forest fires are 
not only caused by nature but also 
by humans. 
   

    
The global carbon budget of CO2 exchange for the period 1850 - 1990. 

Values in Pg Carbon (Pg C) 1 Pg = 1015 g = 1 billion tons. 
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Emissions from man-made fires are an important source of carbon to the 
atmosphere. 

  
3. Carbon dioxide - sources and sinks - image: Elmar Uherek 

The main sources are: 
1) landuse change (+ 121 Pg C) 
2) fossil fuel burning (+ 212 Pg C) 

  

The main sinks are: 
3) CO2 uptake by the oceans (- 107 Pg 
C) 
4) CO2 uptake by continents (- 82 Pg 
C) 

  
The uptake of carbon dioxide by the continents is poorly understood but is 
thought to be primarily the result of increasing plant growth in places other than 
the typical burning regions. 

90% of the CO2 emissions from landuse change are from deforestation. A major 
problem in the rainforests is that once the forest has burnt, secondary vegetation 
grows.  This secondary vegetation burns yearly.  This stops new trees 
establishing themselves and prevents reforestation.   

Natural vegetation fires can be short term CO2 sources to the atmosphere.  Over 
the long term, however, natural fires have either very little influence on CO2 
levels or may actually represent a very small carbon sink (< 0.1 pG C y-1) since 
carbon containing sediments are stored in the ground.  Open forest and 
savannah fires occur in cycles of 1-3 years over much larger areas 
than rainforest fires and have little influence on the climate system. 
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4. Fires spots around the word.  Map: from Global fire monitoring centre. 

  
What is formed during the 
combustion process? 

This depends on; 
a) what the plants consist of 
b) the temperature of the flames 
c) how much oxygen is available 
d) whether it is an open fire or a 
smouldering fire 

What do plants consist of? 

Plants contain up to 60% water 
although their water content is 
generally lower than this before 
the fire season as the vegetation 
looses a lot of water 
during drought times.   
The typical elemental composition 
of the dry organic matter in plants
is; 
carbon (C)          45% 
oxygen (O)          42% 
hydrogen (H)         6% 
others (N, S, P)     7%  (S 0.1 - 
0.5%) 
Plants typically have the following 
components: 
cellulose and hemicellulose 
[carbohydrates (C6H10O5)n] 50-
70% 
lignin 15-35% 
smaller amounts of: proteins, 
amino acids, other metabolites 
minerals up to 10% 
  

 
5. The picture shows a forest area during fire and two 
years later after reseeding and rehabilitation efforts.  
photo: Dylan Rader.  Wildland fire pictures. 
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6. Lignin gives the wood its structure.  It is formed 
when water is irreversibly lost from sugars to form 
aromatic (ring) containing polymers. 

   

The burning process 

After ignition, oxygen levels are 
sufficiently high to allow a period 
of open fire to occur.  As oxygen 
levels fall, the fire begins 
to smoulder.  During the period of 
open fire, a simple mixture of 
fully oxidised compounds, 
including CO2, are formed.  
Incomplete oxidation occurs 
during the smouldering fire stage 
and a complex mixture of 
compounds are formed which 
may even include methane (CH4). 
  

 
7 . a) open fire; photo by Dylan Rader 

 
7 . b) smouldering fire; photo by Meredith Rader. 

    
After ignition (> 180°C / 450 K) 
flaming combustion (> 580°C / 850 K) 
starts.  Simple molecules such as CO2, 
H2O, NO, N2O, N2 and SO2 are released 
as oxidation products. As oxygen levels 
fall, the flames cease .... 

... and smouldering (< 580°C / 850 K) 
begins. Due to a lack of oxygen, CO 
and many partially oxygenated organic 
compounds (including formaldehyde, 
acetaldehyde, methanol, acetone 
and methane) are released. 
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Lower Atmosphere

Read more 

Unit 4 
Gases in our atmosphere 

There are thousands of gases in the troposphere.  In this unit we look in more 
detail at the most important components of the lower atmosphere. 
  
Some of the gases are evenly spread all over the world, whereas the 
concentrations of others depends strongly on sources, local conditions and on the 
time of day. In this unit we give a short overview on how gases in our 
atmosphere can be characterised. 

 
 
 
Part 1: Distribution & Concentration (1) 
 
We have already learnt a lot about the gases which exist in our 
atmosphere.  The greatest number of gases are found in the 
troposphere, the lowest layer of the atmosphere, but their 
concentrations vary greatly over both time and location.
  
  
How to describe a gas in the 
atmosphere? 

Amount
A gas in the atmosphere can be: 
a) a major component of the air 
(oxygen, nitrogen, argon) 
b) a major trace gas (carbon dioxide,
methane, ozone, nitrogen dioxide) 
c) a minor trace gas (organic gases 
such as butane, ethanol, CFCs) 
Trace gases are gases which make 
up only a tiny fraction of the air.  
Levels of these trace gases can be as 
low as one molecule in one billion or 
even one trillion air molecules. 
  

Can you imagine one ppb?

ppb = parts per billion (American *) 
more correctly: nmol/mol 
1 molecule in 1,000,000,000 
molecules

1 Indian in all India, 1 cent in 10 
million EUROs, 1 second in 32 
years.

And 1 ppt?

ppt = parts per trillion 
more correctly: pmol/mol 
1 molecule among 
1,000,000,000,000 molecules

1 stamp in an area the size of 
Paris ...

These levels are so small, its 
really difficult to image them, 
but modern scientific techniques 
can detect them.

 

 



The misunderstanding of mixing ratio 'units' ppm and ppb 

In numerous scientific publication the amount of a compound in the air is given in
ppm (parts per million) or ppb (parts per billion). We also use this abbreviation 
here, because it is so common and you find it everywhere. But it can be very 
misleading. 
Three typical mistakes: 
1) You often see written: The concentration of CO2 in the air is 370 ppm. This is 
wrong. 370 ppm is a mixing ratio and not a concentration.  Mixing ratios give the 
number of molecules of a certain chemical in a fixed number of air molecules.  
Concentrations are, for example, the number of moles of a compound in a 
fixed volume of air, for example 20 nmol m-3 .  They have a real unit. 
2) Mixing ratios do not really have a unit, because you can cancel the units. If 
the mixing ratio is 370 ppm this means you have 370 molecules among 
1,000,000 molecules. The more correct expression is 370 µmol/mol. 
3) The terms billion and trillion are defined in different ways in different 
countries: 
1 American billion = 1 British milliard (seldom used) = 1,000,000,000 
1 American trillion = 1 British billion (seldom used) = 1,000,000,000,000 
In many other languages, terms related to 1 British milliard (French: milliard, 
German: Milliarde) are more common than the American billion for 109. So take 
care! 

often used: more correctly: this means:

ppm (parts per million) 
µmol / mol = 10-6  
(micromol / mol) 

1 in 1,000,000 

ppb (parts per billion) 
American

nmol / mol = 10-9  
(nanomol / mol) 

1 in 1,000,000,000 

ppt (parts per trillion) 
American

pmol / mol = 10-

12  
(pikomol / mol) 

1 in 
1,000,000,000,000 

  
Distribution 

Depending on the local and temporary conditions in the atmosphere, a gas can 
be: 
  

 
1. a) homogeneously distributed 
(e.g. nitrogen, oxygen, carbon 
dioxide) 
mage: Elmar Uherek i 

 
b) inhomogeneously distributed 
(e.g. water vapour, ozone, many 

inor trace gases) m 



If a gas is homogeneously distributed this means that we find comparable mixing 
ratios of the gas everywhere around the globe and also at varying altitudes.  This 
is the case for stable gases with a long life times. These gases are only slowly 
removed from the atmosphere and are either unreactive or react only very 
slowly. 

Example: Nitrous oxide N2O 

  
2. Distribution of nitrous oxide in the atmosphere.  The graphs show mixing ratios over the Pacific 
Ocean at different altitudes and latitudes with associated error bars.  J.E. Collins et al., Journal of 
Geophysical Research, 101, D1 (1996)  p. 1975-84. 

  
  

Nitrous oxide N2O is a 
homogeneously 
distributed gas, similar 
amounts are seen all 
over the world and at 
different heights in the 
atmosphere. 
However, concentrations 
have increased over the 
past 200 years as a 
result, primarily, 
of human activity. 

  

 
3. The change in N2O levels over time. author Elmar Uherek. 

   



 
4. Time profile of OH concentrations.  Source: 
Presentation J. Lelieveld, MPI Mainz 2003. 

   

Development over time 

The amounts of some 
gases depend strongly on the 
strength of the Sun.  The levels of 
these gases in the atmosphere 
shows a daily cycle and 
sometimes also a seasonal 
pattern 

Daily variation: for example 
the hydroxyl radical OH 

The hydroxyl radical is formed 
from the breakdown of ozone by 
sunshine.  So atmospheric OH 
levels increase as the Sun rises, 
reaching a maximum after noon 
and then decrease through the 
afternoon and are negliable at 
night (see the unit on oxidation 
for more information).   
  

Seasonal variation: for 
example formaldehyde 

Vegetation fires are one source of 
the gas formaldehyde (HCHO).   
Concentrations of formaldehyde, 
as measured by the satellite 
based GOME instrument, are high 
during the fires seasons (March in 
Southeast-Asia, September in 
Brazil). 
  

 
5. Formaldehyde - total columns observed by GOME 
from space.  © IUP Bremen / ESA - GOME. 

   
Some gases have increased or decreased in the long term over decades, 
hundreds, thousands or even millions of years. Since the industrial revolution, 
some 200 years ago, human activity has increased the average concentrations of 
many gases in the atmosphere. 

 
The growing season and the impact of humans: for example carbon 
dioxide (CO2) 

Carbon dioxide is an excellent example to study the global distribution of a gas. 
It is rather stable and therefore distributes itself over the whole globe. 
Atmospheric carbon dioxide levels are continuously increasing because of human 
activity.  Most of the carbon dioxide is emitted from the Northern Hemisphere.  
The Northern Hemisphere contains much more land, a much higher human 
population (think about Europe, the U.S.A., China and India) and therefore has a 
much higher energy consumption than the Southern Hemisphere. 



 
6. The CO2 concentration trend recorded at the Mauna Loa Observatory, Hawaii.  graph: © CDIAC US 
Department of Energy. 

 
7. Global CO2 distribution and annual and mid-term variations.  
© NOAA / CMDL. 

   

Carbon dioxide levels, 
therefore, increase first of 
all in the Northern 
Hemisphere and then 
slowly rise in the south.  
Transport over the 
equator takes time since 
mixing within one 
hemisphere is much faster 
than mixing between the 
hemispheres.   Along with 
this long time period 
change in CO2 levels we 
also see that the annual 
pattern of CO2 varies.  In 
winter, the trees and other
plants stop growing and, 
as a result, take up less 
CO2.  At the same time, 
we humans heat our 
houses and emit more 
CO2.  Consequently we see
the highest CO2 
concentrations at the end 
of the heating period in 
May and about 5 ppm less 
CO2 after the end of the 
growing period in October. 
The two graphs clearly 
show both patterns. 

  



 
Part 2: Distribution & Concentration (2) 
 
It's impossible to give average atmospheric concentrations for the less 
stable compounds in the air.  Their concentrations depend strongly on 
the chemical conditions in the air at a particular time.
  
Vertical profiles 

Sources, sinks and physical 
conditions (hours of sunshine, 
temperature, rainfall, wind 
strength and direction) affect both
the horizontal and vertical 
distributions of a gas.  Vertical 
profiles often show slightly 
decreasing mixing ratios with 
increasing altitude particularly in 
the free troposphere and the 
stratosphere.  Ozone is an 
exception to this and has its 
highest mixing ratios and 
concentrations in the ozone layer 
in the stratosphere.  Most of the 
chemistry in the atmosphere 
happens much lower in the 
atmosphere, in the planetary 
boundary layer.  This is the layer 
of the atmosphere which is 
directly affected by the surface of 
the Earth and is where the 
chemical compounds are emitted. 
The graphs below show 
the vertical profiles for several 
organic and inorganic trace gases 
in the troposphere measured by a 
research aeroplane.  Apart from 
carbon dioxide, ozone and 
methane, the typical values for 
mixing ratios are a few hundred 
parts per trillion (ppt) or a few 
parts per billion (ppb). The 
compounds shown are the more 
important trace gases, there are 
hundreds of other organic gases 
in the troposphere which 
have mixing ratios of just 
a few ppt. 
  

 
1. Mixing ratios of different compounds during the 
night close to the ground.  The ratios are not measured 
but are the result of a chemical model which allows us 
to look at how the mixing ratios change over time. 
 Authors: Andreas Geyer, Shuihui Wang and Jochen 
Stutz. 

   



 
  

Measured 
compounds: 

CH4 = methane 
CO = carbon monoxide 
CH3OH = methanol 
CH3COCH3 = acetone 
HCHO = formaldehyde 

  

 
  

O3 = ozone 
NO = nitrogen oxide 
NOy = oxidised nitrogen 
compounds without NO, 
NO2 
PAN = 
peroxiacetylnitrate 
CN = condensation 
nuclei (particles) 

  

 
2. a-c) Vertical profiles of various organic gases and a few inorganic 
gases.  The values were measured from a research aeroplane over the 
Mediterranean sea during the MINOS field campaign in August 2001. The 
strong black lines show the median vertical profiles, the thinner black 
lines give the standard deviation. Grey squares show values from 
canister samples. Red dashed lines and red squares are from another 
flight and give you an idea of how the values vary within a few days.  
Data and figures from: J. Lelieveld and co-authors. 

   

C2H6 = ethane 
C2H2 = acetylene = 
ethyne 
C3H8 = propane 
C6H6 = benzene 
CH3Cl = chloromethane 
= methyl chloride 

  



Gases in the troposphere 

Its very difficult to give an overview of the concentrations of trace gases in the 
troposphere.  The same compound can be present at extremely low 
concentrations, for example, over the ocean and at very high concentrations in 
the urban environment.   There are also many different gases which play an 
important role in the troposphere.  So the following table just gives a few 
examples of the average mixing ratios near the ground for commonly measured 
compounds. 
  
Overview of important gases in the free atmosphere: 

name formula mixing ratio

nitrogen N2 78.08 % 

oxygen O2 20.95 % 

argon Ar 0.93 % 

water vapour H2O 
0.1 - 4 % 
= 1,000 - 40,000 ppm 

carbon dioxide CO2 372 ppm* 

carbon monoxide CO 50 - 200 ppb 

methane CH4 1.7-1.8 ppm* 

hydrogen H2 
0.5 ppm 
(480 - 540 ppb) 

ozone O3
10 -100 ppb 
troposph. average: 34* ppb 

hydroxy radical OH < 0.01 - 1 ppt 

nitrogen dioxide NO2 1 - 10 ppb 

nitrogen oxide NO 0.1 - 2 ppb 

nitrous oxide N2O 320 ppb* 

nitrate radical NO3 5 - 450 ppt 

nitric acid HNO3 0.1-50 ppb 

ammonia NH3 < 0.02 - 100 ppb 

sulphur dioxide SO2
1 ppb (background) 
1 ppm (polluted air) 

formaldehyde HCHO 0.5 - 75 ppb 

formic acid HCOOH < 20 ppb 

acetone CH3COCH3 0.1 - 5 ppb 

isoprene C5H8 < 1 - 50 ppb 

monoterpenes - < 100 ppt 

carbonyl sulfide COS 500 +/- 50 ppt 

CFC11 CCl3F 258* 

CFC12 CCl2F2 546*  

*These are gases whose concentrations have increased as a result of human activity and 
are relatively well mixed over the globe. Data from 2001-2003. 

  



Mixing ratios, concentrations and different units: 

Amounts of gases are often given in different units: 
concentrations: molecules cm-2 or µmol m-3 
or mixing ratios: ppt (pmol mol-1), ppb (nmol mol-1), ppm (µmol mol-1), % (10 
mmol mol-1) 
Mixing ratios are often more helpful for scientists. When air rises, it expands in 
volume and, as a result, the concentration of the gas changes.  The mixing ratio 
(relative proportion of the gas to the total number of air molecules), however, 
remains the same.   
Conversion from one unit to the other depends on the pressure (= the 
altitude) and the molecular weight of the compound. If we do the calculation for 
the surface of the Earth at a normal pressure of about 1 bar we can express the 
total molecules per volume of air in the following way: 
1 mol = 22.4 L = 6x1023 molecules => 
1 cm3 = 2.7 x 1019 molecules 
1 dm3 = 1 L = 2.7 x 1022 molecules 
1 m3 = 2.7 x 1025 molecules 
A rough estimate: 
 
2 µg m-3 = 2 x 10-6 g m-3 NO2 is a typical value for nitrogen dioxide in a non-
urban area. 
the molecular weight of NO2 = 46 g mol-1 
This means: 2 x 10-6 g m-3 = 4.3 x 10-8 mol m-3 = 2.6 x 1016 molecules m-3 
So the mixing ratio is about 2.7 x 1016 / 2.7 x 1025 = 10-9 = 1 ppb 
Since ozone has a similar molecular weight, M(O3) = 48 g mol-1, we can also say 
roughly that; 
2 µg m-3 of ozone = 1 ppb 
This calculation is valid only for surface of the Earth where we live. So for ozone 
smog events in urban areas we can now calculate: 
120 µg m-3 = 60 ppb -> high levels 
240 µg m-3 = 120 ppb -> very high levels, no sports, risky for health 
360 µg m-3 = 180 ppb -> extremely high levels, very unhealthy for the lungs, 
stay at home! 
  
 



 
  

Upper Atmosphere

Basics 

Unit 1 
Understanding and observation of the mid 
atmosphere 

The region of the atmosphere above the tropopause is called the stratosphere. In 
this unit, we look at how the stratosphere differs from the troposphere. We also 
investigate why there are other distinct layers in the atmosphere and how these 
layers are defined. 
  
We look at how the physical and 
meteorological parameters of the 
atmosphere change with altitude and 
investigate how the chemical 
composition changes with 
height.  We also look at how modern 
measuring techniques, using satellites 
and lasers, have been used to provide 
us with this infomation. 

   
LIDAR in Davis / Antarctica with aurora in the 
background 
Photo: David Correll - Australian Antarctic 

ivision - http://www.antdiv.gov.au D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part 1: Layers 
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Part 1: Players 
 
The layers of the atmosphere 

The different layers we see in the atmosphere have different physical 
properties.  As the altitude increases, atmospheric pressure decreases.  
This is because the density of the air decreases - the higher we go, the 
less air molecules we find in the same volume of space.  Temperature, 
humidity and wind speed also change with altitude.
  

 
1. Blue sky above the clouds.  
ource:www.freefoto.com s 

If we look up into the sky from 
the ground we can't see the 
layers of the atmosphere, we 
either see a clear blue sky or 
clouds.  However we get an idea 
that the properties of the 
atmosphere change with altitude 
if we travel by aeroplane.  
Regardless of the weather on the 
ground, we see blue sky with no 
clouds above us once we reach an 
altitude of 10 - 11 km.  At this 
height we are in the tropopause 
or even the lower stratosphere.  
There are no clouds this high up 
simply because there isn't enough 
water in the air to allow them to 
form.  

Why does the temperature 
change? 

Small scale temperature changes 
are seen in the atmosphere which 
occur as a result of local changes 
in conditions,  for example, the 
land cools down and heats up 
more quickly than the sea.   
There are two main reasons why 
large scale changes in 
temperature are seen in the 
atmosphere: 
a) the surface of the Earth 
absorbs sunlight and heats up. 
As we move away from the warm 
surface of the Earth, the cooler 
the air becomes.  This leads to a 
decrease in temperature with 
altitude. 
  

 
2. Profiles of temperature, air pressure and air density 
with increasing altitude.  adapted from: Schirmer - 
Wetter und Klima - Wie funktioniert das?  Please click 
to enlarge! (120 K) 

   

Why does the temperature change? 

Small scale temperature changes are seen in the atmosphere which occur as a 
result of local changes in conditions,  for example, the land cools down and heats 
up more quickly than the sea.   
There are two main reasons why large scale changes in temperature are seen in 
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the atmosphere: 
 
a) the surface of the Earth absorbs sunlight and heats up. As we move away from 
the warm surface of the Earth, the cooler the air becomes.  This leads to a 
decrease in temperature with altitude. 

b) the temperature of the atmosphere is also governed by the chemicals the air 
contains.  Some chemicals are able to absorb sunlight themselves and heat up the 
air around them.  Ozone (O3) molecules in the stratosphere are able to absorb 
ultra-violet radiation from the Sun and warm the surrounding air.  This leads to an 
increase in the temperature in the stratosphere.  The temperature increases with 
altitude until a local maximum is reached.  This temperature maximum defines the
border between the stratosphere and the next layer of the atmosphere above.  
This border is known as the stratopause.  The layer above the stratosphere is 
known as the mesosphere and here temperature decreases with altitude.  
Another temperature increase takes place in the thermosphere, where nitrogen 
and oxygen absorb extremely energetic short wavelength ultra-violet radiation 
from the Sun and are partially converted into charged ions.  This layer is, 
therefore, also known as the ionosphere. 

2. Profiles of temperature, air pressure and air density with increasing altitude.  adapted from: 
Schirmer - Wetter und Klima - Wie funktioniert das?  
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3. Like a pillow tower: 
How air is compressed ... 
by Elmar Uherek 

   

Why does the pressure decrease? 

The difference between air and water is that air is 
compressible and water is not.  If you are diving in the 
sea and have 10 metres of water above you, the 
pressure is 1 bar, if you have 20 metres of water above 
you it's 2 bar simply because the amount of water is 
doubled.  However, air is different.  Just imagine you 
have a tower of very light pillows.  As the height of the 
tower increases, the pillows on the bottom of the tower 
become flatter due to the weight of the ones above.  
They can be compressed because they have a lot of free 
space in them.  So at the end, you may have 10 pillows 
in the first 30 cm layer of your tower and only one in 
the 8th layer even though each pillow weighs the same. 
This is the same in the atmosphere.  Therefore, 
meteorologists very often use pressure rather than 
height in metres to define the altitude of the 
atmosphere.  The amount the air compresses depends a 
bit on the temperature but roughly we can divide the 
pressure by a factor of 2 for every 5.5 km increase in 
height.   
Click here for more detailed information on how 
atmospheric pressure is calculated. 

Is the thermosphere really that hot? 

Temperatures recorded in the thermosphere, 200 - 500 
km up in the atmosphere, reach 500 - 1000 oC.   Is it 
really that hot?  The problem here is our definition of 
temperature.  In the thermosphere the molecules have 
a huge amount of energy so the temperatures are 
correct.  However, the number of molecules per volume 
of space is about one millionth of the number of 
molecules near the surface of the Earth.  This means 
that the probability that the molecules will collide, 
transfer their energy and cause heating is extremely 
low.  Therefore, the temperatures recorded in the 
thermosphere are good measures of molecular energy 
but not compable to temperatures measured with a 
thermometer on the ground. 
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4. a) Weather map at ground level.  From: 
Schirmer - Wetter und Klima - Wie 
unktioniert das? f 

 
4. b) The same weather map at 300 hPa 
(about 9 km in altitude). Please note the 
wind speed symbols!  From: Schirmer - 
Wetter und Klima - Wie funktioniert das? 

   
4. c) Have a 
look at the 
figure on the right 
and compare the 
wind speeds at the 
ground (dark blue, 
below) and at 9 km
altitude (light blue, 
above) at the 
same places. What 
is the wind speed 
in km h-1 at the 
three marked 
locations? 

  

 
  

 
5. Wind speed is often measured in knots where 
knot  = kn = nautical mile h-1 or in km h-1. 
The correct unit is m s-1. 
1 m s-1 = 3.6 km h-1 
1 knot = 1.852 km h-1 
The symbols in the weather map tell us the wind 
direction (where the wind comes from) and the wind 
speed in knots.  As the example shows, a full sized tick 
mark represents a wind speed of 10 knots, a half sized 
tick mark represents a wind speed of 5 knots. 

   

How does the wind change?  

The figure above shows that wind 
speeds are much greater in the 
upper troposphere than they are 
lower in the atmosphere.  So a 
normal wind speed at the 
tropopause is equivalent to a 
severe storm at ground level.  As 
a result, air traffic uses a 
special weather forecasting 
system to take these changes in 
wind speed into account.  Once 
we reach the stratosphere, 
however, wind speed decreases 
significantly. 
  

ESPERE Climate Encyclopaedia – www.espere.net - Upper Atmosphere Basics - page 5 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



  
6. Wind speed vertical profile.  Data from a balloon experiment of the US national weather service. 

Published at Exploring Earth.  
 

7. Comparisons of wind speed and temperature. 
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Part 2: Composition 
 
Composition of the stratosphere 

Most of the compounds released at the Earth's surface do not reach the 
stratosphere, instead they are:

• decomposed by the main tropospheric oxidants (hydroxyl radicals 
- OH, nitrate radicals - NO , ozone - O )3 3   

• broken down by sunlight  
• deposited back to the surface of the Earth in rain or as particles  
• trapped in the cold tropopause.  

Because the temperature trend between the troposphere and the 
stratosphere reverses, there is almost no air exchange between these 
two layers.  Mixing of air in the troposphere takes hours to days whereas 
mixing in the stratosphere takes months to years.
  
One of the consequences of this 
lack of mixing between the 
troposphere and the stratosphere 
is that the water vapour content 
of the stratosphere is very low.  
Typical mixing ratios (see below 
for definition) are in the range of 
2 - 6 ppm (parts per million) 
compared to 100 ppm in the 
upper troposphere and 1,000 - 
40,000 ppm in the lower 
troposphere, close to the surface 
of the Earth. This means that 
stratospheric clouds form very 
rarely and only if temperatures 
are so low that ice crystals grow.  
These conditions generally only 
occur in the polar regions.  
However, increasing water vapour 
concentrations due to emissions 
from aeroplanes and higher 
temperatures due to tropospheric 
warming below may lead to more 
polar stratospheric clouds being 
formed in the future. 

  

 
1. Polar stratospheric clouds over Kiruna / Sweden. 
source: MPI Heidelberg. 

   

Inorganic compounds in the stratosphere 

Stratospheric chemistry is dominated by the chemistry of ozone.  Between 85 and
90% of all the ozone in the atmosphere is found in the stratosphere. Ozone is 
formed when sunlight breaks down molecular oxygen (O2) in the 
stratosphere into oxygen atoms (O).  The highly reactive oxygen atoms then 
react with more molecular oxygen to form ozone (O3).   Most of the other gases 
in the stratosphere are either really long lived compounds emitted originally into 
the troposphere (such as the chlorofluorocarbons - CFC's) or are brought in by 
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severe volcanic eruptions (generally sulphur containing compounds and 
aerosols).  So inorganic compounds such as ozone, nitrogen oxides, nitric acid, 
sulphuric acid, halogens and halogen oxides from CFC's are the dominant 
chemicals in the stratosphere. 
  

 
2. Eruption of Mt. Pinatubo Philippines in June 2001. 
source: Cascades Volcano Observatory USGS Photo by 
ick Hoblitt. R 

Volcanic eruptions 

Severe volcanic eruptions can 
inject large quantities of gases 
and particles directly into the 
stratosphere. These gases include 
the halogen containting acids, 
hydrochloric acid (HCl) and 
hydrofluoric acid (HF) and sulphur 
dioxide (SO2) which is converted 
to sulphuric acid (H2SO4), one of 
the compounds responsible for 
cloud formation.  The particles 
emitted include silicates and 
sulphates and these absorb 
sunlight in the 
stratosphere. Volcanic eruptions 
can, therefore, lead to a 
temporary warming in the 
stratosphere and a temporary 
cooling in the troposphere.  These 
effects on temperature can last 
around 1 - 2 years.  If the 
eruption is large enough, such the
eruption of Mt. Pinatubo in the 
Philippines in June 1991, the 
effect can be seen over the whole 
hemisphere. 
  

Understanding concentrations and mixing ratios 

We can express the amount of a compound in the atmosphere in two ways, 
relative and absolute: 
a) mixing ratio = the fraction of the compound as a proportion of all the air 
molecules present. If there are 40 ozone molecules in 1 million air molecules the 
mixing ratio is 40 ppm (parts per million). This is relative. 
b) concentration = the concentration of the molecules of the compound in a 
certain volume of air. If there are 100 molecules of ozone in one cubic meter of 
air, the concentration is 100 molecules m-3. This is absolute. 
If you know the air pressure, it is possible to convert between the two units. 
Pressure decreases with altitude, i.e. the higher we go in the stratosphere, 
the fewer molecules there are in each unit volume of air.  This means that if the 
absolute amount of ozone remains the same as the altitude increases, the mixing 
ratio for ozone also increases. 
We can explain this general principle very simply. In a certain volume (light blue 
box) there is a certain number of air molecules (blue) and a certain number of 
ozone molecules (red). The number of air molecules decreases with altitude. 
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3. Here the number of ozone molecules 
remains constant with altitude.  As the total 
number of air molecules decreases with 
altitude, the ozone mxing ratio increases with 
ltitude (see below). a 

 
3.  b) Here the absolute number of ozone 
molecules decreases in parallel with the 
decrease in the number of air molecules.  As 
a result, the mixing ratio remains constant as 
he altitude increases.  t 

In reality, there is only around 1 molecule of ozone for every million molecules of 
air!  

 
3. a) Simple ozone profile for the example above.  The total concentration of air is given in blue, the 
ozone concentration in red and the ozone mixing ratio (% ozone) is shown in green.  Since the 
number of ozone molecules stays constant but the total air concentration decreases, the mixing ratio 
i creases with altitude. n 
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3. Simple ozone profile for the example above.  The total concentration of air molecules is given in 
blue, the ozone concentration in red and the ozone mixing ratio (% ozone) in green.  As the ozone 
concentration decreases in parallel with the decrease in the total concentration of air molecules, the 
ozone mixing ratio is constant with altitude. 
   
Between the ground and the lower stratosphere, ozone mixing ratios tend to 
increase with altitude as ozone concentrations remain nearly constant but air 
becomes thinner.  In the lower stratosphere, ozone concentrations increase with 
altitude (the example below shows an increase of a factor of eight) increasing 
ozone mixing ratios further.  It is only above the ozone layer that mixing ratios 
are approximately constant with altitude. 

  

 
  

  

4. Figure showing how the ozone mixing 
ratio and ozone concentration changes 
with altitude.   
source: adapted from IUP Bremen. 
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Part 3: Observation 
 
 
Measurements in the Stratosphere 

The stratosphere begins at an altitude of between 8 and 15 km and the 
interesting regions are higher than normal planes can fly.  So how do we 
know about the chemistry of the stratosphere?  
  
In order to study the chemistry of the stratosphere we can either: 

1. send measurement instruments into the stratosphere on special aircraft or 
on balloons.  

2. use the characteristic way in which a specific chemical compound interacts 
with light to study the stratosphere from the ground or from space using 
satellites.  

  
Aeroplanes 

Unique 
measurements 
have been made 
possible with 
special 
aeroplanes, such 
as the former 
Russian high 
altitude spy plane.  
This plane, now 
called 
"Geophysica", has 
been converted 
into an airborne 
laboratory and 
such planes can 
reach altitudes of 
around 20 km.  
The flights are very 
expensive and, as 
a result, this 
method is not used 
often.   
  

 
1. Geophysica - high altitude research aircraft. 
source:MDB Design Bureau 

   
Balloons 

A more common alternative is to take measurements using 
meteorological balloons. Weather balloons can reach altitudes of between 30 and 
35 km before they burst.  They carry sensors to measure, for example, ozone and
send the information back to Earth via a radio signal.  As the balloon travels up 
through the air it sends continuous information back to Earth.  Balloons are, 
therefore, a very useful and relatively inexpensive way of finding out about the 
vertical structure of the atmosphere.  
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2. a) Start of an ozone balloon ascent at 
Hohenpeissenberg Observatory, Germany.   
hoto courtesy of Ulf Köhler. P 

 
2. b) Ozone probe for balloon 
measurements.  Photo courtesy of 

lf Köhler, DWD Hohenpeissenberg. U 
Interaction of molecules with light 

The way in which different chemicals interact with light is really complicated.  In 
very simple terms, something happens when light and matter interact.  The light 
can be absorbed completely by the compound.  It can be reflected or scattered 
directly back into space or can be taken up and re-emitted at a different 
energy (as a different wavelength). 
  
Its easy to see the impact of light 
absorption by clouds, water and 
large particles- direct sunlight is 
blocked by clouds, as we dive into 
the sea it becomes darker as 
more light is lost and a dust 
storm makes the sun look pale.  
Smaller molecules do the same.  
They can also absorb or 
reflect light, they can scatter the 
light back to Earth or absorb the 
light and re-emit less energetic 
light of a different wavelength.  
Examples of this are 
phosphorescence and 
fluorescence.  These effects 
happen when chemicals take up 
daylight and emit different energy 
light which we can see in the 
dark.  The sort of light re-emitted 
tells us something about the type 
of chemical and the intensity of 
the light tells us something about 
its concentration. 

 
3. Phosphorescence takes place if light is absorbed and 
reemitted again at an other wavelength. source: 
composed from web-advertisements. 
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4. How does a LIDAR work?
Please press reload in order
to restart the animation! 
by EU 

   

Interaction of light 
with molecules in 
the stratosphere can
be observed from 
the ground 
or measured from 
space using 
instruments 
mounted on 
satellites. 

LIDAR 

Lidar (LIght 
Detection And 
Ranging) is one 
technique which can 
be used from the 
ground. A short 
pulse of very 
intensive laser 
light is sent into the 
sky. After a while, 
light returns to 
Earth and is 
measured. This light 
gives us information 
about the 
compounds in the 
atmosphere (from 
the wavelength of 
the returning light) 
and at what 
concentration they 
occur (the intensity 
of the returning 
light).  But how do 
we know how high 
up in the 
atmosphere these 
compounds are?  
Light has a certain 
velocity and the 
longer the light 
takes to come back 
to Earth, the higher 
the compounds are. 
  

 
5. LIDAR measurements.  Image 
source: University of Western Ontario. 

The animation on the left shows 
a laser pulse (light blue) whose 
light is scattered back to Earth 
at three different altitudes by air
molecules (green) and arrives at
the detector (light green) at 
three different times. 
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6. SODAR - wind speed measurements. 
icture source: Meteotest p 

RADAR and SODAR 

Different variations of the wave detection 
and ranging technique can also be 
used.  The best known is RADAR (RAdio 
Detection And Ranging), which is used to 
measure particles in the air and the 
properties of clouds. RADAR allows us to 
track thunderstorms over several hundred 
kilometers. If sound is used instead of 
light, the technique is known as 
SODAR (SOund Detection And Ranging) 
and this gives us a powerful tool for the 
measurements of wind speed and 
direction. 

Satellites 

Satellites observe our planet from space. 
Some of them observe just one area of the
Earth and are known as geostationary 
satellites whereas others orbit the Earth at 
an altitude of between 500 and 1000 km 
and can circle the Earth in about 1.5 to 2 
hours.  Some of these satellites have 
instruments known as spectrometers 
aboard and these can detect different 
wavelengths of light and give us 
information on the chemical composition 
of the atmosphere. 
  

1. Using satellites we 
can measure the amount 
of sunlight scattered by 
clouds or air molecules.  

2. Satellites can carry 
spectrometers which work 
in the infra-red region of 
the spectrum and measure 
long wave radiation 
coming directly from the 
Earth.  

3. For certain positions of the 
Sun and 
the Earth, sunbeams 
pass through just air to 
the detector on the 
satellite.  This can give us 
information on how 
concentrations of different 
molecules change 
throughout the 
atmosphere. 

  

 
7. Different techniques of satellite measurements.  
scheme by Elmar Uherek. 
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Upper Atmosphere

Basics 

Unit 2 
Ozone and the formation of the ozone hole 

Ozone is one of the most interesting trace gases in our atmosphere. In the 
stratosphere it protects us from harmful ultra-violet radiation from the Sun.  In 
the troposphere, the layer of the atmosphere closest to Earth, high 
concentrations of ozone are, however, a problem.  Ozone is harmful to humans, it 
irritates our throats and lungs and makes it difficult to breathe. 
  
One of the most important scientific findings at the end of the last century was 
the discovery of the ozone hole over Antarctica.  In this unit we will look at how 
this ozone hole formed and what measures have been taken so far to close it 
(and we will try and do this without using too much chemistry!).   

The discovery of the hole 

Since the 1970's, measurements of stratospheric ozone have been made in 
Antarctica.  These measurements show that the ozone concentration has fallen 
over time.  There are many stories surrounding the discovery of the ozone hole. 
  
The first measurements of really low ozone levels 
were made over Antarctica in 1985.  The levels 
were so low that the scientists who made them 
thought they weren't true, and that their 
instruments were faulty.  It wasn't until later, 
when new instruments were used, that these low 
values were found to be true.   

At the same time, ozone levels were being made 
from space aboard a satellite using an instrument 
called TOMS (Total Ozone Mapping 
Spectrometer).  This instrument also didn't pick 
up the low ozone values because values 
recorded below an certain value were assumed to 
be errors.  It was only later, when the raw data 
was reprocessed, that the results confirmed what 
nobody wanted to believe.   

Very intensive research then began and former 
warnings about the potential harmful impact of 
chlorofluorocarbons (CFC's) on ozone levels were 
rediscovered.  As a result, CFC's were banned as 
part of the Montreal Protocol.  Discovery of the 
ozone hole showed that we humans are capable 
of altering climate globally.  It also proved that 
rapid world-wide action can be taken to slow 
down climate change. 

 
On the trail of the missing ozone ... 
© US Environmental Protection 
gency A 
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Part 1: Ozone Formation 
 
Formation of ozone 

If it wasn't for stratospheric ozone, life wouldn't be possible on Earth. 
Ozone prevents harmful ultra-violet radiation from the Sun (light with 
wavelengths less than 320 nm) reaching the ground. If allowed to reach 
Earth, this radiation would severly damage the cells that plants and 
animals are made up of. Ozone was first formed in the Earth's 
atmosphere after the release of oxygen, between 2000 and 600 million 
years before the first humans appeared. 
  

 
1. Ozone formation - ultra-violet radiation from the 
sun (shown in yellow) splits oxygen molecules into 
oxygen atoms which then react with more O2 to form 
ozone.   Another molecule (M) is needed to absorb 
some of the huge amount of energy involved in the 
eaction. r 

Ozone formation and 
destruction 

Two forms of oxygen are found in 
the stratosphere.  Molecular 
oxygen (O2), which is made up of 
two atoms of oxygen (O), and 
ozone (O3) which, as you can see 
from its chemical formula, is 
made up of three oxygen atoms.  
Ozone is formed when intensive 
ultra-violet radiation from the Sun
breaks down O2 into two oxygen 
atoms.  These highly reactive 
oxygen atoms can then react with 
more O2 to form O3. 
  

 
2 .  Destruction of ozone by solar radiation. 

In a similar way, ozone is 
destroyed by solar 
radiation.  Ultraviolet radiation 
hits ozone and breaks it back 
down into molecular oxygen (O2) 
and atomic oxygen (O).  The 
oxygen atom O then reacts with 
another ozone molecule to form 
two oxygen molecules.    

  

Formation in the tropics, accumulation in polar regions 

Since solar radiation is strongest over the tropical regions, most of the ozone is 
formed in there.  The Sun doesn't just drive this tropical ozone formation but 
also allows tropospheric air to rise to higher altitudes here. 
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Even though ozone is produced in 
the tropics, concentrations 
aren't particularly 
high since intensive solar 
radiation means that ozone loss in
this area is also high.  Ozone is 
transported from the tropics 
towards the poles where it 
accumulates.  Ozone can 
accumulate in these 
regions as solar radiation isn't 
strong enough here to cause 
much ozone destruction.  Unless 
disturbed by the formation of the 
Antarctic ozone hole in spring, 
ozone levels are generally highest 
in the cold subpolar regions.  
Concentrations are slightly lower 
at the poles themselves, 
particularly in winter, as no 
additional ozone can be 
formed here because there isn't 
any sunlight! 

  

 
3. This scheme shows ozone transport.  The 
simulation below shows how measured ozone 
concentrations vary between the poles and the equator 
(low values = blue, high values = red).  It also 
shows air containing low ozone levels rising at the 
Equator to high latitudes.  Data from GOME (DLR, IUP 
remen). B 

Ozone absorbs ultra-violet radiation 

Absorption of the Sun's ultra-violet radiation during ozone formation and 
destruction in the stratosphere has three important consequences. 

 
4. Absorption of ultra-violet radiation by ozone and 
other compounds in the stratosphere. 
Adapted from Chemie Didaktik Uni Duisburg. 

   

1. less ultra-violet radiation 
reaches the lower parts of 
the atmosphere and, as a 
consequence, the surface 
of the Earth is protected 
from damaging radiation.  

2. since ultra-violet radiation 
is important for both ozone
formation and destruction, 
the amount of ozone that 
can accumulate is limited - 
as ozone formation 
increases, ozone 
destruction also increases. 

3. ultra-violet radiation is 
highly energetic.  This 
energy is transformed to 
heat during 
reaction leading to a 
warming of the 
stratosphere.  This is the 
reason why the 
temperature trend in the 
stratosphere is opposite to 
that seen in the 
troposphere.  
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Thickness of the ozone layer 

The term "ozone layer" is often misunderstood. Its not really a single layer in 
the atmosphere where ozone is concentrated.  Rather it means that a higher 
fraction of ozone molecules are found in the stratosphere (at altitudes between 
18 and 40 km) compared to levels the troposphere below or the mesosphere 
above. In reality, only about 10 out of every million molecules in the atmosphere 
are actually ozone but 90% of all the ozone present in the atmosphere is found in 
the stratosphere. 
  
 

Dobson units (DU) 

You will often see ozone levels reported in Dobson units (DU).  300 DU is a 
typical value.  But what does this mean?  If we assume that all the ozone 
molecules in the atmosphere were concentrated in a small layer at the ground 
(rather than being spread over the whole stratosphere and troposphere) then 
then thickness of this layer would be about 3 mm.  Since 1 DU is equivalent to a 
layer of pure ozone molecules 0.01 mm thick, a 3 mm layer of ozone is 
equivalent to a value of 300 DU. 
 

 
5. Visualisation of a Dobson Units 
source: Univ. of Cambridge Ozone Hole Tour. 
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Part 2: Ozone hole and CFC´s 
 
 
Chlorofluorocarbons (CFC's) and the ozone hole 

The story of the ozone hole is a good example of how an apparently 
harmless class of chemical compounds can become a real danger to life 
on Earth.  It also shows how governments, industry and society can 
work together to identify an environmental problem and solve it. 
  
The ozone hole has taught us that human actions can change the natural 
state of our climate in unexpected ways.  It has also shown us that, if the 
world community works together in a targetted way, global 
environmental problems can be effectively dealt with.  CFC's are just one 
class of chemical substance that depletes the ozone layer, but they are 
the most important one.

  
Properties of CFCs and their use 

Chlorofluorocarbons are simple organic 
compounds where all of the hydrogen 
atoms have been replaced with the 
halogens chlorine and fluorine (e.g. 
CFC-11 CFCl3 and CFC-12 CF2Cl2).  
Commercially they are well known 
as FREON's.  CFC's were used, for 
example, as refrigerants, as solvents in 
the electronic industry, as aerosol 
propellants, in fire extinguishers, as 
dry cleaning solvents, as degreasing 
agents and in foam packing and 
insulation materials.   

 
1. Use of CFC's.  Information from the US 
Environmental Protection Agency. 

  
CFC's were used extensively because, in the troposphere, they are completely 
unreactive and do not affect human health in any way. This gives them extremely 
long atmospheric lifetimes and allows then to accumulate in the atmosphere. The 
fatal properties of the compounds which humans didn't take into account is that 
they are broken down by high energy ultra-violet radiation from the Sun. 
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2. The development of the ozone hole 2001. 
Original animation provided by the NOAA Climate 
Monitoring and Diagnostics Laboratory, Boulder, 
Colorado. 

   

The stratospheric fate of CFC's 

High energy ultra-violet radiation 
from the Sun is absorbed by 
stratospheric ozone and, as a 
result, doesn't enter the 
troposphere. This means that 
the ultra-violet light which does 
reach the Earth's surface is too 
weak to breakdown the CFC's 
present there.  However, because 
CFC's have such a long life time in 
the atmosphere, significant 
amounts entered the stratosphere 
where the ultra-violet radiation 
was strong enough to break them 
down into very reactive chlorine 
and fluorine radical species.  
These radicals are capable 
of destroying ozone.   
  

This process, however, doesn't necessarily lead to strong ozone depletion 
because chlorine radicals (which are mainly responsible for ozone removal) also 
undergo other reactions depending on the meteorological conditions.  Although 
stratospheric ozone is removed at all latitudes by reaction with chlorine and 
fluorine radicals, the ozone hole is only formed at the poles, particularly over 
Antarctica and only in the spring.  Why is this so? 

  
How halogen radicals 
destroy ozone 

Under natural conditions, 
ozone levels are relatively 
constant since they are both 
formed and destroyed by 
ultra-violet light.  So as ozone 
concentrations increase, the 
amount of 
ozone destroyed also 
increases.  However, chlorine 
radicals (Cl) react with ozone 
simply to destroy it.  They are 
very efficient at removing 
ozone because they act as 
catalysts.  This means that 
they are not consumed by the 
reaction but are recycled and 
can continue to react with 
other ozone molecules to 
destroy them as well.   
  

 
3. Chlorine ozone reaction. Dots indicate, that the reaction 
partners are radicals. 
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The conditions 

Decomposition of the CFC's leads to chlorine monoxide radicals (ClO).  These 
can then react with nitrogen dioxide (NO2) to form chlorine nitrate (ClONO2) or 
with nitrogen monoxide (NO) and methane (CH4) to form hydrochloric acid (HCl) 
and nitric acid (HNO3).  We will not focus on the chemistry here, but it is 
important to know that both HCl and ClONO2 do not react with ozone but are 
rather stable compounds and remove chlorine from the ozone destruction 
mechanism.  
It is only under certain meteorological conditions that ozone holes form.  It took 
over two years of research at the British Research Station at Halley Bay in 
Antarctica to finally understand what these conditions are. 

 
4. Chemistry on polar stratospheric clouds leads to the 
dangerous chlorine radicals Cl (red). 
 

   

1.  One factor is the extremely 
low temperatures in the 
stratosphere. During the night 
temperatures can be as low as -
80 oC over Antarctica.  Under 
these conditions, nitric acid and 
water form stratospheric ice 
clouds.  On the surface of the ice, 
hydrochloric acid and ClONO2 
react with each other to form 
nitric acid and molecular chlorine 
(Cl2).  

2.  Molecular chlorine (Cl2) is a 
stable molecule which does not 
react with ozone.  However, it is 
easily broken down by ultra-violet 
radiation from the Sun to form 
two chlorine radicals which can 
then attack and destroy ozone. 

So high levels of molecular chlorine (Cl2) can be produced in the stratosphere at 
the poles during the winter.  In the spring, the Sun reappears and levels of solar 
ultra-violet radiation increase.  This ultra-violet radiation breaks down the Cl2 into 
chlorine radicals, these then destroy ozone and an ozone hole forms.   As a result, 
we see the ozone hole at the same time each year and ozone levels don't recover 
until the ice clouds thaw and the chlorine radicals are removed by other reactions. 

 

5. Ozone hole development in Antarctic spring 1998.  Data from GOME. 
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6. The ozone hole in the polar vortex over 
Antarctica in September / October 1996.  
Adapted from UKMO data set, published at 
rown University. B 

3.  Certain meteorological conditions are 
then required to allow the ozone hole to 
develop fully.  Formation of the chlorine 
monoxide radical (ClO) usually occurs at 
high up in the stratosphere, away from 
the most of the ozone molecules which 
are found at altitudes between 14 and 22 
km high.   So chlorine radicals shouldn't 
really affect most of the ozone in the 
stratosphere.  This isn't the case, 
unfortunately.  Special meteorological 
conditions around the poles allows a polar
vortex to form and this causes downward 
air movement.  This transports ClO to 
lower altitudes where it plays a part in 
ozone destruction.   

As you can see, the conditions required to form the ozone hole: 

• cold temperatures during the polar winter  
• ice cloud formation  
• special meteorological conditions to form the polar vortex  
• followed by the polar sun rise in the spring  

are so special that it is really unlikely that scientists could ever have predicted the
ozone hole. 
  
The future of the ozone hole 

CFCs were banned globally  by the 
Montreal Protocol on substances that 
deplete the Ozone layer-1987 (and 
further amendments).  As they have 
such long atmospheric lifetimes (the 
longest lived have lifetimes of the order 
of 100 years) it will take around another 
50 years until all the CFC's released so 
far have been destroyed in the 
stratosphere and ozone concentrations 
stabilise.  Maximum CFC concentrations 
in the stratosphere were predicted to 
occur in 2000 and the ozone hole has 
been rather constant in size over the 
past few years.  However, there are 
exceptions to this trend.  In 2002 no 
significant ozone hole was seen.  The 
reason why was simple: it was too warm 
and the polar vortex did not form as 
usual. Once again, an example that 
atmospheric processes sometimes ignore 
any prediction!  But in 2003 the hole was 
back to its previous size, the second 
largest ever observed. 

 
7. Developement of the concentrations of the 
two most important CFCs (also called FREON 
11 and FREON 12).  Data from: Walker et al., 
J. Geophys. Res., 105, 14,285-14,296, 2000 
[internet plots].  Picture by Gian-Kasper 
Plattner (Univ. of Bern, UCLA). 
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Upper Atmosphere

Read more 

Unit 1: 
Dynamics of the stratosphere and the role of 
aviation 

The structure of the stratosphere is very stable and movement of air between the 
troposphere and stratosphere is very slow compared to the movement of air 
within the troposphere itself.  However, this small air exchange is important and 
we look at its implications in this unit.  
  
The second part of this unit looks 
at emissions from aircraft.  
Aeroplanes fly at altitudes ranging 
from those in the upper 
troposphere to the lower 
stratosphere.  This region is very 
sensitive to emissions of any kind 
and pollution from growing air 
traffic is, therefore, very 
important to our climate. 

  

 
1 . Contrails from aviation. © freefoto.com 
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Part 1: Dynamics 
 
Dynamics of the Stratosphere 

Processes in the stratosphere take place very slowly compared to 
those in the troposphere.  The stratosphere is extremely stable and there 
is only little air exchange with the troposphere.  This small air exchange 
is, however, extremely important to our climate.
  

 
1. The direction of global circulation and 
stratosphere troposphere exchange (STE). 
by Elmar Uherek. 

   

 
Stratosphere-Troposphere 
Exchange (STE) 

Transport of air around the globe is
driven by the Sun.  Radiation from 
the Sun warms up the land, sea 
surface and air.  Heating is 
greatest in the tropics, less so in 
the mid and high latitudes.  This 
means that convection is strongest 
in the tropics and air rises to 
higher altitudes here compared to 
elsewhere on Earth.  Above the 
tropopause, absorption of solar 
radiation by ozone leads to a 
warming of the stratosphere.  This 
warming is highest over the 
tropics, lower in the polar regions 
and goes to zero in the polar 
winter.  Figure 1. shows the  
consequences of this, warm air 
rises in the tropics, cools and 
moves towards the poles (shown 
as 1 on the figure).   

Exchange of air between the stratosphere 
and the troposphere can occur if layers of 
constant (potential) temperature cross the 
tropopause (point 2 on Figure 1) or if 
there are disturbances and convective 
transport occurs in the mid-latitudes 
(point 3).  Vertical air exchange in the 
troposphere takes hours to days whereas 
mixing in the stratosphere takes months 
to years,  This is why, after large volcanic 
eruptions such as Mount Pinatubo in 
1991, it can take between one and two 
years for the stratosphere to return to its 
stable state.  Have a look at the 
illustrations below to see the impact of 
this eruption.The small stratosphere-
troposphere-exchange (STE) is an 
important source of ozone from the 
stratosphere to the 
troposphere.  Stratospheric ozone 
initiates hydroxyl (OH) radical formation 
and the cycles of photochemical formation 
and destruction of ozone in the 
troposphere. 

The tropospheric ozone budget 

There is a cycle of ozone formation and 
destruction in the troposphere.  The major driver 
of this cycle is inputs of ozone from the 
stratosphere. 
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2. a) Eruption of Mt. Pinatubo in 
the Philippines in June 1991. 

   

 
2. b) Aerosol absorption:  Absorption by particles 
in the atmosphere after the eruption of Mt. 
Pinatubo in June 1991 immediately increased with 
the eruption and decreased only slowly over the 
next 2-3 years.   The figure shows that particles 
reached the stratosphere.  Data from SAGE I + II. 

   

 
3. The average annual flow of the Brewer Dobson Circulation 
shows that air moves from the Tropics (in the middle) to the 
poles.  An average ozone distribution for the year is laid 
underneath and shows that ozone accumulates in the polar 
regions. The north pole is on the right.  Data source: Nimbus 7 
website. 

   

Brewer Dobson 
Circulation 

The pattern of air 
movement around the 
atmosphere is known as 
the Brewer Dobson 
circulation.  Since the 
processes which control 
this circulation pattern (the 
radiation budget of the 
Earth, planetary waves, 
subsistence processes in 
the polar vortex) are very 
complicated, we won't go 
into them in detail here.  
Very simply, air rises in the
tropics and sinks at the 
poles, each hemisphere 
has its own circulation and 
exchange of air between 
the hemispheres is poor. 
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There are slight differences in how 
the air circulates in the Northern 
and Southern hemispheres.  In the 
north, the distribution of oceans 
and land masses is more 
inhomogeneous than in the south 
and the polar vortex is weaker.  In 
addition, seasons have to be taken 
into account.  Figure 3. shows the 
average circulation through the 
year, but as the seasons and angle 
of the Sun change over the year, 
the position where air rises in the 
tropics shifts either to the north or 
to the south.  Figure 4. shows how 
the temperature and wind patterns 
vary between the two hemispheres 
in January, this in turn causes the 
Brewer Dobson circulation to vary. 

  

 
4. Temperature and wind distribution in an 
atmospheric cross-section for January (= winter in 
the northern hemisphere, right hand part of the 
image).  Note the cold tropopause over the tropics 
and the formation of a polar vortex over the Arctic 
region.  Source: © NASA Goddard Space Flight 
Centre 2002. 

   
Polar Vorticity 

The polar vortex (very simply, a whirlwind) is a circumpolar wind which 
forms over both poles, more often over the Antarctic continent than over the 
Arctic. The Arctic vortex is less stable since the alternating surface of oceans and 
continents on the Earth disturbs the formation of the vortex. Very low 
temperatures can be reached within the Antarctic vortex and air from higher 
regions (containing compounds responsible for ozone hole destruction) can 
be sucked down to lower altitudes by the wind. 
  

 
5. a) Three dimensional illustration of the 
wind speed in the polar vortex and the 
temperature. 
Data from: NASA / Goddard Space Flight 
entre, simulation by IBM. C 

 
5. b) Three dimensional illustration of the 
wind speed in the polar vortex and the 
ozone destruction in October 1987.  Data 
from: NASA / Goddard Space Flight 
entre, simulation by IBM. C 
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Part 2: Aviation 
 
Aviation today and tomorrow 

It's not easy to estimate the impact of aviation on our climate today and 
even more difficult to determine what effect it will have in the future.  Up 
until recently, the aviation industry had little impact on the climate 
system but, as it is an extremely fast growing energy consumer, it is 
assumed that air transport will be an important factor governing climate 
in the future.
  

 
1. Airbus A320 by Ian Britten (c) FreeFoto.com 
 

   

Aviation today - high 
uncertainties 

The data from the most recent 
IPCC report on aviation in 1999 
is now rather outdated, since it 
refers to developments only up 
until 1995. However, this is 
our best guess at present.  At the 
moment we are unsure what the 
trend in aeroplane use will be in 
the future.  From  1993 to 2000, 
air passenger numbers increased 
by about 10% per year in the 
European Union. However, over 
the past few years, since the 
terrorist attack in New York on 
September 11th 2001, and as a 
result of the SARS virus and the 
Iraq war, the rate of increase in 
passenger numbers has slowed. 
  

In 2002, the global revenue per passenger decreased by 4%, freight by about 
8%. In parallel, Europe saw a rapid increase in low budget flights and increases 
in this market are predicted for the future.  Over the next 20 years it is assumed 
that a 5% growth in passenger numbers will be seen each year globally. 

Aviation forecasts 

Many publications measure air traffic in revenue per passenger kilometre (RPK = 
number of passengers multiplied by the distance flown by the passengers per 
year). This number grew by 360% from 1970 (551 billion) to 1995 (2,537 
billion). Estimates for the future vary. 

ESPERE Climate Encyclopaedia – www.espere.net - Upper Atmosphere More - page 5 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



 
2. Geographical distribution of fuel burned by civil aviation (May 1992).  The amount of fuel used is 
given for a grid area of 1 x l degree square. Source: IPCC Report on Aviation 1999. 

For 2015 some predictions suggest a RPK value of 5,700 billion, for 2050 a likely 
range could be 14,000 to 23,000 billions (ICAO / EDF forecasts for medium 
economic growth). Assuming a world population of about 10 billion in 2050 this 
means that the average Earth’s citizen will travel between 1,400 and 2,300 
kilometers per year by aeroplane. 

Aviation makes up about 2% of all carbon dioxide emissions from man-made 
sources today. The contribution to the radiative forcing was estimated to be 3.5%
in 1992.  This is not a lot.  But if the current RPK value multiplies over the next 
few decades, air traffic will become an increasingly important factor, 
contributing 10% or more of the human induced global warming in 2050. 
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3. Forecast of worldwide passenger aviation demand in 2015 and 2050 in RPK.  From 'The plane truth' 
( . Whitelegg / N. Williams) based on IPCC data 1999. J 
   

 
4 a). The annual development of world 
scheduled passenger traffic and total traffic 
from 1992 to 2001 (2001 data is provisional).  
Source: International Civil Aviation 

rganisation (Dec 2001). O 

 
4 b).  A tonne-kilometre is a combined 
measure of passenger, freight and mail 
traffic which also takes into account 
distance flown.  Source: ICAO. 

   
The climate impact: 

Aeroplanes emit gases and particles directly into the upper troposphere and the 
lower stratosphere. They alter the concentration of atmospheric greenhouse 
gases, including carbon dioxide (CO2), ozone (O3) and methane (CH4). They also 
trigger the formation of condensation trails (contrails) and may increase cirrus 
cloudiness. All these factors contribute to climate change. 
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Gas phase processes 

As with most other energy consuming processes, aeroplane engines consume 
fossil fuels and therefore produce CO2 (about 2% of all anthropogenic CO2). 
Moreover, jet engines also produce nitrogen oxides.  These have two major 
impacts on the upper atmosphere: They form ozone and they destroy methane. 
  
Since the life time of ozone is short, 
ozone formation is a temporary local 
process.  In 1992 ozone levels were 
about 6% higher in flight corridors 
compared to regions without aviation.  
In 2050, ozone levels could be 12% 
higher.  Methane depletion (about -2% 
in 1992 and predicted to be -5% in 
2050) is spread more evenly across the 
globe. Both ozone and methane are 
greenhouse gases and, on a 
global scale, the opposing effects of 
ozone increase and methane loss on 
global warming nearly cancel each out. 
However, on a local scale, a warming 
by ozone formation in the flight 
corridors (which are mainly in the 
Northern hemisphere), overwhelms the 
global cooling caused by methane 
depletion. 

  

 
5. Aviation has an opposite effect on the two 
greenhouse gases, ozone and methane, in the 
troposphere.  image: Elmar Uherek. 

   

  
6. Contrails and cirrus clouds: Contrails 
(condensation trails) are formed from the 
condensation of water emitted by planes. Some 
studies show that cirrus cloud formation is favoured 
by the existence of contrails.  Photo: (c) Bernhard 
Mühr, Karlsruher Wolkenatlas. 

   

Water vapour, contrails and 
cirrus clouds 

Aeroplanes emit their exhaust gases 
into the cold region of the atmosphere, 
near the tropopause between the 
troposphere and the stratosphere.  
Since cold air cannot hold much water 
vapour, the water vapour emitted by 
the planes easily condenses to form a 
very narrow cloud known as a 
condensation trail (contrail).  These are 
similar to ice clouds and can grow into 
cirrus clouds.  These long narrow clouds 
can cover up to 5% of the sky in flight 
corridors over Europe and the USA. 
Globally, contrails are estimated 
to cover 0.1% of the sky and this value 
is predicted to increase to 0.5% by 
2050.  If the contrails grow into cirrus 
clouds they have a greenhouse effect - 
they let solar radiation into the Earth's 
atmosphere but absorb infra-red 
radiation coming from the Earth.  Soot 
and sulphate emissions may allow 
condensation of extra cirrus cloud and 
add to this effect. 
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Level of understanding 

The following diagram shows the different ways in which aviation contributes 
to radiative forcing (as a measure for global warming). The scientific 
understanding of these impacts ranges from poor to good depending on the 
impact. From the diagram it becomes obvious that estimates of the impact of air 
traffic on climate still have a high degree of uncertainty and that predictions of 
the future impact of aviation on our climate are, therefore, also very unsure. 
  

 
7 a). Estimates of the globally and annually 
averaged radiative forcing (Wm-2) from subsonic 
aircraft emissions in 1992. Positive radiative forcing 
is a measure for the contribution to global 
warming, negative forcing contributes to cooling.   
ource: IPCC Report on Aviation 1999. S 

 
7 b). Estimates of the globally and annually 
averaged radiative forcing (Wm-2) from 
subsonic aircraft emissions for the year 2050. 
Estimations are based on the moderate IPCC 
growth scenario Fa1, assuming traffic growth 
of 3.1% per year and the growth rate of 
 burned fuel to be 1.7% per year.  Source: 
PCC Report on Aviation 1999. I 

Supersonic air transport 

At higher altitudes, emissions
of nitrogen oxides lead to 
decreases in the 
stratospheric ozone layer. 
This is one reason why 
supersonic passenger air 
transport has never really 
developed. Emissions into 
the stratosphere spread 
around the globe and we 
don't know the likely 
consequences of this on the 
atmospheric system and the 
ozone layer.  Concorde, 
which had her maiden flight 
in 1969 and flew at an 
altitude of 18 km in the 
stratosphere, was the only 
regularly used commercial 
supersonic passenger jet.  It 
had its last flight in 2003. 
  

 
8. Concorde - the only ever commercially used supersonic 
passenger aircraft.  ©BBC news. 
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Upper Atmosphere

Read more 

Unit 2: 
Stratospheric ozone, chlorofluorocarbons, the 
ozone hole and its impact 

  
Although ozone has been the subject of research since the 19th Century, it wasn't
until the discovery of the Antarctic ozone hole that this research intensified.  This 
unit looks at the history of ozone research, looking primarily at the reactions 
which lead to ozone depletion.  We concentrate on the chlorofluorocarbons 
(CFC's), since these are the most important ozone destroyers, looking at their 
characteristics and their modern replacements. 

  
We also look at the differing roles of 
ozone in the stratosphere where it 
protects us from high intensity ultra-
violet radiation from the Sun and in the 
troposphere where ozone is an important 
greenhouse gas, contributing to global 
warming.  

Scientists assume that the ozone hole 
will slowly close over the next 50 
years.  Increasing cooling in the 
stratosphere may, however, slow down 
the recovery of the ozone layer.  In this 
unit we investigate what is going on. 

  

 
1. Ozone hole 2003 © NASA GSFC 
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Part 1: Stratospheric ozone 
 
Stratospheric Ozone Chemistry 

Discovery of the stratospheric ozone hole in 1985, led to a dramatic 
increase in ozone chemistry research.  The following two chapters give 
an overview of the chemistry of the stratosphere in its historical frame. 
  
Discovery of ozone and first 
measurements 

Ozone research is a rather old branch of 
atmospheric science. In 1840, the gas was 
baptised 'ozone' (the smelling) by the chemist
Christian Friedrich Schönbein, who discovered 
that this substance was formed during 
electrical discharges. Very soon after, it was 
discovered that ozone is a natural component 
of air. The first method for measuring the gas 
was developed by Schönbein himself, and the 
method was subsequently improved at the 
Mount Souris Observatory in Paris.  From this 
observatory we have the first time series of 
ozone data (1876 - 1910) and this data gives 
us the best idea of what atmospheric 
concentrations were like before the industrial 
revolution. 
  

 
1. Christian Friedrich Schönbein.  
Source: Webpage of the Swiss Academy 
of Science Techniques. 

   

 
2. The Dobson Spectrometer. 
Courtesy of: Ulf Köhler, DWD Hohenpeissenberg 
 

   

In 1879, research showed that 
very little UV-B radiation from the 
Sun reached the Earth's surface.  
A year later, scientists discovered 
that ozone strongly absorbed 
radiation at these wavelengths 
and could, therefore, be 
responsible for removing UV-B 
radiation.  The amount of ozone 
in the lower troposphere was, 
however, too small to account for 
the decline in UV-B  seen and it 
was assumed (correctly) that 
ozone was also found higher in 
the atmosphere.  The key 
research into this subject was 
done by Gordon Dobson in the 
1920's. He developed the Dobson 
spectrometer which has been 
used since 1929 to measure the 
total ozone column.  It is still in 
use even now, but is gradually 
being replaced by more modern 
instruments. 

  

ESPERE Climate Encyclopaedia – www.espere.net - Upper Atmosphere More - page 2 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



One of the first six Dobson spectrometers was used at Arosa in Switzerland by 
Paul Götz and from there we have the longest time series of total ozone column 
measurements in the world.  The trend shows that the ozone layer has become 
thinner over time.  Values below 300 DU have been measured recently at 
Hohenpeissenberg in Germany, a critical limit which makes better Sun protection 
necessary.  In the 1930's, Götz showed that the ozone concentration maximum 
was likely to be below an altitude of 25 km and, as a result of his work, the 
ozone layer was located and its thickness measured. 

 

3. The Arosa ozone series.  Source: ETH Zürich. 

 
4. The Chapman reactions.  Scheme by EU. 

 

   

The Chapman Reactions 

So how is ozone produced and 
removed in the atmosphere?   
In 1929 and 1930, S. Chapman 
published the theory of ozone 
formation and destruction. The 
reactions proposed have since 
been confirmed as correct and 
are called the 'Chapman Cycle' or 
the 'Chapman Reactions'.  
These reactions show how oxygen 
and ozone are transformed into 
each other.  Bonds between 
oxygen atoms are broken 
down by radiation from the Sun.  
More energy is required to break 
the O-O bond in O2 (wavelengths 
shorter than 240 nm) compared 
to the energy needed to break 
down O3 (wavelengths shorter 
than 900 nm).  The formation and 
destruction reactions of ozone are 
in equilibrium - rates of formation 
and destruction are balanced - 
and the net result is a 'zero' 
reaction: 
3 O2 -> 2 O3 and 2 O3 -> 3 O2 
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Absorption of ultra-violet 
radiation 

Because bonds between atoms in 
molecules have varying strengths,
it takes different amounts of 
energy to break them down.  The 
bond between the two oxygen 
atoms in an oxygen molecule (O2) 
is really strong and can only be 
broken down if the molecule 
absorbs very high energy UV-C 
radiation.  The bonds between the 
oxygen atoms in ozone are a bit 
weaker and can be broken down 
by absorption of slightly less 
energetic UV-B radiation.  
Absorption of this highly 
energetic, short wavelength, 
radiation by O2 and O3 in 
the upper atmosphere prevents 
it reaching the troposphere and 
destroying O2 and O3 there.  Less 
energetic radiation (with longer 
wavelengths) reaches the surface 
of the Earth.   

 
5. Absorption spectra:  The image shows the 
combined absorption spectra of the main absorbers of 
solar radiation in the upper atmosphere.  Radiation 
with wavelengths of less than 200 nm is removed in 
the ionosphere and mesosphere through absorption by 
nitrogen N2, O-atoms and oxygen O2. 
Radiation between 200 and 320 nm reaches further 
down into the stratosphere (below 50 km), where it is 
absorbed by ozone O3. Finally, radiation with 
wavelengths greater than 320 nm, reaches the Earth's 
surface. 

   

A small fraction of UV-B radiation does reach the Earth's surface.  The presence 
of this high energy radiation enables the hydroxy (OH) radical to form and this 
cleans the atmosphere of harmful chemicals.  This radiation does, however, 
damage DNA and is responsible for sunburn.  
Ozone depletion by radicals 

Measured concentrations of ozone 
cannot be simply explained by the 
Chapman reactions.  Scientific 
research conducted since 1970, 
has shown that nitrogen oxides 
and reactive halogen radicals are 
also involved in ozone chemistry.  
The scientists, Paul Crutzen, 
Mario Molina and F. Sherwood 
Rowland, won the 1995 Nobel 
Prize for Chemistry for their work 
showing how chlorofluorocarbons 
destroy ozone. 
  

 
6. UV radiation in the electromagnetic spectrum 
There are several definitions of ultra-violet radiation 
ranges.  This one here shows UV-A radiation ranging 
from between 315 and 380 nm, IPCC defines UV-A 
light having wavelengths from 315 to 400 nm.  
composed by: Elmar Uherek. 
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7. Chemical ozone depletion, X represents a compound 
such as NO, OH, Cl or Br which reacts with ozone . 

   

Ozone is not only removed by 
ultra-violet radiation from the Sun
but also by reaction with reactive 
compounds such as nitrous oxide 
(NO), the hydroxy radical OH or 
halogen radicals such as Cl and 
Br.   

A slight decrease in ozone 
concentrations was predicted by 
scientists once significant 
amounts of halogen containing 
species started to be released into
the atmosphere by human 
activity.  However, no-
one predicted that such a 
dramatic decrease in ozone 
levels in the stratosphere would 
occur over Antarctica. 

  
 
 
Part 2: Chlorine chemistry 
 
Industrial production and use of chlorofluorocarbons (CFC's) has 
introduced a new chlorine source into the atmosphere.  Since chlorine 
chemistry is primarily responsible for ozone destruction, these CFC's 
have had fatal consequences for the ozone layer.  However, because 
conditions required for the formation of the ozone hole are so very 
unusual, nobody predicted just how dangerous these compounds would 
be. 
  

 
1. Primary sources of chlorine entering the 
stratosphere in the early 1990's.  
source: UNEP/WMO Scientific Assessment of 
Ozone Depletion. 

   

CFC's - gases without any natural 
source 

The ozone-depleting gases with the largest 
potential to influence climate are CFC-11 
(CFCl3), CFC-12 (CF2Cl2), and CFC-113 
(CF2ClCFCl2). It is now clear from 
measurements in polar firn air (air trapped in 
polar ice), that there are no natural sources of
these compounds. The only significant natural 
source of chlorine is methylchloride (CH3Cl) 
and this compound has a relatively short 
lifetime of just 1.3 years.  This compares to 
tropospheric lifetimes of between 50 and 100 
years for the CFC's.  Because the CFC's are 
not broken down by the hydroxyl radical or by 
sunlight in the troposphere, they can reach 
the stratosphere.  Once in the stratosphere, 
they are broken down by high energy ultra-
violet radiation from the Sun to form reactive 
chlorine radicals.  Production of these radicals 
does not, necessarily, lead to ozone depletion 
and it is only under special conditions that 
chlorine radicals lead to significant ozone loss. 
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Stratospheric chlorine 
chemistry  - the basics 

Generally, as for many other 
radicals (denoted X in the 
example below), chlorine radicals 
(Cl) are oxidised by ozone in the 
stratosphere to form XO (ClO) 
           X + O3               -> XO + 
O2 
           O3 + sunlight       -> O + 
O2 
           O + XO              -> X  + 
O2 
net:      2 O3                       -> 3 
O2 
This chain reaction drives ozone 
depletion. 

 
2. a) Basic chlorine chemistry in the stratosphere.  The 
red dotted line around chemical species shows that 
hey are radicals. t 

The initiating radical X (here Cl) 
is not necessarily recycled and Cl 
or ClO can also be removed in 
other reactions.  

Nitrogen oxides can react 
with ClO radicals to form so 
called "reservoir species" HCl and 
ClONO2 (shown in the dark blue 
box in the figure).  An inert 
compound (M) is needed as part 
of the reaction to take away 
excess energy.  

 
2 . b)               e.g. M = N2 

ClO + NO2 + M   -> ClONO2 + M 
and 

ClO + NO            ->  Cl + NO2 
Cl + CH4              -> HCl + CH3 

HCl and ClONO2 are known 
as resevoir species because the 
chlorine they contain is not active 
and the species don't react with 
ozone. They normally exist in the 
gas phase and are slowly 
removed from the 
stratosphere. In normal 
stratospheric gas phase 
chemistry, only slight ozone 
depletion is, 
therefore, expected.  However, 
the resevoir species are 
transported down into the lower 
stratosphere in the winter as a 
result of the atmospheric 
circulation pattern. 

 
2 . c) 
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The special conditions of the Antarctic ozone hole 

During the polar night, air temperatures fall as low as -80 oC.  Under these 
conditions, the small amount of water and nitric acid present in the stratosphere 
freeze (making nitric acid trihydrate) and form polar stratospheric ice 
clouds.  Five key conditions can now come together: 
  

 
3. a-d) Special conditions and chemistry in the ozone 
hole formation. 
mages by Elmar Uherek I 

 
Firstly: Nitrogen oxide 
NO and nitrogen dioxide 
NO2, (which help to 
convert ClO into HCl, as 
shown above), are 
removed from the 
stratospheric gas 
phase through the 
reactions: 

NO + O3                -> 
NO2 + O2 
NO2 + NO3 + M*   -> 
N2O5 + M 
N2O5 + H2O           -> 2 
HNO3   

The end product is nitric
acid (HNO3), which is 
incorporated into the 
polar stratospheric 
clouds (PSC). 

 
  

 
Secondly: HCl and 
ClONO2 react with each 
other on the surface of 
the polar stratospheric 
clouds to produce Cl2 
and HNO3.  This nitric 
acid is immediately 
incorporated into the ice
particles of the cloud. 

Thirdly: When the sun 
rises at the end of 
the polar winter, Cl2 is 
broken down by solar 
radiation to produce two
chlorine (Cl) radicals.  
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Fourthly: If there are no nitrogen 
oxides present, the 
chlorine radicals start a catalytic 
chain of reactions, leading to 
ozone destruction. 

  Cl + O3                       -> ClO +
O2 
  Cl + O3                       -> ClO +
O2 
  ClO + ClO + M          -> Cl2O2 +
M 
  Cl2O2 + Sun  -> Cl +ClO2  -> 2 
Cl + O2 
Net: 2 O3  -> 3 O2  

 
  

Fifthly: Normally chlorine 
species, such as Cl, ClO, and 
Cl2O2, are formed and 
concentrated in the upper 
stratosphere whereas ozone is 
found more in the lower 
stratosphere. Experts thought 
that ozone and ozone destroying 
chemicals would, therefore, only 
come together in border zones.  
As a result, ozone levels were not
expected to decrease significantly
although concentrations of 
chlorine containing compounds 
were rising in the stratosphere.  
However, nobody considered 
the polar vortex.  This 
meteorologically stable vortex 
(circumpolar wind) with the pole 
more or less at its 
centre, transports chlorine rich 
air from the upper stratosphere 
to the ozone rich lower 
stratosphere allowing significant 
ozone destruction to occur. 

All five conditions have to come 
together, to form the ozone hole. This is 
why the major ozone depletion occurs 
only over the poles (mainly Antarctica) 
and only in the spring as soon as the 
Sun rises after the polar winter.  

Later in the year as air temperatures 
increase, the polar clouds melt, nitrogen 
oxides become available again, the 
vortex breaks down preventing transport 
of reactive chlorine species to the lower 
stratosphere and the ozone layer 
recovers. 

  

 
4. The development of the ozone hole 2001. 
Original animation provided by the NOAA 
Climate Monitoring and Diagnostics 
Laboratory, Boulder, Colorado. 
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M: In any sort of reaction A + B -> C a third partner is needed, which takes away excess energy. 
Otherwise the product C would have the same energy than the sum of the reactants A + B and 
directly react back. In most cases M is nitrogen gas (N2)  from the air. 

 
 
Part 3: CFC & HCFC 
 
Chlorofluorocarbon's and HCFC's 

The investigation of the ozone hole and the measures to ban 
chlorofluorocarbons (CFC's) world-wide is probably the most 
important example of a successful environmental protection policy. In 
this unit we look at the role played by CFC's, what role they are still 
playing and how they are being replaced. 
  

 
1. The long term trend of CFC-11 since 1977: Mixing 
ratios in ppt at different measurement stations.  
Source: NOAA/CMDL. 

   

Trends in CFC concentrations 

Since CFC's are non-toxic and 
chemically inert gases in the 
troposphere they were used 
extensively in the past.  However, 
it was found subsequently that 
CFC's are greenhouse gases with 
very high global warming 
potentials and they have a very 
long atmospheric lifetime.  Their 
long lifetime means that they can 
be transported slowly to the 
stratosphere.  Although CFC's 
were banned within a few years of 
the Montreal Protocol in 1987, 
their long lifetime means that it 
will take many more years before 
their atmospheric concentrations 
level out and then decrease. 
  

 
2. The recent trends for CFC-11 and CFC-12.  Units are 
mixing ratios in ppt.  Source: NOAA/CMDL. 

   

The maximum concentration at 
the ground for CFC-11 (which has 
a lifetime of 45 years) 
was reached in 1994, the 
maximum for CFC-12 (lifetime 
100 years) may be reached now. 
Concentrations in the Northern 
Hemisphere are slightly higher 
than those in the Southern 
Hemisphere, because mixing 
within a hemisphere is always 
faster than transport across the 
equator. 
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Comparison of CFC's and HCFC's 

Global warming potentials (GWP's) are a measure of the relative radiative effect 
of a given substance compared to CO2, integrated over a chosen time horizon. 
More simply, the GWP tells us whether a compound is a stronger or weaker 
greenhouse gas than CO2 and by how much.   
Ozone depletion potentials (ODP's) are relative numbers which compares how 
dangerous different compounds are for the ozone layer. 
 CFC's have a twofold negative impact on our climate - they destroy ozone in the 
stratosphere and act as greenhouse gases in the troposphere. The following table 
compares CFC's with the  hydrofluorocarbons (HCFC's) which have replaced 
them. 
  

  
It is obvious that the HCFC's have much shorter atmospheric lifetimes than 
the CFC's.  This means that they are mainly broken down in the troposphere 
and the probability that they will reach the stratosphere and participate in ozone
destruction  is much lower.  However, they still act as strong greenhouse gases 
in the troposphere and so can be regarded as a compromise but not the best 
solution to the problem. 
 
Part 4: The big misunderstanding 
 
The ozone hole and global warming 

If environmental problems are discussed, people tend to link the ozone 
hole and global warming together. The fact is that the ozone hole is not 
a direct consequence of global warming and global warming is not a 
direct consequence of the ozone hole.  But since nearly everything in 
the climate system is related there are, however, links between the two 
effects. 
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The big misunderstanding 

Since research into the climate system is rather new, many people never learnt 
about it in school.  So it's not really suprising that the two major environmental 
challenges currently affecting the Earth, global warming and the ozone hole, are 
often mixed up.  
The fact that more and more cars circulate on our planet and burn petrol and 
that more and more energy from fossil fuels is consumed by industry and 
households is not the reason why the ozone hole forms.   Likewise, the formation 
of the ozone hole does not lead to global warming.   
However, both result from the impact of human activity on the atmosphere 
and there are indirect links between the two phenonmena. 
  

  

 
 
1. There is no direct link between the formation of the ozone hole and the greenhouse effect. 
Emissions from fossil fuel burning (CO2) lead to the greenhouse effect but not to the ozone hole.  
Image by Elmar Uherek. 

   
Where are these links? 

Global warming is a phenomenon that mainly affects human life and causes the 
troposphere to warm.  The ozone hole forms in the stratosphere.  By reducing the 
amount of ozone at altitudes of between 15 and 40 km, the ozone hole allows 
more harmful ultra-violet radiation to reach the Earth. 
  
Chlorofluorocarbons (CFC's) play a role in both global warming and ozone hole 
formation.  In the troposphere, they act as greenhouse gases.  They absorb 
infra-red radiation coming from the surface of the Earth and, by trapping this 
heat close to the Earth they contribute to global warming.  In the stratosphere 
they are broken down by high intensity ultra-violet radiation from the Sun into 
chlorine radicals and these have the ability destroy ozone.  Other greenhouse 
gases, such as carbon dioxide and methane, do not have a comparable role in 
ozone depletion. 
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2. The radiative forcing diagram shows to what extent factors favour (positive columns) or counteract 
(negative columns) the greenhouse effect. The two columns on the left show that halocarbons are 
greenhouse gases and contribute to the anthropogenic greenhouse effect.  Stratospheric ozone 
loss however slightly counteracts the greenhouse effect and leads to a cooling.  Source: IPCC TAR 
2001.  
Since ozone prevents high intensity ultra-violet radiation from reaching the 
surface of the Earth and causes stratospheric warming, it can be assumed that 
formation of the ozone hole changes the total radiation budget of the Earth.  This 
is, indeed, the case.  However, ozone depletion and the formation of the polar 
ozone holes doesn't lead to a further warming of the troposphere, but to a slight 
cooling. 

  

 
3. a) An intact ozone layer holds back most of the solar ultra-
violet radiation and transfers its energy into heat radiation. 
  

The impact of the ozone 
hole on the Earth's 
radiation budget 

It is not directly obvious that 
the ozone hole 
should cause so called 
'negative radiative forcing', 
i.e. lead to a cooling of the 
troposphere.  Instinctively 
we think, as the ozone layer 
becomes thinner, more high 
energy ultra-violet radiation 
reaches the Earth's surface.  
This means more energy 
from the Sun.  This is 
certainly true and is the 
main reason for the 
increasing risk of skin 
cancer.  However, there is 
an effect which counteracts 
this. 
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3. b) The depleted ozone layer (ozone molecules in both 
pictures are shown in blue) absorbs only a small fraction of 
the ultra-violet radiation from the sun.  Less of this radiation 
is converted to heat.  More sunlight reaches the Earth but a 
large fraction is scattered back into space, particularly from 
the white surface of the Antarctic continent. Only a small 
fraction is transferred into infrared radiation. 

I mages by Elmar Uherek. 

As we know, absorption of 
ultra-violet radiation by 
ozone molecules causes 
warming in the 
stratosphere.  Some of this 
heat emitted in 
the stratosphere is 
transferred to the 
troposphere causing slight 
tropospheric warming as 
well.  In addition, in the 
lower stratosphere, ozone 
can still act as a greenhouse 
gas and absorb infra-red 
radiation coming from the 
Earth's surface.  So 
absorption of both ultra-
violet and infra-red radiation 
by ozone leads to a warming 
of the upper troposphere.  If 
ozone levels decrease, 
the upper troposphere will, 
therefore, get cooler. 

  
But there is also an opposite effect. Less absorption of ultra-violet radiation by 
ozone means more light and, therefore, more energy from the Sun reaches the 
ground. If this energy is converted to heat, the troposphere should get warmer. 
However, a proportion of the solar radiation which does enter the troposphere is 
simply reflected (backscattered) into space and the energy is lost.  

Backscattering of solar radiation is particularly strong over the Antarctic where 
the strongest ozone depletion occurs. This is because the snow and ice covered 
ground has a very high albedo (between 0.6 and 0.8 - which means that between
60% and 80% of the radiation that hits the ground is scattered directly back into 
space). Because of this high backscattering, only a small fraction of the extra 
ultra-violet radiation that enters the troposphere from ozone loss causes heating. 

Overall, the cooling effect of ozone loss is the highest and decreases in ozone 
levels cause cooling not only in the stratosphere but also slight cooling in 
the troposphere. 

 
The impact of global warming on the ozone hole 

The next section on stratospheric cooling shows how global warming in the 
troposphere causes stratospheric cooling.  This cooling promotes ozone 
depletion in the Southern Hemisphere and perhaps also in the Northern 
Hemisphere. 
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Part 5: Cooling 
 
Stratospheric cooling 

Cooling of the stratosphere isn't just the result of ozone destruction but 
is also caused by the release of carbon dioxide in the troposphere.  
Therefore, global warming in the troposphere and stratospheric cooling 
due to ozone loss are parallel effects.  As cooling increases, development 
of the ozone layer can be affected because a cold stratosphere is 
necessary for ozone depletion. 
So releasing more carbon dioxide may not only increase global warming 
but may also contribute to the formation of the ozone hole.  The system 
is pretty complicated and so we try to give just an overview of it here. 
  
Is the stratosphere cooling? 

It's, of course, harder to measure the temperature in the stratosphere than in 
the troposphere where we have a network of measurement stations.  
Stratospheric temperature measurements do exist.  They have been made using 
weather balloons, microwave sounding units, rocketsondes, LIDAR and satellites. 
Most of these readings only go back two or three decades at most and there are 
large uncertainities associated with the data. 

 
1. Seasonal anomalies of global average temperature (°C), 1958 to 2000, relative to 1979 to 1990 for 
the lower stratosphere, as observed from satellites (MSU 4 and SSU 15X) and balloons (UKMO 4). The 
times of the major explosive eruptions of the Agung, El Chichon and Mt. Pinatubo volcanoes are 
marked.  Image adapted from IPCC TAR 2001. 

 
2. Calculated stratospheric cooling.  Values from IPCC 
TAR Tab. 2.3. 

The lower stratosphere appears to
be cooling by about 0.5°C per 
decade.  This cooling trend 
is interrupted by large volcanic 
eruptions which lead to 
a temporary warming of the 
stratosphere and last for one to 
two years.   Calculations 
from many research institutes 
generally estimate the cooling 
trend for the last two decades 
(1979-2000) to be greater than 
for the previous period (1958-
1978).  
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Why does the stratosphere cool? 

There are several reasons why the stratosphere is cooling. The two best 
understood are: 
1) depletion of stratospheric ozone 
2) increase in atmospheric carbon dioxide. 
Cooling due to ozone depletion 
The first effect is easy to understand. Less ozone leads to less absorption of ultra-
violet radiation from the Sun. As a result, solar radiation is not converted into 
heat radiation in the stratosphere.  So cooling due to ozone depletion is simply 
reduced heating as a consequence of reduced absorption of ultra-violet radiation.  
Ozone also acts as a greenhouse gas in the lower stratosphere.  Less ozone 
means less absorption of infra-red heat radiation and therefore less heat 
trapping. 
At an altitude of about 20 km, the effects of ultra-violet and infra-red radiation 
are about the same.  Ozone levels decrease the higher we go in the atmosphere 
but there are other greenhouse gases present in the air which we have to 
consider. 
  
Cooling due to the greenhouse 
effect 

The second effect is more complicated. 
Greenhouse gases (CO2, O3, CFC) 
absorb infra-red radiation from the 
surface of the Earth and trap the heat 
in the troposphere.  If this absorption is
really strong, the greenhouse gas 
blocks most of the outgoing infra-red 
radiation close to the Earth's surface.  
This means that only a small amount of 
outgoing infra-red radiation 
reaches carbon dioxide in the upper 
troposphere and the lower 
stratosphere.  On the other 
hand, carbon dioxide emits heat 
radiation, which is lost from the 
stratosphere into space.  In the 
stratosphere, this emission of heat 
becomes larger than the 
energy  received from below by 
absorption and, as a result, there is a 
net energy loss from the stratosphere 
and a resulting cooling.  Other 
greenhouse gases, such as ozone and 
chlorofluorocarbons (CFC's), have a 
weaker impact because their 
concentrations in the troposphere are 
smaller. They do not entirely block the 
whole radiation in their wavelength 
regime so some reaches the 
stratosphere where it can 
be absorbed and, as a 
consequence, heat this region of the 
atmosphere. 

 
3. Stratospheric cooling rates:  The picture 
shows how water, cabon dioxide and ozone 
contribute to longwave cooling in the 
stratosphere.   Colours from blue through red, 
yellow and to green show increasing cooling, 
grey areas show warming of the stratosphere.  
The tropopause is shown as dotted line (the 
troposphere below and the stratosphere 
above).  For CO2 it is obvious that there is no 
cooling in the troposphere, but a strong cooling 
effect in the stratosphere.  Ozone, on the other 
hand, cools the upper stratosphere but warms 
the lower stratosphere.  Figure from: Clough 
and Iacono, JGR, 1995; adapted from the 
SPARC Website. 
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Where does cooling take place? 

The impact of decreasing ozone concentrations is largest in the lower 
stratosphere, at an altitude of around 20 km, whereas increases in carbon dioxide 
lead to highest cooling at altitudes between 40 and 50 km (Figure 3).  All these 
different effects mean that some parts of the stratosphere are cooling more than 
others. 
  

 
4. Cooling trends at different altitudes in the stratosphere.  source: Ramaswamy et al., Reviews of 
Geophysics, Feb. 2001. 

 

Other influences 

It is possible that greenhouse warming could disturb the heating of the 
Arctic stratosphere by changing planetary waves.  These waves are triggered by 
the surface structure in the Northern Hemisphere (mountain ranges like the 
Himalayas, or the alternation of land and sea).  Recent studies show 
that increases in the stratospheric water vapour concentration could also have a 
strong cooling effect, comparable to the effect of ozone loss. 

Conclusions 

We now know that stratospheric cooling and tropospheric warming are intimately 
connected and that carbon dioxide plays a part in both processes.  At present, 
however, our understanding of stratospheric cooling is not complete and further 
research has to be done.  We do, however, already know that observed and 
predicted cooling in the stratosphere makes the formation of an Arctic ozone hole 
more likely.   
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Weather 

Basics 

Unit 1 
The basics about weather, pressure systems and 
fronts 

Changes in our climate are difficult to observe as it is a long term process, which 
lasts over the span of a lifetime or even generations. An unusually rainy, cool 
spring or a heat wave in summer does not mean that the climate is changing. 
What we observe everyday are weather phenomena. 
  
The weather is observed world-
wide in a dense network of 
meteorological stations. If 
average weather data change 
over decades we call this a 
climate change. In this unit we 
have a look at weather 
parameters. An important one is 
the pressure, as the sequence of 
high and low pressure systems 
has a strong influence on our 
weather. We explain how these 
pressure systems form, how 
fronts are generated and the type 
of weather they ususally cause. 

  

 
1. Weather indicator 

 optikerteam.de © 
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Part 1: Weather and climate 
 
What is weather?  
Its definition and how it is different to climate 
Weather is the instantaneous state of the 
atmosphere, or the sequence of the 
states of the atmosphere as time 
passes. The behaviour of the atmosphere 
at a given place can be described 
by a number of different variables which 
characterise the physical state of the air, 
such as its temperature, pressure, water 
content, motion, etc.  
 
There isn't a generally accepted definition 
of climate.  Climate is usually defined as 
all the states of the atmosphere seen at a
place over many years.  The time period 
is not given but it should be 'sufficiently 
long'.  This means we can  choose the 
time period we look at.  As a 
result, climate doesn't have a very 
scientific definition. 

  

 
1 . Source: FreeStockPhotos. 

 
 
2 . Source: FreeStockPhotos . 

 
 
3 . Source: freeimages.co.uk 

Since weather is the sequence of the states of the atmosphere, it is tempting to 
define a "true" climate in terms of a limit as time approaches infinity, i.e. it the 
the total ensemble of all the states of the atmosphere which have ever occurred 
in the past.   This is not only practically impossible but would not let us 
investigate how climate has changed over time. 
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4 .  Source: NatureWallpaper.net 

The internationally accepted 
convention, as recommended 
by the World Meteorological 
Organization (WMO), is that a 
30-year period  is a basic 
climatic time scale.  Climate 
statistics are, 
therefore, calculated for the 
consecutive 30-year time 
periods 1901-1930, 1931-
1960 and 1961-90.  These 
periods are known as 
climatological standard 
normals.  

  

 
5 .  Source: www.edenpics.com 

Because the climate is 
changing rapidly nowadays, 
climate characteristics are 
sometimes re-calculated every 
10 years for the period of the 
recent 30 years, i.e. 1961 - 
1990, 1971 - 2000, ... 
although the next official 
period would be 1991 - 2020. 
These fixed time intervals 
allow world-wide comparison 
of climatological events.  For 
special purposes, however, 
other climatic time scales are 
sometimes used. 

 
6 .  Source: Christoph Grandt's Homepage. 

For example, the suitable 
climatic time scales to 
investigate the cultivation of a 
new plant or to look at glacial 
chronography are completely 
different.  This means 
that the length of the 
meteorological time series we 
use to determine the climatic 
characteristics is always 
determined by the question we
are trying to answer. 
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How do we measure meteorological 
variables?  

Meteorological variables change not only over time,
but also in space. Therefore a single 
measurement site (station) only records the 
weather in that particular location.  To determine 
the weather over a large area, weather stations are
organised in networks.  The density of the weather 
stations in a particular network depends on: 

• the purpose of the observations  (weather 
conditions or climate)  

• the weather elements to be measured 
(many more stations are needed to get 
good rainfall data than for the air pressure)  

• other, non meteorological reasons (cost, 
high mountains, etc.). 

To ensure that the observations at each station can 
be compared to each other, the instruments must 
be located away from the immediate influence of 
trees and buildings, steep slopes, cliffs or hollows. 
A climatological station should be located at a place
which provides unchanged exposure over a long 
period and continued operation for at least ten 
years. 
 

 
7. A Stevenson screen.  This 
houses maximum and minimum 
and dry and wet bulb 
thermometers.  Source: Samoa 

eteorology Division. M 

 
8. An automatic weather 
station.  This station is 
equipped with a solar panel and 
records temperature, water 
vapour, wind direction, wind 
speed and air pressure. The 
data are transferred by 
satellite. Other measurement 
equipment at the station 
provides local weather 
information for local aviation.  
Source: AWI. 

   

These surface measurement networks provide so 
called 'in situ' measurement data.  71% of the 
Earth's surface is covered by oceans and large parts 
of the continents are covered by rainforests, ice, 
deserts and high mountains which make regular 
surface observations difficult.  To overcome this 
problem, remote sensing techniques are now used 
which involve measurements of meteorological 
variables from space using instruments aboard 
satellites and using radar. 

Although the number of people observing the 
weather is falling, the number of automated weather 
stations (AWS) are increasing.  These use 
technological advances to measure meteorological 
variables over short time intervals (the usual 
measurement frequency at an AWS is seconds to 
minutes, compared to hourly for a manual station).  
As a result, we now have much more data available 
both for weather forecasting and for climate 
observation.  However, measurement techniques 
have changed and, in many cases, we no 
longer measure the same meteorological parameters 
as in the past (for example the sunshine duration). 
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Part 2: Pressure systems 
 
High Pressure Systems,  
Low Pressure Systems  
Air always flows from areas of high 
pressure to areas of low pressure 
to try to reduce pressure 
differences and reach equilibrium.  
The rotation of the Earth generates 
a force known as the Coriolis 
effect and this stops the air moving
in a straight line.  Rather the winds 
move in a spiral: inwards and 
upwards in low pressure systems, 
downwards and outwards in high 
pressure systems.  

 
 
 
  

 
1. Eye of the Storm, Hurricane Elena  

 Dreamtime, NASA's Multimedia Partner © 

 
2. In cyclones, the winds move anti-clockwise 
around a low pressure centre in the northern 
hemisphere. In the southern hemisphere the wind 
direction is reversed.  Figure: 
olvooceanadventure © v 

Low pressure systems – Cyclones 

Regions of rising air are called lows, 
low pressure systems, depressions or 
cyclones.  These are systems of 
closed isobars (lines of constant 
pressure) surrounding a region of 
relatively low pressure.  Cloudy 
conditions, windy weather, rain 
and snow and unsettled changable 
weather often occur in these regions. 
 
A low pressure system develops when 
relatively warm and moist air rises 
from the surface of the Earth.  Air 
near the centre of a low pressure 
system is unstable.  As the warm 
humid air spirals upwards, it cools 
and clouds form.  These may be thick 
enough to give rain or snow.   
In these low pressure systems the air 
spirals inwards at the Earth’s surface. 
If the pressure is very low, these 
spiralling winds may reach storm or 
hurricane force. This is why the term 
cyclone is often loosely applied to 
storms generated by low pressure 
systems. 
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Tropical and midlatitude cyclones

There are two types of cyclones,  they develop in different ways and 
have different structures.  

 Tropical cyclones 
 

 
 
Tropical cyclones develop over the ocean 
in warm and moist tropical air masses at 
latitudes between 20o and 25o north or 
south of the equator.  They are 
characterised by very low air pressure 
at their centre and are small in size, just 
100 to 1500 km in diameter.  This 
means that there is a very strong 
pressure gradient across the cyclone and 
this can lead to very strong hurricane 
strength winds.   

Wind speeds in hurricanes are over 33 m 
s-1 (120 km h-1), with a record of 104 m 
s-1 during hurricane Allen in 1980, that's 
a wind speed of 375 km h-1! 

Tropical cyclones gain their energy from 
the latent heat of evaporation of water 
from the ocean.  They therefore 
gradually dissipate when they move 
cross land and lose their energy source.a   

 
 
3. left: Tropical cyclone Graham in the Pacific 
Ocean.  Source: www.gowilmington.com 

4. right: NOAA satellite imagery showing 
strong Tropical Cyclone 03A moving 
northeast across the Arabian Sea toward 
landfall in northwest India.  source: 
weather.ou.edu 

 

   

Please read also about tropical cyclones, hurricanes and expectations for the 
future in the ACCENT school magazine: special edition on hurricanes
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Midlatitude cyclones 
 

 
 
5. left: The way weather 
fronts develop around a low 
pressure system. 
 
6. right: The development of 
midlatitude cyclones north of 
the Equator (top) and south 
of the Equator (bottom). 
 
Source: volvooceanadventure
© 
 
  

 
 
Midlatitude cyclones are powered by large 
temperature differences in the atmosphere.  
They develop when air masses of different 
temperatures meet.  The air masses do not 
mix together, rather the warmer air is forced 
up over the colder air.  This causes a front to 
form (see also chapter 3). 

Midlatitude cyclones are much larger than 
tropical cyclones.  They have diameters of 
between 1000 and 4000 km and they also 
have lower wind speeds.   

The maximum wind speed in a midlatitude 
cyclone is around 30 m s-1 (110 km h-1). 

   
High pressure systems - 
anticyclones 

Regions of sinking air are called highs, 
high pressure regions or anticyclones. 
They are usually accompanied by 
constant, good or fair weather.   High 
pressure systems tend to cover a 
greater area than lows, they move 
more slowly and have a longer 
atmospheric lifetime. 
Anticyclones are produced by a large 
mass of descending air.  As the air 
sinks, it warms up, the atmospheric 
pressure increases and the relative 
humidity decreases.  This causes water 
droplets in the air to evaporate and 
leads to dry weather.  

  
7. In anticyclones the winds move clockwise 
around a high pressure centre in the northern 
hemisphere. In the southern hemisphere the 
wind direction is reversed (see Figure 2).  
Source: www.geologia.com 
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The warm, sinking air makes the 
atmosphere stable, so warm air at the 
surface of the Earth cannot rise far 
before it stops.  This prevents tall clouds 
from forming.  For this reason 
anticyclones usually lead to warm, dry 
weather and cloudless skies in the 
summer and cold, dry weather in the 
winter.  These conditions usually lasts for 
several days or even weeks.  

Anticyclones are much larger than 
cyclones and may block the path of 
depressions.   This slows down the arrival 
of bad weather or forces it to travel 
elsewhere.   An anticyclone that persists 
for a long period is known as a 'blocking 
high' and these lead to long hot 
spells and even droughts during the 
summer and extremely cold winters. 

 
8. Anticyclone conditions over France and 
much of western Europe.  The skies are 
cloudless and the weather is fair.  Source: 
Passion Meteo, photograph taken from space 
y a NOAA satellite. b 

 
Part 3: Fronts 
 
A weather front is defined as the boundary between two airmasses of 
different temperatures and densities.   When two airmasses meet, the 
warmer air rises above the cooler denser air.  The transition region 
between the two airmasses is known as a front.
Weather fronts generally travel from west to east.  Their direction can, 
however, be affected by geographic features such as mountains and large bodies 
of water, particularly if they form in the lower levels of the atmosphere. 
Fronts are always 
accompanied by 
clouds and, very often, 
also by rain.  When a 
weather front passes over 
an area, changes in wind 
speed and direction, 
atmospheric pressure and 
the moisture content of 
the air are also seen.   

There are four types of 
fronts: cold fronts, warm 
fronts, occluded fronts and
stationary fronts. The type 
of front depends 
both on the direction in 
which the airmass is 
moving and on the 
characteristics of the 
airmass. 

  
1. Front over the Findon coast.  Source:  
ttp://www.abdn.ac.uk/physics/meteo/metoh12_files/frame.htmh 
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Cold fronts 

Cold fronts occur when a colder air mass replaces a warmer one.  At a cold front, 
the cold air is behind the warm air.  Because the cold air is more dense, it pushes 
the warm air out of its way, forcing the warm air to rise into the atmosphere. 

  
2. A cold front. 
http://www.ckkc.co.uk/html/stories/metrolgy.html

   

As the warm air rises, it cools, the 
water vapour in the air condenses out 
and clouds start to form.  The warm 
air is forced to rise rapidly due to 
strong undercutting by the cold air.  
This causes towering clouds to form 
and thunderstorms.  Rain associated 
with cold fronts is usually heavy but 
short lived and only affects a 
small distance (about 50 to 70 km).    
The air behind a cold front is 
noticeably colder and drier than the 
air ahead of it. When the cold front 
passes through, temperatures can 
drop more than 15 oC within the first 
hour. 

3. Image right:  A cold front is represented by a solid blue line 
with triangles along the front pointing towards the warmer air 
and in the direction of movement (temperature is given 
in Fahrenheit in the figure.)   Source: University of Illinois 
http://ww2010.atmos.uiuc.edu/(Gh)/home.rxml 

 
  

Warm fronts 

Warm fronts occur when a warm air mass approaches a colder one. The warmer 
air lifts up and over the colder air.  Warm fronts generally move more slowly than 
cold fronts, gently settling over the cold air and moving it out of the way.  Rain 
associated with warm fronts is less heavy but more extensive (300 to 400 km) 
than rain generated at cold fronts. 
  

  
4. A warm front. 
ttp://www.ckkc.co.uk/html/stories/metrolgy.htmlh 

The air behind a warm front is 
warmer and more moist than the air 
ahead of it. Warm fronts generate 
light rain or snow which can last from 
a few hours to several days. When a 
warm front passes through, the air 
becomes noticeably warmer and more 
humid than it was before. 

  
The first signs of the warm front are the cirrus clouds, followed by the cirrostratus,
altostratus, nimbostratus and stratocumulus types of clouds.  The cirrus clouds 
can be up to 1000 km away from the position of the front at the ground.  These 
clouds are all generally horizontal in structure because the front slopes gently into 
the air.  Clouds associated with cold fronts are mostly vertical in structure because
the front rises quickly. 
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5. Radar image of warm front clouds.  Source: 
http://www.abdn.ac.uk/physics/meteo/metoh12_files/frame.htm. 
 
6. Picture on the left:  A warm front is represented by a 
solid red line with semicircles pointing towards the 
colder air and in the direction of movement  
(temperature is given in Fahrenheit on the figure.) 

Source: University of Illinois 
http://ww2010.atmos.uiuc.edu/(Gh)/home.rxml
 
  

 

 
Occluded front 

Occluded fronts occur when cold, warm and cool air come together. There are two
main types, cold and warm occluded fronts.  The difference depends on the 
relative states of the cold airmasses behind and in front of the warm air.   
Cold occluded fronts occur when a very cold front overtakes a warm front.  The 
cold front lifts the warm front up in to the air (both the warm air above and the 
cold air underneath) and the cold front creeps underneath. At the beginning the 
weather is similar to that seen when a warm front passes, but it then changes 
into typical cold front weather and heavy rain falls.   
  
Warm occluded fronts occur when a cold front overtakes a warm front 
overlying a very cold front.  Here the cold front and the warm front both move up 
and over the very cold front which stays close to the ground.  The weather is 
similar to that when a warm front passes. 

Stationary fronts form at the boundary between warm and cold air when 
neither airmass is moving forward.  They have similar characteristics to warm 
fronts but are less active. 

 
8. A cold occluded front. 

Image: Elmar Uherek. 
 

   

 
9. A warm occluded front. 
Image: Elmar Uherek. 
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Unit 2 
The basics about the main circulation systems 
and El Niño 

Wind power plants, or 'Wind Farms', are, for good reasons, often located close 
to the sea. When at the seaside we have all felt the seabreeze blowing around 
our nose and disheveling our hair. But why is the wind at the seaside always so 
strong? And why there are so often thunderstorms in the mountains on summer 
afternoons? 
  
Local air circulation and pressure systems 
define the weather depending on the 
landscape. However, prevailing wind 
systems, such as the trade winds around 
the equator, affect the weather over a 
much larger area. The El Niño effect has 
an impact on many continents and recurs 
every few years but irregularly. In this 
unit we read about air circulation 
and where and why it occurs on our 
planet. 

  

  

 

 
"Seabreeze" 
Giclee on canvas © Gary George 

ww.garygeorge.com w 
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Part 1: Local circulation 

Why does air circulate and what are the driving forces for this 
movement? 
Energy from the Sun heats different parts of the 
Earth differently and this causes pressure 
differences to develop across the globe.  These 
pressure differences cause air to move.  The air 
moves from regions of high pressure to regions 
of low pressure to try to smooth out the pressure 
differences.    Air movement occurs on different 
scales, on a global scale (global circulation of the 
Earth), over a medium scale (tornadoes) and on 
a local scale (mountain winds).   

In some zones around the Earth, the winds blow 
predominantly in one direction and this is known 
as the prevailing wind direction.  This direction 
can change with the seasons.  Winds over most 
areas are variable in direction from day to 
day.   A wind is named according to the point of 
the compass from which it blows, i.e., a wind 
blowing from the north is a north wind. 

  

 
1 . Windmill (c) FreeFoto.com 

  

Energy from the Sun is the most important driving force for winds but there 
are other forces, which are also important: 

  
1. Pressure Gradient Force (PGF) 

                  - this causes horizontal pressure differences and winds.  

 
  

 
2. In absence of other forces, air moves from 
high to low pressure due to the "Pressure 
Gradient Force"  

We know that winds are 
generated by differences in air 
pressure.  The greater the 
difference in pressure, the 
stronger the force.  The distance 
between the area of high pressure
and the area of low pressure also 
determines how fast the moving 
air is accelerated. Meteorologists 
refer to the force that starts the 
wind flowing as the "pressure 
gradient force".  
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2. Gravity 
           — this causes vertical pressure differences.  The force of gravity is 
constant for a given altitude. 

 
3. Coriolis Force 
            — once the wind begins blowing, the rotation of the Earth affects its 
direction. This is the Coriolis effect. 

  

 
 

3. Figure by Schlanger ©  

 
 
  

 
The Corolis effect results in the deflection of all objects to the right in the Northern 
hemisphere and to the left in the Southern hemisphere. The Coriolis force moves large 
objects such as airmasses considerable distances.   Small objects, for example ships at sea, 
are too small to experience significant deflections in their direction due to the Coriolis Force. 

 
4. Friction  
           — this has very little effect on air in the atmosphere, but is more 
important close to the ground. The effect of friction on air motion decreases as 
the altitude increases to a point (usually 1-2 km above the ground) where it has 
no effect at all.  The layer of the atmosphere where friction affects atmospheric 
motion is referred to as the boundary layer. 
 
5. Centrifugal Force 
         — An object traveling in a circle behaves as if it experiences an outward 
force. This force, known as the centrifugal force, depends on the mass of the 
object (the heavier the object, the greater the force), the speed of rotation (the 
greater the speed of the object, the greater the force), and the distance from the 
center (the closer an object is to the center, the smaller the force).   
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4.  We experience centrifugal force when we 
ride on a merry-go-round, when we go 
round a curve in a car or when we make 
a sharp turn on a bike.  

Photo by Patricia Marroquin 
© http://www.betterphoto.com/gallery/ 
dynoGallByMember.asp?mem=2083 

  

Land and Sea Breezes 

Water has a much greater heat capacity than land and, as a result, it warms up 
slower than the land and also cools down slower.   So during the day, there are 
significant temperature differences between a water body such as a lake or the 
sea and the surrounding ground.   This temperature difference causes pressure 
differences and, as a result, the development of local winds.  Close to the coast, 
these winds are known as the sea breeze. 
  

 
5 . Source: http://www.ace.mmu.ac.uk/eae/ © 

A sea breeze 
develops 
on sunny days 
when the land 
becomes much 
warmer than 
the sea.  As 
the land 
warms up, the 
air above it 
expands and 
begins to rise. 
To replace the 
rising air, 
cooler air is 
drawn in from 
above the sea 
surface.  

  

 
6. Source:  http://www.ace.mmu.ac.uk/eae/ 

   

At night the 
water cools 
down slower 
than the land 
and the air 
circulation 
reverses and 
air moves from
the land to the 
sea.  This is 
called a land 
breeze.  
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Mountain and Valley Breezes 

Special wind systems develop in mountainous regions. The slopes of the 
mountains and the narrow parts of the valley are more intensively heated by the 
Sun than the open valley floor. This leads to the generation of valley breezes 
during the day and mountain breezes during the night.  
  

 
7. a) During the day the air close to the 
mountain sides becomes warmer than the 
surrounding air.  This warm air rises up 
the mountains and is replaced by air from 
within the valley.  So during the day valley air 
moves up the mountain sides.  This process 
leads to clouds and rain in the mountains in the 
summer, particularly in the late afternoon.  
Figure: Vera Schlanger. 

   

 
7. b) At night the sides of the mountain cool 
down and cool air is pulled down by gravity.  In 
the morning, the coldest air is, therefore, 
often found within the valley. If the air is moist 
enough, valley fog may form.  Figure by Vera 
chlanger. S 

 
8. Simple slopewind circulation © Dept. for phys.
eography, Univ. of Kiel g 

So slope winds go up the mountains in 
the day and down during the night and 
the moving air has to be replaced with 
air from elsewhere.  A simplified 
picture of the air circulation is shown in
Figure 8.  However, this slopewind 
circulation is only seen for a short time 
during the day.  The air circulation in a 
typical valley is a bit more complicated 
than this! 

  
The narrower the valley is, the more air that rises.  This rising air is replaced from
the valley floor or the plains.  So the wind during the day usually comes from the 
lower and flatter parts of the valley system and then rises up the mountains.  As 
the name of the wind is always given by the place or direction from where it 
comes from, we call this wind the valley breeze.  During the night, the air cools 
and descends along the mountain slopes into the valley.  So the breeze moves in 
the opposite direction, it comes from the mountains and moves into the valley 
floor and plains.  As a result, this wind is known as the mountain breeze. 
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9. a) Valley breeze during the day (large dotted 
arrow).  Photo: Elmar Uherek. 

   

 
9. b) Mountain breeze during the night (large 
dotted arrow).  Virgen Valley, Austria. 

   

  
10. Local circulation during a valley breeze. 

This local circulation scheme is a bit simplistic as mountains are not smooth and 
have many side valleys. However, this gives a basic idea of the wind movement 
in a mountainous area. 
  
 
 
Part 2: Global Circulation 
 
Global Atmospheric Circulation 

Energy from the Sun heats the entire Earth, but this heat is unevenly 
distributed across the Earth's surface. Equatorial and tropical regions 
receive far more solar energy than the midlatitudes and the polar 
regions. 
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The tropics receive more heat 
radiation than they emit, while 
the polar regions emit more heat 
radiation than they receive. If no 
heat was transferred from 
the tropics to the polar regions, the 
tropics would get hotter and hotter 
while the poles would get colder and 
colder. This latitudinal heat 
imbalance drives the circulation of 
the atmosphere and oceans.  Around 
60% of the heat energy is 
redistributed around the planet 
by the atmospheric circulation and 
around 40% is redistributed by 
the ocean currents. 

  
 
1. Planet Earth from Space. 

   
 
Atmospheric Circulation 

One way to transfer heat from the equator to the poles would be to have a single 
circulation cell where air moved from the tropics to the poles and 
back.  This single-cell circulation model was first proposed by Hadley in the 
1700’s. 

 
  

 
3. Hypothetical circulation for a 
non-rotating Earth.  
Source: National Weather Service, 
Southern Regional Headquarters - 
USA. 

   

2. Air circulation around the globe would be simple (and the weather boring) if the Earth did 
not rotate and the rotation was not tilted relative to the Sun. 
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Since the Earth rotates, its axis is tilted and there is more land in the Northern 
Hemisphere than in the Southern Hemisphere, the actual global air circulation 
pattern is much more complicated. Instead of a single-cell circulation, the 
global model consists of three circulation cells in each hemisphere. These three 
cells are known as the tropical cell (also called the Hadley cell), the midlatitude 
cell and the polar cell. 
 

  
4. Rotating Earth 
source: http://www.math.montana.edu/~nmp/ 

aterials/ess/atmosphere/expert/activities/circulation/m 
 
5. Idealised global circulation.  
Source: National Weather 
Service, Southern Regional 

eadquarters - USA. H 
 
1. Tropical cell (Hadley cell) - Low latitude air moves towards the Equator and heats up.  As it
heats it rises vertically and moves polewards in the upper atmosphere. This forms a 
convection cell that dominates tropical and sub-tropical climates.  
2. Midlatitude cell (Ferrel cell) - A mid-latitude mean atmospheric circulation cell for weather 
named by Ferrel in the 19th century. In this cell the air flows polewards and towards the east 
near the surface and equatorward and in a westerly direction at higher levels.  
3. Polar cell - Here air rises, spreads out and travels toward the poles. Once over the poles, 
the air sinks forming the polar highs. At the surface, the air spreads out from the polar highs. 
Surface winds in the polar cell are easterly (polar easterlies).  

Although still oversimplified, this three cell model can describe the main features 
of atmospheric circulation. 
  
Surface Features of the Global 
Atmospheric Circulation System 

Main wind belts: 
Because the Coriolis force acts to the right of the flow 
(in the Northern Hemisphere), the flow around the 3-
cells is deflected.  This gives rise to the three main wind 
belts in each hemisphere at the surface: 
· The easterly trade winds in the tropics 
· The prevailing westerlies 
· The polar easterlies 

Doldrums, ITCZ: 
The doldrums are the region near the equator where 
the trade winds from each hemisphere meet. This is 
also where you find the intertropical convergence zone 
(ITCZ).  It is characterized by hot, humid weather with 
light winds.  Major tropical rain forests are found in this 
zone. The ITCZ migrates north in January and south in 
July. 

Horse latitudes: 
The horse latitudes are the region between the trade 
winds and the prevailing westerlies.  In this region the 
winds are often light or calm, and were so-named 
because ships would often have to throw their horses 
overboard due to lack of feed and water. 

  
6. Global Circulation.  Source: 
http://www.geocities.com 
/CapeCanaveral/Hall/6104/atmosphe.html
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Polar font: 
The polar front lies between the polar easterlies and the 
prevailing westerlies. 

  
Pressure belts: 
The three-cell circulation model has the following pressure belts associated with it: 
· Equatorial low – A region of low pressure associated with the rising air in the ITCZ.  Warm air heated 
at the equator rises up into the atmosphere leaving a low pressure area underneath.  As the air rises, 
clouds and rain form. 
· Subtropical high – A region of high pressure associated with sinking air in the horse latitudes.  Air 
cools and descends in the subtropics creating areas of high pressure with associated clear skies and 
low rainfall.  The descending air is warm and dry and deserts form in these regions. 
· Subpolar low – A region of low pressure associated with the polar front. 
· Polar high – A high pressure region associated with the cold, dense air of the polar regions. 

In reality, the winds are not steady and the pressure belts are not continuous. 
  

 
 

7. "Ideal" Zonal Pressure Belts 
An imaginary uniform Earth with idealised zonal 

(continuous) pressure belts. 

  

8. Actual Zonal Pressure Belts 
Large landmasses disrupt the zonal pattern 

breaking up the pressure zones into 
semipermanent high and low pressure belts. 

  
There are three main reasons for this: 
· The surface of the Earth is not uniform or smooth.  There is uneven heating due 
to land/water contrasts. 
· The wind flow itself can become unstable and generate “eddies.” 
· The sun doesn’t remain over the equator, but moves from 23.5 oN to 23.5 oS 
and back over the course of a year. 

Instead, there are semi-permanent high- and low-pressure systems.  They are 
semi-permanent because they vary in strength or position throughout the year. 

Wintertime 
· Polar highs develop over Siberia and Canada 
· The Pacific High, Azores High (parts of the subtropical high pressure system) Aleutian Low 
and Icelandic Low form 
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Summertime 
· The Azores high migrates westward and intensifies to become the Bermuda High 
· The Pacific high also moves westward and intensifies 
· Polar highs are replaced by low pressure 
· A low pressure region forms over southern Asia 

 
 
Part 3: El Niño 
 
El Niño, La Niña, global impacts 

El Niño 

El Niño is a large-scale ocean-atmosphere climate phenomenon in the 
tropical Pacific.  It represents the warm phase of the periodic warming of 
the sea-surface. It typically appears around Christmas time (and this 
is why it is called El Niño, as this is Spanish for the 'Christ Child').  It can 
last for up to a year. 
  
El Niño affecting the world 
... 

1. Flood in San Francisco. During the 
winter of 1997/98, wind-driven waves 
and abnormally high sea levels 
significantly contributed to hundreds 
of millions of dollars in flood and 
storm damage in the San Francisco 
Bay region. Recent analyses by U.S. 
Geological Survey (USGS) scientists 
of nearly 100 years of sea-level 
records collected near the Golden 
Gate Bridge found that these 
abnormally high sea levels were the 
direct result of that year’s El Niño 
atmospheric phenomenon. 
from: USGS Fact Sheet 

  

 
  

 
2 . Flood in Lima. © Reuters 

2. More than 35,000 people have been evacuated and nearly 
7,000 people remain isolated by the flooding of the Paraguay 
river. Abnormally heavy rains associated with the El Nio 
phenomenon have caused flooding affecting 60,000 people in 
Paraguay's capital , Asuncion, and the provinces of 
Concepcion, Alberdi, San Pedro, Presidente Hayes and Alto 
Paraguay. 
from: UNDP Desaster Protection, 1998 Jan, 8th 

LIMA, 2002 May 9 (AlertNet) - In April, the normally calm 
Piura River turned overnight into a raging torrent. More than 
3,500 families in northern Peru escaped but lost their homes 
and livelihoods. Scientists disagreed over whether the 
dramatic weather was connected to the climate phenomenon 
El Niño, due to make a reappearance this year. 
from: Reuters alert net 
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The warm ocean current which flows during El 
Niño influences the weather around the 
globe. El Niño events cause increased rainfall, 
flooding and storms, but also drought and 
sometimes devastating fires.  

What drives El Niño? 

During non-El Niño conditions, the sea surface 
temperature (SST) in the tropical 
Pacific is between 6 and 8 oC higher in the 
west than in the east. This temperature 
difference is caused mainly by the easterly 
trade winds.  These blow warm surface water 
across the tropical Pacific from east to west.  
The surface water gets progressively warmer 
as it moves west because it is exposed to 
longer solar heating. 
  
  

 
3. The picture does not show the ocean 
temperature but rather shows how 
much  warmer (in red) or how much 
cooler (in blue) the sea is during El Niño
compared to its normal state.  West of 
South America in front of the Peruvian 
coast, the water is a lot warmer than 
normal.  © clivar.org / Mojib Latif, MPI 
Hamburg 

   

  
4. Sea surface temperatures in absolute values, °Celsius and °Fahrenheit, in November 2003.  This 
image shows normal conditions with cool water from the Humboldt Stream along the South American 
west coast.  Source: SSEC University of Madison, Wisconsin, USA.   
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The wind blows the seawater west 
and, as a result, the sea surface 
is about half a metre higher at 
Indonesia than at Ecuador.  
Because of this difference in 
seasurface height, water is 
upwelled from deeper in the 
ocean in the east to reduce the 
disparity in height (Figure 
4a.).  This cool, nutrient-rich sea 
water is very important in terms 
of fishing. 

   
5 a)  3-D model of the Pacific Ocean with the South 
American continent on the right and Australia on the 
left.  This shows the normal conditions in the Pacific. 
 

   

 

 



During El Niño years, weakened 

ss
winds reduce the flow of water 
from the east to the west and le  
nutrient rich cold deep water is 
upwelled to the surface along th
South American coast.  So surface
waters are warmer than normal 
but also contain less nutrients.  
As a result, a dramatic reduction
in marine fish and plant life is 
seen during El Niño events.  Mo
importantly, the warmer than 
normal water makes the 
atmosphere unstable and
causes changes in rainfall and 
weather around the globe.   

e 

 

st 

 this 

El Niño episodes occur every 2-7 
years.   

 
 b) El Niño conditions in the Pacific 

ov
5 
source: http://www.pmel.noaa.g  

 

Compared to El Niño, La Niña (the female child) events are characterised 
 

  
ring La Niña, the easterly trade 

  

La Niña 

by cooler than normal sea-surface temperatures in the central and eastern
tropical Pacific Ocean.  

Du
winds strengthen and upwelling of 
cold deep water along the equator 
and the west coast of South 
America intensifies. Sea-surface 
temperatures drop as much as 
4 oC below normal. The event also 
called anti-El Niño, or simply "a 
cold event" or "a cold episode". L
Niña conditions make the 
atmosphere very stable an
to cause  opposite climatic effects 
to El Niño.  

a

d tend 

La Niña events occur about half 

  

as often as El Niño events do. 

 
c)  La Niña conditions in the Pacific 

ov
5 
source: http://www.pmel.noaa.g  

tween 1950 and 1997, El Niño events occurred 31% of the time, La Niña 
% of

  

Be
events occurred 23% of the time and normal conditions were seen around 46
the period. El Niño and La Niña events occur, on average, every 3 to 5 years. 
Based on the historical record, the interval between events has varied from 2 to 7 
years. Since 1975, La Niña events have been only half as frequent as El Niño 
events.  A La Niña episode may, but does not always, follow an El Niño. La Niñ
conditions typically last for 9-12 months, but some episodes may persist for as 
long as two years. 
  

a 

 Niña events do not negatively affect fisheries in the same way as El Niño La
events and so are less well known.  However, both affect global climate. 
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The global impacts of El Niño and La Niñ

e seen mostly in the Pacific Ocean and 

a 

The impacts of El Niño and La Niña ar
along the Equator.  Their effects on temperature and rainfall are roughly 
opposite and are shown in the figures below. 
  

 
 a)  El Niño changes the weather 

 world 

   

6.
conditions nearly everywhere on the
and lead to severe problems in some 
regions. Source: NOAA. 
 

 
 b) Source: NOAA  6.

 
 Fires in Indonesia - Sept. 30th, 1997.  The 

   

In the tropics, the eastward shift of 
nto

r 

, 
s 

ted.

7.
strong El Niño event from mid 1997 to mid 
1998 increased the incidence of dangerous 
fires in Indonesia in this year.  © NOAA / 
significant event imagary. 
 

thunderstorm activity from Indonesia i
the central Pacific during warm episodes 
results in abnormally dry conditions over 
northern Australia, Indonesia and the 
Philippines in both seasons. Drier than 
normal conditions are also observed ove
southeastern Africa and northern Brazil 
during the northern winter season. 
During the northern summer season
Indian monsoon rainfall tends to be les
than normal, especially in northwest 
India where crops are adversely affec  
Wetter than normal conditions during 
warm episodes are observed along the
west coast of tropical South America an
at subtropical latitudes of North America 
and South America. 

 
d 
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During a warm episode winter, mid-latitude low pressure systems tend to be 

 

No one clear impact has been detected in Europe yet. This does not mean that El 

  

more vigorous than normal in the eastern North Pacific. These systems pump 
abnormally warm air into western Canada, Alaska and the extreme north of the
United States. Storms also tend to be more vigorous in the Gulf of Mexico and 
along the southeast coast of the United States resulting in wetter than normal 
conditions in that region.  

Niño and La Niña do not influence the weather in Europe, but that the connection 
between these processes is not very strong.  
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Folklore Weather Forecasting 

Before modern scientific weather forecasting, people whose lives and livelihoods 
depended on the weather (such as shepherds and fishermen), relied on weather 
lore to foretell the weather. 
  
These beliefs were passed 
down from generation to 
generation and have became 
part of our different 
cultures.  Lots of weather 
proverbs are nothing more than
familiar rhymes but a few of 
these sayings do actually have 
some scientific basis. 

  

  

  

  

 

 
1. Also without professional weather forecast farmers' 
had to choose the right time for haymaking in the past. 
Source: Dorfmuseum Schönwalde 
   

 
Part 1: Sun, Moon, rainbows... 
 
Short range forecasting using the Sun, the Moon, rainbows, clouds and 
the sky 

Several weather lores are drawn from observations of natural 
phenomena such as the colour of the sky, the rings around the Moon 
and the behaviour of animals. 
In the past, farmers watched cloud movements and the colour of the 
sky to know when to sow and when to reap.  Sailors noted changes in 
wind direction and watched wave motions for signs of a change in the 
weather.  
It isn't possible to predict the long term weather using these sayings 
but those, which predict the next day's weather, often have some real 
hope of success.
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Some of the old weather related sayings about the Sun, the Moon, rainbows 
and clouds are given below.   

  

 
1. Dawn in the Alps.   
Source: www.edenpics.com 

   

Sky - "Red Sky at night, shepherds delight.  
Red sky in the morning, 
shepherds warning."

When the western sky is especially clear there is often a red 
sunset.  As the Sun sets, the rays shine through more and 
more of the lower atmosphere.  This contains dust, salt, 
smoke and other aerosol pollutants.  These aerosol particles 
scatter some of the shorter wavelengths of light into space 
(the violets and the blues) leaving only the longer 
wavelengths (the reds and oranges).   If an area of high 
pressure is present, aerosols are trapped close to the 
ground.  More aerosols makes the sunset even redder than 
usual and gives the "red sky at night".  The weather 
associated with high pressure conditions is stable and dry. 

  
In the mid-latitudes of the northern hemisphere, weather systems most often approach from the 
west. Since high pressure generally brings fair weather, this type of red sky at sunset indicates that 
clear weather is approaching, which would "delight" a shepherd (or a sailor).  If the sky is red in 
the morning (again because of aerosol scattering), the high pressure region has most likely already 
passed and an area of low pressure may follow. Low pressure usually brings clouds, rain or storms 
and so red skies in the morning warn shepherds (or sailors) of bad weather to come.  

  
Halo - "Halo around the sun or moon, rain or snow 
soon."

In many cases this is true. The halo around the Sun or the Moon is a 
layer of cirrus clouds made up of ice crystals. These ice crystals act as 
tiny prisms, forming a white or sometimes coloured halo around the 
Sun or Moon.  These clouds typically indicate an approaching warm 
front associated with a following low pressure system.  Rain or snow 
do not always follow, but there is a higher probability after a halo is 
seen.  The brighter the circle, the greater the probability.  
 

2. Halo around the Sun. 
© Mats Mattsson http://home.swipnet.se/matsm shown with 
permission. 

 
  

 
  

 
3. source: 
ttp://24.77.76.160/index.html h 

Moon - "If the moon’s face is red, of water 
she speaks." 

This saying of the Zuni Indians is very accurate. The red 
colour forms as dust is pushed ahead of a weather front.  
These fronts bring moisture to the area. 

  

ESPERE Climate Encyclopaedia – www.espere.net - Weather Basics - page 2 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 
4. source: 
ttp://24.77.76.160/index.html h 

Moon - "Clear moon, frost soon."

On clear nights the surface of the Earth cools rapidly.  
Without a "blanket" of clouds, the heat lost from the surface 
of the Earth is simply radiated into space.  If the 
temperature is low enough on these clear nights and there is 
no wind, frost can form. 

 
 
  

Rainbow - "Rainbow in the morning gives 
you fair warning."

In the morning, when the Sun is in the east, the shower and 
its rainbow are in the west. As the weather in the mid-
latitudes of the northern hemisphere moves mostly from 
west to east, rainbows in the morning to the west indicate 
approaching rain, while a rainbow at sunset indicates that 
the rain is leaving and fair weather is on the way. 

  
 
  

 
5. source: 
http://24.77.76.160/index.html 

 
Stars - "When the stars begin to huddle, the Earth will soon become a 
puddle."

As the amount of cloud in the night sky increases, whole areas of stars are hidden and the stars that 
are still visible seem to huddle together.  Increasing cloud means that the chance of rain also 
increases. 

 
6 . source: freestockphotos.com 

Clouds – "The higher the clouds, the better 
the weather". 

High clouds indicate both dry air and high atmospheric 
pressure.  These conditions are both present when 
the weather is fair.  

 
Smoke – "When smoke descends, good 
weather ends". 

The instability of the atmospheric pressure before a storm 
and the humidity prevents chimney or bonfire smoke from 
rising quickly.  The smoke tends to curl downwards in the 
face of a storm wind. 

 
  

 
Part 2: Plants and animals 
 
 
Short range forecasting using plant and animal behaviour 

Can animals and plants help predict the weather or other natural 
events? There’s tradition that says they do – and, in some cases, 
scientists agree!
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Dogs and cats seem to know when a tornado or earthquake is 
imminent. Birds roost early and feed extensively before rain or snow 
showers and pigs and squirrels gather more debris to insulate 
themselves from cold weather.
 
 
Plants and certain fungi can 
accurately forecast wet and dry 
weather.  Chickweed, dandelions, 
bindweeds, wild indigo, clovers 
and tulips all fold their petals up 
prior to rain. Rainstar, a type of 
fungus, opens up prior to rain and 
closes in dry weather. Mushrooms 
grow well when the weather is 
moist as do mosses and 
seaweeds. In fact, seaweeds 
exposed on the rocks at low tide 
seem to swell and rejuvenate in 
the high humidity conditions seen 
before wet weather.  
  

  
1. Dandelion flowers 

source: 
http://www.flowersandfauna.com/dandelionphotos.htm

   

Some of the very old weather sayings related to plants and animals are given 
below along with short explanations why some of them actually work. 

 
  

Cat - "If cats lick themselves, fair weather 
comes."   

During fair weather, when the relative humidity is low, 
electrostatic charges (static electricity) can build up on a cat 
as it touches other objects. Cat fur loses electrons easily, so 
cats become positively charged.  Many cats don't like to be 
stroked when the air humidity is low as sufficient electrical 
charge can build up and cause small sparks which irritate the 
cat.  When a cat licks itself, the moisture makes its fur more 
conductive so the charge can “leak” off.   

2. source: http://www.thepetprofessor.com/ 

  
  
  

Crickets - Crickets are 
accurate thermometers; 
they chirp faster when 
warm and slower when 
cold. 

This saying is extremely accurate. 
Count the cricket's chirps for 
fourteen seconds, then add forty.  
This is the temperature (in 
Fahrenheit) of wherever the 
cricket is. 

  
3. Cricket 
source: 
http://hortipm.tamu.edu/pestprofiles/other/cricket/cricket.html
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4. source: http://free-stock-
hotos.com/ p 

Flies – Flies bite more before it rains. 

This rule does not always apply.  However, insects do settle 
on objects more during moist weather as they find it more 
difficult to fly.  High temperatures cause us humans to sweat 
more and this makes us a more appetising target to a fly.  
These two reasons, plus an increased release of body odour 
when atmospheric pressure decreases means that flies and 
insects are more bothersome just before it rains than at any 
other time. 

 
  

Cow - A cow with its tail to the west, makes 
weather the best; A cow with its tail to the east, 
makes weather the least. 

This New England saying from the USA has much truth in it.  The 
natural instinct of animals is to graze with their tails into the wind.  If a 
predator tries to attack from behind, the wind blows their scent to the 
animal in danger.   In the northern hemisphere, east winds often bring 
rain and west winds often bring fair weather so the grazing animal's 
tail becomes a weather sign. 

5. source: http://www.thepetprofessor.com/ 

 
 
 
  

 
  

 
6. source: 
http://www.edenpics.com/ 

 

Sea gull - "Sea gull, sea gull, sit on the 
sand; It's a sign of a rain when you are at 
hand." 

Generally speaking, birds will roost more during low pressure 
conditions than during high pressure. Before a hurricane, 
large flocks of birds are seen roosting.  Perhaps the lowering 
of air pressure or the decrease in the density of the air 
makes flying harder.  Less natural air updrafts may also 
lead to the birds "resting it out." 

  

Leaves - When leaves show their backs, it 
will rain. 

When trees grow, their leaves make a pattern which depends 
on the prevailing wind.  So when a storm wind blows (which 
is naturally in the opposite direction to the prevailing wind), 
the leaves are ruffled backwards and show their light 
undersides. 

  

  

 
7. source: 
ttp://www.freefoto.com/index.jsp h 
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Pimpernel - "Pimpernel, pimpernel, tell me 
true.  Whether the weather be fine or 
no. No heart can think, no tongue can tell. 
The virtues of the pimpernel." 

When the atmosphere reaches about 80% humidity, the bog 
pimpernel closes. So in other words, the scarlet pimpernel 
open when it's sunny, and closes when rain is due.  
 
 
 
8. Scarlet pimpernel 
source: Cornell University, Department of Plant Pathology, 
Itacha, NY 14863 
http://vegetablemdonline.ppath.cornell.edu/ 

  

 
Part 3: Long range forecasting 
 
 
Most of the natural forecasting methods only work over a very short 
time period.  Long range proverbs also exist, but most of them have no 
meteorological basis. Some of them are more accurate than others 
but all of them are controversial. 
To find universally acceptable long range weather proverbs is 
very difficult.  They tend to vary from country to country 
and strongly depend on the climatic conditions in the region.
 

 
1 . Hedgehog 

February 2nd 

One of the few widely used long range weather 
proverbs relates to February 2nd, Candlemas 
Day. 
 
According to an old English song: 
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2. Brown bear 

 

"If Candlemas be fair and bright, 
Come, Winter, have another flight; 
If Candlemas brings clouds and rain, 
Go Winter, and come not again.”

The Romans brought this proverb to the 
Germans during their conquest of the northern 
countries.  The Germans adopted it and 
concluded that if the Sun made an appearance 
on Candlemas Day, a hedgehog would cast a 
shadow.  If this happened, six more weeks of 
bad weather would result, and they called this 
time the "Second Winter."  

In several countries people believed that animals 
came out on the 2nd of February to judge the 
quality of the weather.  

  

 
3. Groundhog 

 

In Hungary, for example, the shadow of a brown 
bear is observed.  In the United 
States Groundhog Day is a very popular 
tradition. 
 
"If the groundhog sees his shadow 
we will have six more weeks of winter.”

The groundhog's seasonal forecasting accuracy 
is low and its predictions of winter are only 
correct 39% of the time! 

  

Summer Rain Signs 

Another generally believed weather rhyme is 
connected to summer rains.   
"If on the eighth of June it rain 
That foretells a wet harvest, men sayen”
In France the weather on the feast of Saint 
Medard (June 8th) is said to determine whether 
the next few weeks will be wet or dry. If it rains, 
the rain will continue for four or five weeks, or 
recur at haying time. Rain on the 8th June in 
Norway and Hungary will lead to forty days of 
rain. In Flanders the day is July 6th, the feast of 
Saint Godelive.  In Germany it is the 27th June, 
which is known as Seven Sleepers Day. 
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"If it rains on Seven Sleepers Day, the rain will stay seven weeks more.”

If it rains in England on St. Swithin's Day, the 15th of July, the proverb says that 
it will rain for forty days and if it is dry then there will be fine weather for the 
next forty days.  The proverb goes back to the Elizabethan times. 

"St Swithin’s Day, if it does rain 
Full forty days, it will remain 
St Swithin’s Day, if it be fair 
For forty days, t'will rain no more." 

These summer-rain weather proverbs are quite accurate and work more or less 
in about 70% of cases. 
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 Weather

More 

Unit 1 
More about floods and thunderstorms 

The weather can be particularly awful, if it rains heavily or heavy storms rip 
through the country. 
  
Heavy rainfall and floods cause 
enormous damage world-wide 
and cost more human lives than 
we might expect. Sudden rainfall, 
which changes small brooks into 
violent wide rivers, turned the 
Elbe and Moldowa rivers into big 
lakes in summer 2002. Wide 
areas in Eastern Germany, the 
Czech Republic and Poland were 
flooded. People were in danger 
and could not be warned in 
adequate time. Storm tides 
threaten the coasts and undercut 
the cliffs causing landslides. In 
this unit we look at several sorts 
of flooding, the damage they 
cause, and why they occur. We 
also explain how a thunderstorm 
is formed. 

  

  

 

 

 

 

 

 

 

 

 

 
1. In case of thunderstorm and heavy showers we take 
refuge in cars or closed rooms. They offer not only a 
dry place but also protection from flashes. 
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Part 1: Flaschfloods 
 
Floods are among the most frequent and costly natural disasters in terms 
of human hardship and economic loss. Around 90% of the damage 
caused by natural disasters (excluding droughts) is caused by floods and 
their associated flows of debris. 
  
Most communities on Earth experience some kind of flooding event. 

 
  

  

 
1. Flooding kills almost twice 
as many people each year in 
the USA as tornadoes and 
hurricanes put together. 
 
source: 
http://www.erh.noaa.gov/ 
er/cae/svrwx/flood.htm 

Over the 10-year period from 1988 to 1997, floods cost the USA, on average, 
$3.7 billion annually. The long-term (1940 to 1999) average number of lives lost 
was 110 people each year and these deaths were mostly the result of flash 
floods.   

On the 14th of June 1990 in Shadyside, Ohio, USA, 101.6 mm of rain fell in less 
than two hours.  This produced a 9 m high wall of water.  Twenty six people died 
and about $7 million worth of damages occurred. 

  
Flash floods occur within six hours of a rain event 
or after a dam bursts or a river embankment 
fails.  They can also occur when water is 
suddenly released from behind an ice or debris 
jam.  Flash floods often catch people unaware.  
The best response to any signs of flash flooding 
is to move immediately and quickly to higher 
ground. 

  

 
2. source: http://www.dd.org/~tale/ 

inden-flood/page3/ m 
Intense rainfall during storms creates small, fast moving streams of water.  These
streams of water can have enough power to wash away sections of pavement and
parts of houses.  The lack of water permeable ground in urban environments 
makes the situation worse.  Urbanisation increases water runoff two to six times 
over what would occur on a natural terrain. During periods of urban flooding, 
streets can become swift moving rivers, while basements and underpasses can 
become death traps as they fill with water.  
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3. VENEZUELA - Mud flows and 
massive erosion on the 
Venezuelan north 
coast (December 1999). 
source: 
http://earth.esa.int/applications/
dm/GSP/venezuel.htm 

   

 

  
4. Unexpected torrential rains fell in the north of Venezuela from 
the 12th to the 16th December 1999.  These caused massive 
landslides and floods. 

These unexpected rains caused serious environmental 
damage.  The rains continued throughout January and February, 
roducing further landslides and flooding.  p 

    
Several factors contribute to flooding. The two key elements are rainfall intensity 
and duration. Intensity is the rate of rainfall, and duration is how long the rain 
lasts. Topography, soil conditions and ground cover also play important roles. Most
flash flooding is caused by slow-moving thunderstorms, thunderstorms repeatedly 
moving over the same area, or heavy rains from hurricanes and tropical storms.  
Floods, on the other hand, can be slow- or fast-rising, but generally develop over 
a period of hours or days.  

Flash floods can roll boulders, tear out trees, destroy buildings and bridges and 
scour out new channels. Rapidly rising water can reach heights of 30 feet or more. 
Furthermore, flash flood-producing rains can also trigger catastrophic mud slides. 

Flash floods are very dangerous. Only 15 cm of fast-moving water can sweep a 
person off their feet and cars become buoyant in about 61 cm of water. 

 
 
Part 2: Riverfloods 
 
There are several different types of floods:
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River flood 

Flooding along rivers is a natural and 
inevitable part of life. Some floods occur 
seasonally when winter or spring rains, 
coupled with melting snows, fill river 
basins with too much water, too quickly. 
Torrential rains from decaying hurricanes 
or tropical systems can also produce river
flooding. 

 
1. Mississippi River Flood 
source: http://www.umesc.usgs.gov/ 
flood_2001/surface.html 
  

 

 



Coastal flood 

Winds generated from tropical storms 
and hurricanes or intense offshore low 
pressure systems can drive ocean water 
inland and cause significant flooding. 
Escape routes can be cut off and blocked 
by high water. Coastal flooding can also 
be produced by sea waves called 
tsunamis, sometimes referred to as tidal 
waves. These waves are produced by 
earthquakes or volcanic activity. 
  
Urban flood 

As land is converted from fields or 
woodlands to roads and parking lots, it 
loses its ability to absorb rainfall. 
Urbanisation increases water runoff 2 to 
6 times over what would occur on natural 
terrain. During periods of urban flooding, 
streets can become swift moving rivers, 
while basements can become death traps 
as they fill with water. 

 

 
2. Urban flood 
ource: www.crh.noaa.gov s 

Flash flood 

Have a look at the page on flash floods in 
this section of the climate encyclopaedia. 
 

Ice jam 

Floating ice can accumulate at a natural 
or man-made obstructions and stop the 
flow of water.  Once the obstruction is 
removed, large amounts of water can be 
released suddenly and this can cause 
flooding. 
 

 
3. Ice jams on the Hudson River 
source: http://www.erh.noaa.gov/ 
er/aly/photos/photo.htm 
  

The most common floods are the river floods. 

Commercial forestry can also influence 
flooding risk.  Deforestation causes higher 
surface water runoff.  This in turn causes 
increased soil erosion and therefore reduced 
water storage capacity.   

Landuse is an important factor governing the 
water levels in rivers and the frequency of 
high runoff events.  

4. Dike bursting on the river Tisza 
(Hungary), 2001 
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Ploughing, road construction and soil compaction during forestry activity all cause 
short term modification in river flood behaviour.  Most people believe that 
deforestation increases flooding risk and so tree planting is suggested as 
a remediation technique.   

Every alteration in the pattern of agricultural production can be shown to modify 
flood occurrence and the ploughing up of former extensive grasslands is said to 
have increased the flood potential of some river basins. Removal of vegetation or 
conversion to plants with lower evapotranspiration and water capture capacity, 
increases run-off volumes and lowers water storage.  

More intense rainfall events are predicted in the future.  The Intergovermental 
Panel of Climate Change (IPCC) state that these rainfall events will increase the 
likelihood of landslides, avalanches and mudslides.   

 

 
  

  

 
5. The summary of losses in Germany 
by Jonathan Conway 
 
source: http://www.facworld.com/ 
FacWorld.nsf/doc/euflood/$file/floodeu2.pdf

The 'Flood of the Century' was on the river Elbe in 2002. In parts of the 
Erzgebirge mountain range between Germany/Saxony and The Czech Republic 
more than 300 mm of rain fell in one day. The extreme precipitation was followed
by a very quick rise in the water levels of the Elbe tributaries, in particular the 
rivers which drain the Erzgebirge to the north. The water in the Elbe reached 
levels which had not been recorded for centuries. The total economic damages 
resulting from the August flood (the Czech Republic: € 3 billion, Austria: € 3 
billion; Germany: € 9.2 billion) represent a new European record for flood 
damages. 

 
6. The flooding of the Elbe near Elster (left) and the flooded streets of Meissen (right), 

photos by M. Zebisch, TU Berlin. 
source: http://www.uni-frankfurt.de/~jrapp/centuryflood.pdf 
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Part 3: Thunderstorms 
 
Types of thunderstorms 

Single Cell Storms
  
Thunderstorms can consist of just one 
ordinary cell that transitions through its 
life cycle and dissipates without additional 
new cell formation. True single cell storms 
are, however, relatively rare since even 
the weakest of storms usually occurs as 
multicell updraft event. Single cell storms 
seem quite random (perhaps because of 
our lack of understanding) in their 
production of brief severe events such as 
hail, some heavy rainfall and occasional 
weak tornadoes. 

 
1. source: http://ww2010.atmos.uiuc.edu/ 
Gh)/guides/mtr/svr/type/sngl/ovr.rxm ( 

Multicell Storms   

 
2 . a) 

Thunderstorms often form in 
clusters with a group of cells 
moving as a single unit, with each 
cell in a different stage of the 
thunderstorm life cycle. Generally 
these storms are more potent 
than single cell storms, but 
considerably less so than 
supercells.  

    
  

Unlike ordinary single cells, 
cluster storms can last for several 
hours producing large hail, 
damaging winds, flash flooding, 
and isolated tornados. 

 
2. b) source: www.srh.weather.gov 

  

Multicell Lines (Squall Lines) 

Sometimes thunderstorms will form in a line which can extend laterally for 
hundreds of miles. These "squall lines" can persist for many hours and produce 
damaging winds and hail. A squall line is a line of thunderstorms that have a 
common lifting mechanism. Lifting mechanisms tend to occur in bands. The rain 
cooled air or "gust front" spreading out from underneath the squall line acts as a 
mini cold front, continually lifting warm moist air to fuel the storms. Examples of 
banded lifting mechanisms include fronts, large outflow boundaries, gravity 
waves, etc.  
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The classic squall line will develop 
out ahead of and parallel to a cold 
front or dry line boundary. The 
storms first develop where there 
is the best combination of 
moisture, instability and lift. The 
storms will continue to evolve and 
new cells will develop (commonly 
toward the south and east).  

 
3 . a) 

The squall line will sustain itself 
by producing its own lift due to 
outflow boundaries. As long as 
instability and moisture remain 
present out ahead of the squall 
line, the squall line will continue 
to propagate. Often along the 
leading edge of the line a low 
hanging arc of cloudiness will 
form called the shelf cloud. Gusty,
sometimes damaging outflow 
winds will spread out horizontally 
along the ground behind the shelf 
cloud. 

 
3. b) Schematic of a squall line (top) and 
accompanying photograph (below).source: 

ww.srh.weather.gov  w 

Downburst winds are the main threat, although hail as large as golf balls and 
gustnadoes can occur. Flash floods occasionally occur when the squall line 
decelerates or even becomes stationary, with thunderstorms moving parallel to 
the line and repeatedly across the same area. 

Supercell Thunderstorms  

Supercell thunderstorms are a special kind of single cell thunderstorm that can 
persist for many hours. They are responsible for nearly all of the significant 
tornados produced in the U.S. and for most of the hailstones larger than golf ball 
size. Supercells are also known to produce extreme winds and flash flooding. 
  

 
 
4 . a) source: www.srh.weather.gov 

 
 
4 . b) source: www.srh.weather.gov 

They are characterized by a rotating updraft 
(usually cyclonic) which results from a storm 
growing in an environment of significant vertical 
wind shear. Wind shear occurs when the winds 
are changing direction and increasing with 
height.  

The most ideal conditions for supercells occurs 
when the winds are veering or turning clockwise 
with height. For example, in a veering wind 
situation the winds may be from the south at the 
surface and from the west at 15,000 feet. 
Beneath the supercell, the rotation of the storm 
is often visible as well. 
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Weather

More 

Unit 2 
More about the major wind systems,the Southern 
Oscillation Index and the North Atlantic Oscillation 
  
The different warming of our planet depending 
on the latitude and the allocation of water and 
land is the driving engine of the wind systems of 
our planet Earth. Monsoons and trade winds are 
examples of two such systems. 

Many of the traditional names of the wind zones 
have their roots from the time when sailing ships 
were used in the middle ages, when calms and 
storms could often decide about life and death. 
The El Niño phenomena, which is based on 
pressure variances, in this case over the mid 
Pacific, has a strong influence on temperature 
and precipitation on several continents. The 
weather in Europe and in the Mediterranean 
region, however, depends more on the North 
Atlantic Oscillation. You will learn more about 
these systems in the following sections of this 
unit.  

  

  

  

 

 

 

 

 

 

 

 

 

 
1.  Sailing ship: The Grand Turk 
© Freefoto.com 
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Part 1: Major wind systems 
 
Major wind systems, the trade winds, monsoons 

Major wind systems
The incident solar radiation, the distribution of the continents and the 
oceans, the rotation of the Earth and the land elevation all affect the 
climate.  Most of the solar radiation falls in the Equatorial region.  Just 
slightly to the north of the equator is a region of low winds known as the 
doldrums.  These occur between two windy regions where the trade 
winds blow.  
  

 
1. Rotating Earth - Global Circulation  
 
Source: website of University of Michigan-Ann 
Arbor, Department of Geological Sciences 
  

The large amount of solar radiation 
that arrives at the Earths 
surface around the Equator 
causes intense heating of the land 
and the ocean. This heating causes 
warm moist air to rise into the 
atmosphere leaving an area of low 
pressure underneath.  The region is 
also characterised by cloudiness, high 
humidity, light and variable winds and
various forms of severe weather 
including thunderstorms and 
hurricanes.  The doldrums are also 
noted for calms, these are periods 
when the winds fall, trapping sailing 
boats for days.   

The air that rises around the Equator 
cools and descends over the so called 
horse latitudes.  These are two belts 
of latitude where the winds are light 
and the weather is hot and dry. They 
are located mostly over the oceans, 
at about 30° latitude in each 
hemisphere.  They have a north-
south range of about 5° as they 
follow the seasonal migration of the 
Sun.   

Once the descending air reaches the surface of the Earth, it spreads out towards 
the Equator as part of the prevailing trade winds or towards the poles as part of 
the westerlies.  This region in the northern hemisphere is sometimes called the 
‘calms of Cancer’ and called the ‘calms of Capricorn’ in the southern hemisphere. 
The horse latitudes supposedly get their name from the days when Spanish 
sailing vessels transported horses to the West Indies. Ships would often become 
becalmed in mid-ocean at this latitude, thus severely prolonging the voyage.  The 
resulting water shortages would make it necessary for crews to throw their horses
overboard. 
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Trade winds 

The air at doldrums rises high over the 
Earth, recirculates poleward, and sinks 
back toward the Earth’s surface at the 
horse latitudes.  Surface air from the horse 
latitudes that moves back towards the 
equator is deflected by the Coriolis Force.  
This causes the winds to blow from the 
north-east in the northern hemisphere and 
from the south-east in the southern 
hemispehre.  These winds are known as the
trade winds.  In both hemispheres, 
therefore, these winds tend to blow from 
the east to the west and towards the 
equator.  Sometimes the trade winds are 
just called "easterlies" to avoid having to 
specify the hemisphere. These steady 
winds are called the trade winds because 
they provided trade ships with an ocean 
route to the New World.  
  

 
 
2. Global Circulation 

source: San Francisco State University 
(SFSU) website 
  

 
3. Effect in the Indian sub-continent - Monsoon 

© 1996 EarthBase/Liaison Agency. All rights 
reserved. 
hoto by Chip Hires P 

Monsoons 

A monsoon circulation is determined 
by the different heat capacity 
characteristics of continents and 
oceans.  They are similar to sea and 
land breezes but occur over much 
larger areas.  In summer, the winds 
usually flow from the water to the land, 
causing heavy rains inland. In winter, 
the winds usually reverse and the 
wind flows from the land to the sea 
resulting in dry conditions. 
The word "monsoon" is derived from 
the Arabic word "mausim" which means 
season. Ancient traders sailing in the 
Indian Ocean and adjoining Arabian 
Sea used it to describe a system of 
alternating winds, which blow 
persistently from the northeast during 
the northern winter and from the 
opposite direction, the southwest, 
during the northern summer. Thus the 
term monsoon actually refers solely to 
a seasonal wind shift and not to 
precipitation.  
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Even though the term monsoon was originally 
defined for the Indian subcontinent, monsoon 
circulations exist in other locations of the world 
as well, such as in Europe, Africa, Australia, and 
the west coasts of Chile and the United States. 
Approximately 65 % of the world’s population 
lives within monsoon regions. The most famous 
monsoon circulation occurs over India and 
southeast Asia. During the summer, the air over 
the continent becomes much warmer than the 
water surface, so the surface air moves from the 
water to the land. The humid air from the water 
converges with dry air from over the continent 
and produces precipitation over the region. 
Additional lifting from hills and mountains causes 
copious amounts of precipitation to occur, over 
400 inches at some locations! During the winter 
the flow reverses and the dominant surface flow 
moves from the land to the water.  

The Indian summer monsoon typically lasts from 
June through September. During this period 
large areas of western and central India receive 
more than 90% of their total annual rainfall, 
while southern and northwestern India receive 
50%-75% of their total annual rainfall. Overall, 
monthly rainfall totals average 200-300 mm, 
with the largest values observed during the 
heart of the monsoon season in July and August. 

 
4. Monsoon Circulation 
 
source: Homepage of the 
Cooperative Institute for Mesoscale 

eteorological Studies M 

Rainfall across southeastern Asia is also monsoonal in nature, with the largest 
totals typically observed during May-September. Area-average totals normally 
reach 200 mm in each of these months, with seasonal totals of 1000 mm 
commonly observed. 

  
 
 
Part 2: El Niño and SOI 
 
The Southern Oscillation and El Niño 

Southern Oscillation  

The fluctuations in ocean temperatures during El Niño and La Niña events
are linked to even larger-scale fluctuations in air pressure between the 
western and eastern tropical Pacific known as the Southern Oscillation.
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The Southern Oscillation is a 
change in air pressure measured 
in the Pacific Ocean between 
Tahiti in the east and Darwin, 
Australia in the west. When the 
pressure is high at Darwin, it is 
low at Tahiti and vice versa.  

El Niño, and its sister event "La 
Niña" represent the opposite 
extreme phases of the Southern 
Oscillation. During El Niño events 
higher than average air pressure 
covers Indonesia and the western 
tropical Pacific and below average 
air pressure covers the eastern 
tropical Pacific. 

 
1. Map of the South Pacific, showing Darwin in 
Australia and Tahiti, one of the Pacific Islands 
 

   

These pressure departures are reversed during La Niña, which features below-
average air pressure over Indonesia and the western tropical Pacific and above-
average air pressure over the eastern tropical Pacific. 
 
To sum up: 

• El Niño refers to the oceanic component of the El Niño/Southern Oscillation
(ENSO) system  

• The Southern Oscillation refers to the atmospheric component  
• ENSO is the coupled ocean-atmosphere system 

ENSO has 3 phases: a warm phase known as El Niño, a cold phase called La Niña 
and neutral phase when neither El Niño or La Niña conditions occur. 
  

 
2. The normal mean sea level pressure (MSPL) at Tahiti
is higher than at Darwin. If the pressure at Darwin 
rises relative to Tahiti the SOI becomes negative and 
we have an El Niño event. 
source: Climate System Lectures, Univ. of Columbia, 
NY 

   

Southern Oscillation Index 
(SOI) 

The Southern Oscillation Index 
(SOI) is a measure of the 
strength and phase of the 
Southern Oscillation. During El 
Niño episodes the SOI has a large 
negative value due to lower-than-
average air pressure at Tahiti and 
higher-than-average air pressure 
at Darwin. 
During La Niña episodes, the SOI 
has a positive value due to 
higher-than-average air pressure 
at Tahiti and lower-than-average 
air pressure at Darwin. 
El Niño episodes occur in every 2-
7 years.   
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3. The southern oscillation index SOI. Strong negative red values stand for El Niño events, strong 
positive blue values stand for La Niña conditions. 
Source: Long Paddock website, Gov. of Queensland 

  

 
4. Sea Level Pressure 1960-1984 

source: U. S. Army Topographic Engineering Center 

Historical review on El Niño events  

El Niño is not a new phenomenon, it has been around for thousands of 
years. Chemical signatures of warmer sea surface temperatures and 
increased rainfall caused by El Niño appear in coral specimens at least 
4000 years old, but some researchers claim to have found coral records 
that hold evidence of El Niño cycles more than a 100,000 years ago!
  
Records of El Niño events date back 
as far as the 1500's. At that time 
fisherman off the coast of Peru 
started noticing that periodic warm 
waters resulted in low anchovy 
catches. However, Peruvian farmers 
also noted that the warm waters lead 
to increased rainfall, transforming 
normally barren areas into fertile 
farmland. 

Between 1700 and 1900 European 
sailors made sporadic attempts at 
documenting the phenomenon 
and scientists became interested in 
identifying the cause. 

  

 
5. Fishermen off the coast of Peru.  Warm waters 
during El Niño events reduce the number of fish 
along the Peruvian coast causing reduced fish 
catches. 

 downtheroad.org - Peru © 
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It wasn't until the middle of the 20th century that the scientific causes of ENSO 
were worked out.  Interest increased in the late 1960's and early 1970's and, 
using new observations including satellite data, climatologists and 
oceanographers recognised that El Niño events were much more than just a local 
feature of climate variability.  

 
  

 
7. Atlas buoy 
ource: NOAA/PMEL s 

   
6. Nowadays we record conditions in the Pacific Ocean using fixed Atlas buoys which measure lots of 
different parameters, both at the surface and at depth.  We also use drifting buoys, research ships, 
coastal tide gauge stations and make measurements of sea surface temperature from space 
using satellites.  All this data forms an El Niño early warning system which helps people prepare 
for the next El Niño event. 
© clivar.org 

In 1923, a British Scientist, Sir Gilbert Walker discovered that when air pressure 
is high in the Pacific, it is low in the Indian Ocean from Africa to Australia, and 
vice versa. His findings, which he named the Southern Oscillation, were the first 
indication that weather conditions in distant parts of the tropical Pacific region are 
connected. 
Fifty years later, in the late 1960's, Jacob Bjerknes a Norwegian meteorologist 
and Professor of the University of California at Los Angeles came up with the first 
detailed description of how El Niño works. He made the connection between 
Walker’s Southern Oscillation and El Niño and this is now officially known as the 
El Niño/Southern Oscillation or ENSO for short. 
  

 
8. a)  the Walker circulation over the Pacific. 
The image shows the circulation for neutral 
conditions. 

 original: Bildungszentrum Markdorf © 

 
8. b) this is what changes during El Niño 
conditions. 
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9. Comparison of the absolute sea surface 
temperature for normal conditions and the El 
Niño event in 1982. 
source: Climate science lecture, Univ. of 
Columbia, NY  

   

El Niño events and consequences

Between 1982 and 1983, a very strong 
El Niño caused havoc around the 
world. Associated floods, droughts & 
wildfires killed about 2,000 people 
worldwide. The damage caused 
was estimated at US$13 billion.  

An even stronger El Niño event 
developed in the Pacific between 1997 
and 1998. Warnings were issued in mid 
1997 and emergency preparedness 
conferences were convened. By March 
1998, El Niño-related events globally 
caused US$34 billion of direct losses 
and killed 24,000 people. 111 million 
people were affected in some way 
and the related events left 6 million 
displaced people behind them. 

  
Floods and fires are often a consequence of El Niño events. Smaller bush fires are 
normal in shifting cultivation areas, such as Indonesia. But sometimes it is also 
industrial burning, i.e. burning forest areas to enlarge plantations. Normally the 
heavy rain in December extinguishes all fires. But under El Niño conditions there 
is no rain.  
Look at the following pictures what severe drought conditions mean. 
  

 
10. Bush fires in Borneo, 1997 (Centre for Remote 
Imaging, Sensing and Processing The National 
University of Singapore.All images are acquired by 
the SPOT satellites. Copyright of images CNES.)  
 
   

 
11. Bush fires over Sumatra and Kalimantan, 
Sept. 1997 (image: NOAA/NESDIS) author: 
Bildungszentrum Marktdorf, Project group 
ENSO 
Source: http://www.enso.info/globaus.html 
 
 
   

La Niña, on the other hand, can mean lots of rain in the following areas: South 
Asia (during monsoon times), North and North East Australia, South Africa, 
Northern South America, Central America, Hawaii. 
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Part 3: NAO 
 
North Atlantic Oscillation (NAO)
Climate variability comprises three primary, but interrelated phenomena 
in the North Atlantic region:

• the Tropical Atlantic Variability  
• the North Atlantic Oscillation  
• the Atlantic Meridional Overturning Circulation.  

The NAO is a fluctuation in a sea level pressure difference 
between Iceland and the Azores. The name was first cited by 
Gilbert Walker in 1924.
  
 
The history of the NAO 

The NAO has a long history.  The missionary Hans Egede Saabye made 
observations in his diary as far back as 1770 to 1778: "When the winter in 
Denmark was severe, as we perceive it, the winter in Greenland in its manner 
was mild, and conversely". Simultaneously, coherent fluctuations in 
temperatures, rainfall and sea level pressure were documented, reaching 
eastwards to central Europe, southwards to subtropical West Africa and westward 
to North America.  
The fluctuations of NAO influence climate from North America to Siberia and from 
the Arctic Ocean to the equator. 

NAO index 

The strength of the NAO is described by the NAO index. The NAO index is the 
difference of sea-level pressure between two stations situated close to the centres
of the Icelandic Low and the Azores High. Stykkisholmur (Iceland) is used as the 
northern station, and either Ponta Delgada (Azores), Lisbon (Portugal) or 
Gibraltar are used as the southern station.  
This simple index clearly does not take into account the possibility that the 
centres of the actual pattern may not overlap with these locations, nor can it 
accurately capture the seasonal variations in the NAO. However, there is a key 
advantage to the use of such an index, existing weather records allow it to be 
extended back in time to at least 1864. When the index is correlated or regressed 
with gridded surface pressure data, the resulting north-south dipole pattern 
defines the spatial pattern of the NAO. 
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1. source: http://www.ldeo.columbia.edu/ 
res/pi/NAO/ 
  

The positive NAO index phase shows a 
stronger than usual subtropical high 
pressure center and a deeper than normal 
Icelandic low. The increased pressure 
difference results in more and stronger 
winter storms crossing the Atlantic Ocean 
on a more northerly track. This results in a
warm and wet winters in Europe and in 
cold and dry winters in northern Canada 
and Greenland. In this case, the eastern 
US experiences mild and wet winter 
conditions. For example, the high index 
winter/springs of 1989, 1990, and 1995, 
were caused by a net displacement of air 
from over the Artic and Icelandic regions 
towards the subtropic belt near the Azores 
and the Iberian peninsula, and had 
strengthened westerlies over the North 
Atlantic Ocean. Stronger westerlies bring 
more warm moist air over the European 
continent and gives rise to milder 
maritime winters. 

The negative NAO index phase shows a 
weak subtropical high and a weak 
Icelandic low. The reduced pressure 
gradient results in fewer and weaker 
storms crossing on a more west-east 
pathway. They bring moist air into the 
Mediterranean and cold air outbreaks and 
hence snowy weather conditions. 
Greenland, however, has milder winter 
temperatures. The low index 
winter/springs of 1917, 1936, 1963, and 
1969 had weaker mean westerlies over 
the North Atlantic Ocean with 
corresponding colder than normal 
European winters. 

  

 
2. source: http://www.ldeo.columbia.edu/ 
res/pi/NAO/ 
  

 
Strengthened or weakened westerlies over the North Atlantic both have major 
impacts on oceanic and some continental ecosystems.  They have a large impact 
on North Atlantic fish stocks. 
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3. source: http://www.ldeo.columbia.edu/res/pi/NAO/ 

 
The winter NAO index is defined as the anomalous difference between the polar 
low and the subtropical high during the winter season (December through March).
  
NAO index has exhibited considerable variability over the past 100 years. From 
the turn of the century until about 1930 (with exception of the 1916-1919 
winters), the NAO was high and so stronger-than-usual winds carried the 
moderating influence of the ocean over Europe contributing to the higher-than-
normal European temperatures during this period. From early 1940's until the 
early 1970's, the NAO index exhibited a downward trend corresponding to 
a period when European wintertime temperatures were frequently lower than 
normal. A sharp increase in the NAO has occurred over the past 25 years. Since 
1980, the NAO has remained in a strongly positive phase and displayed an 
upward trend.  Since the turn of the 20th century, winters have exhibited the 
most pronounced positive indices ever recorded (except 1996). This situation has 
contributed much to the observed warming seen in northern hemisphere surface 
temperatures over the past two decades. 
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Weather

More 

Unit 3 
Biometeorology 

During certain weather conditions many people complain about problems in their 
well-being or even illness. For example, we talk about the effect of overbearing 
humidity. The weather can exacerbate certain illnesses and elderly people and 
young children can be especially susceptible to health effects related to the 
weather conditions. 
It has been proven statistically that 
weather events can have a strong 
influence on the life of humans and 
animals. During the heat wave in summer 
2003 the mortality rate in some countries 
increased to many times its normal value.  

Biometeorology is a scientific branch, 
which can be seen as the link between 
meteorology, biology and medical 
sciences. It investigates the direct and 
indirect influence of the atmosphere on 
humans and other living organisms. In this 
unit we will look at what these influences 
are.  

  

 

 
Weather makes us shiver, sweat or can 
tress the heart. s 
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Part 1: Environment and health 
 
 
More about environmental changes and human health.  
  
In industrialised countries, the phrase "Environmental Health" conventionally 
refers to the adverse effect on human health caused by exposure to specific 
physical and chemical agents in the local environment.  The emphasis so far has 
been on contaminants in air, water, soil and food.   

Epidemiologists and toxicologists try to quantify the effects of this 
exposure, either by studying human populations or by using animal 
experimentation.   

Global environmental hazards to health include:   
 

• climate 
change resulting 
from an increase 
in greenhouse 
gases in the lower 
atmosphere. 

 

 
Figure. 1. 
1. Energy from the Sun reaches the Earth.  The ozone layer 
shields the Earth from the Sun's harmful ultraviolet radiation. 
2. About 30 percent of the solar energy is reflected back into 
space.  
3. Burning fossil fuels and deforestation increase carbon dioxide 
levels in the atmosphere.  Other greenhouse gases such as 
methane are also added to the atmosphere as a result of human 
activity. 
4. These greenhouse gases form a "blanket" which traps heat 
energy coming from the surface of the Earth, thus warming the 
Earth.  
ource:http://www.texasep.org  s 

•  stratospheric ozone depletion.   

Effects of solar ultraviolet radiation on human health include: 
skin damage - malignant melanoma, non-melanocytic cancer, sunburn 
eye damage - lens opacity, acute solar retinopathy, cancer of the cornea and 
conjunctiva 
reduction in immunity to disease and increased susceptibility to infection 
direct effects - vitamin D production: prevention of rickets, possible benefit for 
hypertension, altered general well-being: sleep/wake cycles, mood 
indirect effects - on climate, food supply, infectious disease vectors, air 
pollution. 
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Figure 2. UV radiation levels are influenced by: sun elevation, latitude, cloud cover, altitude, ozone, 
ground reflection. 
source:www.who.int 
 

 
 

• loss of biodiversity. 

Loss of biodiversity is occurring at a rapid 
rate and involves both the disappearance 
of useful species and genes and the 
weakening of various ecosystems thereby
reducing the flow of nature’s life-
supporting "goods and services". 
  

 
Figure 3. Even the remaining North American 
forests are still being cleared for new 
development. 
source: library.thinkquest.org 
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• desertification, depletion of fertile soil, groundwater
and natural fisheries.  This reduces the amount of 
food which can be grown and offsets any expected 
gains from genetically modified organisms, 
precision farming and aquaculture. 

Figure 4. Left: A goat seeks food in the sparsely vegetated Sahel of 
Africa. 
Right: Off-road vehicles significantly increase soil loss in the delicate 
desert environment. 
source: pubs.usgs.gov 

  

• various common chemical 
pollutants are 
now recognised as 
persistent and globally 
pervasive. Some appear to 
affect neurological, 
immune and reproductive 
systems and can no longer 
be considered to have 
specific and limited 
toxicity. 

  

 
Figure 5. Humans emit more and more greenhouse 
gases into the atmosphere Cars, trucks, home and 
business heating and power factories are responsible 
for about 98% of US carbon dioxide emissions and 
18% of nitrous oxide missions.  
source: www.wrh.noaa.gov 

   
In addition to large-scale environmental changes, global trends within human 
societies have also had significant effects on human health.  The prime 
determinant of population health in the medium-to-long term is the life-
supporting capacity of the environment.  Much work still needs to be done to 
improve our understanding of the fundamental ecological relationship between 
environmental conditions, climatic conditions and human health.  
Measurement of population health  

We need a measure to describe the health of population.  The disease burden 
comprises the total amount of disease or premature death within the population. 
To compare burden-fractions attributable to different risk factors requires, firstly, 
the knowledge of the severity/disability and duration of the health deficit, and, 
secondly, the use of standard units of health deficit. The widely-used Disability-
Adjusted Life Year (DALY) is the sum of  
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     -  years of life lost due to premature death (YLL) 
     -  years of life lived with disability (YLD).  

YLL takes into account the age at death, and YLD takes into account disease duration, age at onset, 
and a disability weight reflecting the severity of disease. Based on this measure, the estimated 
impacts of climate change in 2000 were the following in different regions. 

 

 

Examples of how diverse environmental changes affect the occurrence of various infectious diseases 
in humans. 
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Part 2: Weather and health 

  
1. source: 
ttp://www.es.mq.edu.au/ISB/h 

People have, since ancient times, associated certain 
weather conditions with ill health.  The connection 
between weather and health is made especially clear 
when skin cancer rates increase and during heat 
waves or extreme cold snaps when old people are 
much more at risk of death. 

Illness resulting from temperature extremes and 
solar ultra-violet radiation are obvious effects of 
weather on health.  Effects which are not so obvious 
include the influence of weather on our mood, 
behaviour and general well-being.   

Researchers realised that medical conditions 
alone could not explain all illnesses and a new 
science called Biometeorology was created.  This is 
a combination of many science disciplines, mainly 
meteorology, medicine and biology.   Our gradual 
detachment from nature and our modern lifestyle, 
with air conditioners, humidifiers and heaters has 
made us more sensitive to environmental influences. 
This is particularly valid when the body is weakened 
by illness or old age.  

  
Our bodies react to cold by constricting the blood 
vessels in our skin and around the edges of our 
body.  As a result, our heart has to work harder 
to squeeze blood through the narrow vessels.  
This puts alot of strain on a damaged or 
weakened heart.  A significant drop in air 
pressure causes the air in our isolated body 
cavities and our membrane fluids to expand.  This
puts pressure on inflammed or injured tissues in 
joints or muscles and causes us increased pain.  
Some people experience this phenomenon when 
they travel by aeroplane when the cabin pressure 
drops during take off.   Many of us 
are sensitive to changes in weather and the pain 
we feel may be caused by the irritation of nerve 
endings as a result of rapid changes in 
conditions.  Bones and muscles have different 
densities and unequal expansion and contraction 
during temperature and humidity variations may 
increase the pain we feel in inflamed or injured 
joints and muscles. 

 
2. Boiling water tossed into air at 
a temperature of -18 oC on 
December 25 2000. 
Photo by Dan Lipinski.  Source: 
http://www.crh.noaa.gov/ with 
permission. 
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3. source: 
ttp://johnson.senate.gov/drought.html h 

Heat waves appear to have a 
greater impact on mortality than 
cold episodes.  In the summer of 
2003, 180 people died in Paris, 
France on one day alone as a 
result of the abnormally high 
temperatures.  Several thousand 
people died during the heat wave 
that summer. 

  

Humidity has an important impact on 
mortality.  The more humid it is, the 
harder it is for our bodies to loose heat 
by sweating, and this results in further 
overheating. 

  

  
4. source: 
http://www.petsit.com/data/publications/html/

orld/ROOT-2001_6_27_145155.asp w 

  
5. Dust storm over 
Edwards Air Force Base 
Photo by TSgt Matthew 
Kelpis 
source: 
http://www.crh.noaa.gov/
with permission 
  

Weather-sensitive people often become irritated a day or 
two before a change in weather and are often miserable 
when a weather front arrives. Hospital records in the 
USA show that a greater number of babies are born 
during this time and headaches and migraines increase.  
People suffering from rheumatism dread the arrival of 
cold and damp weather and the dry and dusty inland 
wind prior to the arrival of a front triggers asthma or 
aggravates the symptoms and worsens hayfever. 

Inland dry winds before 
fronts are called Foehn in 
the Alpine regions of Central 
Europe and Chinook and 
Santa Ana in the Rocky 
mountain regions of Canada 
and the USA.  Some Swiss 
courts even allow the 
negative effects of these 
winds to be used as a 
mitigating factor in some 
crimes. The University of 
Calgary in Canada has 
substantiated the claims of 
many migraine sufferers 
that the Chinook is their 
main trigger. 

 

 
6. Dry Santa Ana wind 
source: http://www.usatoday.com/weather/wsanta.htm 
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Electrical storms also have an impact on our health. A lightning bolt announces 
its presence by sending out electromagnetic signals, sferics (short for 
atmospherics), at the speed of light. Instruments can measure these hundreds 
of kilometres away.  

 
7. Major types of impact change and stratospheric ozone depletion on human health 
(WHO/WMO/UNEP-Task Group, 1996). 
 
Part 3: Wind chill  
  
One of the principal modes of heat transfer from 
an object is convection of heat to the surrounding 
air. Convective heat transfer increases significantly 
with increasing air velocity.  As a result, a person 
is cooled at a faster rate under windy conditions 
than under calm conditions, given equal air 
temperature.  

Wind chill is a concept that relates the rate of heat 
loss from humans under windy conditions to an 
equivalent air temperature for calm conditions. The
wind chill temperature (WCT) is an equivalent air 
temperature equal to the air temperature needed 
to produce the same cooling effect under calm 
conditions. So the wind chill temperature is not 
actually a temperature, but rather an index that 
helps relate the cooling effect of the wind to the air 
temperature under calm conditions.  

 
1. source: 
http://www.erh.noaa.gov/er/ 
n/tables.htm il 
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It is important to remember that the wind does 
not cause an exposed object to become colder 
than the ambient air temperature. Higher wind 
speeds simply cause the object to cool to the 
ambient air temperature more quickly.  

  

 
  2. Parched Yugoslav Lake 
  source: 
http://dsc.discovery.com/new
s/ 
 afp/20030804/euroheat.html   

An extreme heat event or heat wave is a period of 
excessive daytime and night time heat and high 
humidity relative to the geographic location and time 
of year. 

  

Human bodies loose heat by changing the rate and depth at which the blood is 
circulated and by water loss through the skin and sweat glands.  To cool the 
body, the heart begins to pump more blood, blood vessels dilate (expand) to 
accomodate the increased flow and the bundles of tiny capillaries threading 
through the upper layers of skin are put into operation. The blood is circulated 
closer to the skin’s surface, and excess heat drains off into the cooler 
atmosphere. At the same time, water diffuses through the skin as perspiration. 
The skin is responsible for about 90 percent of the body’s heat loss function.  
Sweating alone does nothing to cool the body.  For cooling to occur, the sweat 
must be lost by evaporation from the surface of the skin.  High humidity 
conditions retard this process of evaporation.   

Under conditions of high temperature and high relative humidity, the body 
aims to maintain an internal temperature of 37°C.  To do this, the heart pumps 
more blood through dilated blood vessels and sweat glands pour liquid, which 
includes essential dissolved chemicals like sodium and chloride, onto the surface 
of the skin.  

When more heat enters the body than the body can remove or when the body 
cannot compensate for fluids and salt lost through perspiration, the temperature 
of the body’s inner core begins to rise and heat-related illnesses may develop.  

Death rates can increase markedly as a result of heat waves and the peaks 
correlate with maximum daily temperature 1-2 days before death; that is, there 
is a 1-2 day lag between the hottest temperatures and the peak in death rate. 
Illnesses such as heat stroke and heat exhaustion can occur in healthy people 
who are overexposed to, or are overactive in the heat. However, the majority of 
excess deaths that occur during heat waves are actually the result of other 
illnesses, which are exacerbated by heat stress.  Children, the elderly and people 
who are already ill, particularly those with circulatory problems, are most at risk 
during excessive heat. 
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Many indices have 
been developed to measure the 
influence of meteorological 
parameters on the human body. A
comparison of formulations used 
to determine the effect of wind 
speed on wind chill is shown here. 

  

 
3. Differences in the various wind chill equivalent 
formulations at an air temperature of  0°F (adapted 
rom Quayle et al. 2000). f 

The Heat Index (HI) is the temperature the body feels when heat and humidity 
are combined. The chart below shows the HI that corresponds to the actual air 
temperature and relative humidity.  This chart is based upon shady, light wind 
conditions.  Exposure to direct sunlight can increase the HI by up to 
15°F.   To convert temperatures in Fahrenheit (TF) to temperatures on the 
Celsius scale (TC) use the following equation:  

TC = (5/9)*(TF-32)  

 

  
4. Temperature (F) versus Relative Humidity (%) 

  
5. Possible heat disorder 

  
6. This table compares Temperature and Dewpoint.  The different colours show the disorders which 
are possible (see above). 
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Clouds & Particles

Basics 

Unit 1: Clouds 

Clouds play a very important role in the climate system. In this Unit we'll look at
the different forms of water on the Earth and in the atmosphere. We'll also look 
at what clouds are made of, how they form and identify the many different 
types of clouds which exist. 

• water in the atmosphere  
• formation of clouds  
• cloud types 

 
 
Part 1: Water in the atmosphere 
 
Water is the only substance that can exist naturally in three 3 forms: as 
a liquid (in oceans, rivers, lakes..), as a solid (as ice, snow, hail..) and 
as a gas (as water vapour).
The atmosphere isn't just made up of air but also contains water 
vapour.  This water vapour is invisible, doesn't smell and makes up less 
than 0.001% of all the water on the Earth.  However, this tiny amount 
of water in the air is really important to our climate.  
Let's now look at the role of water in the air and see what are clouds 
made of.
  
The water we drink is water in its liquid state.  When we crunch an ice cube, our 
teeth know that the water is solid.  These two forms of water are easy to see.  
But water can also exist as a gas in the air, here the water occurs as free water 
molecules.  We call these free molecules water vapour or moisture. 

When liquid water is converted into water vapour, the process is 
called evaporation. This is what happens when you use a hair drier to dry your 
hair.  The water doesn't simply disappear, it's still in the room but now in the 
air.  Due to the high temperature of the hair drier, the liquid water has changed 
to water vapour, it has evaporated! 
Condensation is the opposite process where water vapour changes to liquid 
water. After having a bath, the bathroom is filled with steam, or water vapour. 
The warm steam condenses onto the cold bathroom mirror, returning the water 
to it's liquid state and forming water droplets on the mirror.  

  
1. Condensation and evaporation. Author: J. Gourdeau. 
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Although many clouds look very solid, 
you could never walk on one.  Clouds are
only water in the air!  Clouds form when 
water vapour turns into liquid water 
droplets or into solid ice crystals which 
are light enough to float in the air.  The 
temperature at which water vapour 
condenses into visible water droplets is 
the saturation point. So the saturation 
point is the moment when condensation 
occurs or when dew forms.  Cloud 
formation doesn't just involve cooling, 
however.  In order to form clouds, water 
vapour needs to condense onto tiny 
particles in the air.  These tiny particles 
are known as cloud condensation nuclei 
and we will look at how these particles 
help cloud formation in Unit 2. 

 
2 . Source: C. Gourbeyre. 

In some clouds the tiny water droplets 
collide and form larger water droplets.  
As the droplets become bigger and 
bigger (their volume increases about a 
million times during this collision 
process) they become too heavy for 
the air to support them and they fall as 
precipitation.  Precipitation is 
the proper term for water 
which falls out of clouds, it can be rain, 
or snow, or hail. 

  

Clouds which occur in air which is 
below 0°C are made of ice crystals. 
These ice crystals form near droplets of
super-cooled water (water that 
remains as liquid even when the 
temperature is below 0°C) and 
increase in size when water vapour 
from cloud droplets is deposited on the 
ice crystals. As the ice crystals fall, 
they can collide and this makes the ice 
crystals heavier. When the ice crystals 
are too heavy to float in the air, 
they fall to the ground. The crystals 
become snow or melt and become rain
if the air below the cloud is more than 
0°C.  

      
3. Ice crystals (© Rasmussen and Libbrecht , Y. Furukawa, www.snowcrystals.com) 

Water Cycle  

Water on the Earth moves in a continuous 
cycle.  It's weird but true, we drink the same 
water that the dinosaur drank!  
You now know that liquid water evaporates 
from the oceans forming water vapour.  This 
water vapour then rises, cools and condenses 
into clouds.  These clouds move over the land 
and rain falls out of some of them.  The water 
which falls fills the lakes, streams and rivers 
and eventually flows back into the oceans.  
 

 
4. The water cycle. Author: J. 

ourdeau. G 
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Once back in the ocean, evaporation starts the 
process all over again.  Water also falls 
directly onto the land (about 11% of the water 
which falls) and moves through the soil ending 
up in the rivers and the oceans.  Some of the 
water which falls on the land is taken up by 
plants.  The water moves from the roots, 
through the stems to the leaves where it can 
evaporate.  This process is known as 
transpiration and is another important part 
of the water cycle. 
  
 
Part 2: Formation of clouds 
 
A cloud is composed of millions of little droplets of water or ice crystals, 
when temperature is very low, suspended in the air.  Clouds can form 
when water vapour becomes liquid, i.e. when humid air is cooled the 
water vapour condenses onto tiny particles.  We now look at the major 
ways in which clouds form.

 
1. Formation of clouds by 
convection process.  
uthor: J. Gourdeau. A 

Convection 

On Earth, the density of air depends on its 
temperature.  This means that warm air rises and 
cold air sinks because warm air is less dense than 
cold air.  This movement of warm air upwards is 
known as convection.  Convection is one of the 
processes that allows clouds to form. The Sun 
warms the surface of the Earth.  This warmth heats 
the humid air at the ground and, as a result, the air
becomes less dense and begins to rise.  As the air 
rises, it cools.  Clouds are formed when the humid 
air cools below a critical temperature: the water 
then condenses onto tiny suspended particles and 
forms water droplets in the air. 
  

Topography (mountains)  

Clouds also form over mountains or hills.  These clouds are called orographic 
clouds.  The air is forced to rise over the mountain and, as it rises, it cools.  If 
the air cools to its saturation point, the water vapour condenses and the water 
contained within the air becomes visible as a cloud.  

 
 
2 . Source: NOAA 

 
 
3 . Source: NASA 
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The Foehn effect 

When air rises over the mountains, it cools and becomes saturated with water 
vapour. Condensation occurs and the water vapour becomes liquid. This liquid 
water stays as clouds or falls as rain as the air continues to rise.  When this air 
descends on the other side of the mountain it contains less water so it 
is warmer and dryer.  The difference in temperature from one side of a 
mountain to the other is known as the Foehn effect. 
 
When different air masses meet 

It's not only mountains which force air to rise.  When warm air meets a mass of 
heavier cold air, the warm air is forced to rise.  The boundary between warm 
and colder air is called a front. As the warm air rises it cools and as it cools 
clouds may form. 
  

 
 
4. Cold front.   A: cold air; B: warm air.  Here cold 
air moves towards a warm air mass and forces the

arm air to rise.  Author: J. Gourdeau. w 

 
 
5. Warm front.  A: cold air; B: warm air.  Here 
warm air moves towards a mass of cold air and 
ises.  Author: J. Gourdeau. r 

Horizontal motion 

Sometimes winds bring warm and moist air into 
a region. If the warm moist air moves over a 
much colder surface, it is cooled and the 
moisture it contains will condense and form fog. 
This process occurs frequently at the coast.  
  

 
6. Fog over a lake. Source: Ph. 

sset O 
Part 3: Cloud types 
 
The different types of clouds in the atmosphere 

Clouds are classified into a system that uses Latin words to describe 
their appearance and the height of cloud base. This classification was 
developed by the English chemist Luke Howard in 1803. The Latin 
words used are: cirrus which means "curl of hair"; stratus which means 
"layer"; cumulus which means "heap"; and nimbus which means "rain".
 
Cloud types are divided into four groups. The identification of the first 
three groups is based on the height of the cloud base above the ground:
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- high level clouds with a cloud base between 5 and 13 km above the 
ground 
- mid level clouds with a cloud base between 2 and 6 km above the 
ground  
- low level clouds with a cloud base from 0 to 2 km above the ground.

The fourth group consists of vertically developed clouds.  These clouds 
are so thick that they cannot be classified according to the height of 
their cloud base above the ground.
High level clouds  

High level clouds are named cirrus, cirrostratus and cirrocumulus.  Air 
temperatures at the altitudes these clouds form at can be less than -40 oC so 
these clouds are made of millions of tiny ice crystals, rather than water 
droplets. 
  

 
1 . Cirrus cloud.  Source: JF Gayet, LAMP. 

Cirrus (Ci)

Cirrus clouds are curly, featherlike 
clouds and are often the first 
clouds to appear in a clear, blue 
sky. The shape and movement 
of cirrus clouds can often indicate 
the strength and direction of high 
altitude winds. 

These clouds never produce rain 
or snow at the Earth's surface.  

  
   

Cirrocumulus (Cc)  

Cirrocumulus clouds look like 
small white puff balls high in the 
sky.  The puff balls can occur 
individually or as long rows.  
When the puffs are in rows, they 
give the cloud a rippling 
appearance that resembles the 
scales of a fish and distinguishes 
it from a cirrus or a cirrostratus 
cloud.  

 
2 . Cirrocumulus. Source: NOAA. 

ESPERE Climate Encyclopaedia – www.espere.net - Clouds and Particles Basics - page 5 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 

 



 
3 . Cirrostratus cloud. Source: J. Gourdeau. 

Cirrostratus (Cs)  

These sheet-like, nearly transparent 
clouds form at least 6 km above the 
ground. Cirrostratus clouds are so thin 
that the Sun and Moon can be clearly 
seen through them. When sunlight or 
moonlight passes through the ice crystals 
of a cirrostratus cloud, the light is bent in 
such a way that a halo may form. These 
clouds often indicate that rain is on its 
way.  

  

Mid level clouds 

Mid level clouds are called altostratus and altocumulus.  The prefix 
"alto" indicates that they have cloud bases between 2 and  6 km above the 
ground. 
  

 
4. Altostratus 
ource: NOAA S 

 
 
5. Altocumulus 
ource: NOAA S 

Altostratus (As)  

Altostratus clouds are made up of 
both water droplets and ice crystals. 
They cover huge areas of the sky, often 
over hundreds of square kilometres.  
The Sun is visible through these clouds 
but it looks as if it is behind frosted 
glass.  Although altostratus clouds 
bring very little precipitation, they often
indicate the increasing likelihood of rain 
so don't forget your umbrella! 

  

Altocumulus (Ac)  

Altocumulus clouds are white or grey, 
or a mixture of both.  They look puffy 
or like fuzzy bubbles in long rows.  The 
generally have dark shadowed 
undersides.  If this shading isn't 
visible, it's quite easy to mistake these 
clouds for high level cirrocumulus 
clouds.  In case of doubt, hold your 
hand at arms length: if the puff is 
smaller than one finger width, you are 
looking at a cirrocumulus cloud!  
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Low level clouds 

Clouds which form between the ground and 2 km in height are generally made 
up of water droplets and are called stratus, stratocumulus and nimbostratus 
clouds. 
Stratus (St)
Stratus clouds form in a low layer and cover the sky like a blanket. They develop 
horizontally rather than vertically like cumulus clouds. They can form only a few 
meters above the ground. A stratus cloud at ground level is fog! 
  
  

Stratocumulus (Sc)

Stratocumulus clouds are grey with 
dark shading and spread in a puffy 
layer. They do not produce rain but 
often form after a rainstorm.  

  

 
6. Stratocumulus clouds.  Source: JM Pichon, 
aboratoire de Météorologie Physique L 

 
7 . Nimbostratus. Source: J. Gourdeau. 

 
Nimbostratus (Ns) 

Nimbostratus clouds form a dark grey, 
wet looking, cloudy layer, and are 
associated with falling rain or snow. They 
can also be considered as mid-level 
clouds as they can be up to 3 km thick!  
They totally mask the Sun.  
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Vertically developed clouds: cumulus and cumulonimbus 

 
 
Cumulus (Cu)

Cumulus clouds look like white balls 
of cotton wool. They usually occur 
individually with blue sky between 
each cloud and they sometimes have 
funny shapes.  They are formed as a 
result of thermal convection (see the 
chapter on cloud formation 
processes) and have have flat bases 
and lumpy tops. 

  

 
8. Cumulus clouds.  Source: JM Pichon, Laboratoire
e Météorologie Physique. d 

Cumulonimbus (Cb)

Cumulonimbus clouds are the King of the clouds. The top of these clouds can 
reach 12 km in height (much higher than the Everest!) and are commonly topped
with an anvil-shaped head.  They can sometimes even reach altitudes of 18 km 
and penetrate into the stratosphere.  The bottom of a cumulonimbus cloud is 
made up mostly of water droplets whereas higher in the cloud, ice crystals 
dominate as the temperature is well below 0 °C. Vertical winds inside the clouds 
can be greater than 100 km h-1. If you like rain, thunder, lightning and even 
tornadoes, cumulonimbus are your friends! If not, run quickly into your house!  

 
 
9. Cumulonimbus clouds. Here you can see 
the anvil-shaped top and that it's raining under 
he cloud.  Source: NOAA. t 

 
 
10. Cumulonimbus clouds from space.   
ource: NASA. S 
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Clouds & Particles

Basics 

 

Unit 2: Particles 

The air we breath is not only made up of gases. It contains also aerosols.  
Aerosols are small liquid droplets or solid particles suspended in the air.  
Aerosols can form directly in the air or can come from seawater, from human 
activity, from plants, from volcanoes and from rocks.  They have an important 
role in the atmosphere and can affect human health. 

• where do particles come from?  
• what do they become?  
• health effects 

 
 
Part 1: Where do they come from? 
 
Aerosols are small solid particles or liquid droplets suspended in the air.
They range in size from a few nanometers (that's just 0.000000001 m) 
to almost 100 micrometers (0.0001 m, the thickness of a hair).  Their 
tiny size means we can't generally see them in the air.  
Aerosols come from both from natural and human (anthropogenic) 
sources. They can be directly emitted as particles (primary aerosols) or 
they can form as the result of chemical reactions in the air (secondary 
aerosols).

Sources of primary aerosols 

Aerosols can be of natural or anthropogenic origin.  

Marine aerosols 

Aerosols emitted from the sea are 
known as seasalt aerosols.  They are 
formed from sea spray coming from 
waves at high wind speeds (this 
process produces the largest aerosol 
particles and these aerosols are 
enriched in sodium chloride), and by 
the bursting of entrained air bubbles 
during whitecap formation.  Around 
1.3 billion tonnes of seasalt aerosol 
enters the atmosphere each year! 
  

 
1. Seasalt aerosols. 
ource: Ph. Osset, www.mesvoyages.net. S 
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2. A river of Saharan dust flows over the 
Mediterranean sea and Italy on July 16, 2003. 
ource: NASA/Seawifs. S 

 Mineral Aerosols 

The wind picks up particles from the 
land surface particularly when the 
soil is dry and without plant cover 
and carries them great distances 
away from their source regions.  
These mineral aerosols are made up 
of materials derived from the Earth's
crust and are therefore rich in iron 
and aluminium oxides and calcium 
carbonate.  Most of the mineral 
aerosols in the air come originally 
from the desert regions, about half 
of the total mineral aerosols in the 
air come originally from the Saharan 
Desert. 
  

Primary aerosols emitted into the air as a result of mechanical processes such as 
wind erosion of soils to produce mineral aerosols or wave breaking to produce 
seasalt aerosol are large and known as coarse mode aerosols.  These aerosols 
can have diameters of 10 µm or more). 
Volcanic aerosols 

Volcanic eruptions inject enormous quantities of 
gases and aerosols in the atmosphere. Unlike 
the other sources of aerosols, the plume of ash 
coming from the volcano can be so high that 
the particles and gases can penetrate the 
stratosphere.  The Pinatubo volcanic plume reached
40 km in height! 
Particles that enter the upper atmosphere are not 
easily removed from the air back to the ground and
volcanic material remains at the level injected for a 
long time (sometimes several years). The gases 
emitted by volcanoes also produce aerosols.  These 
stratospheric particles have a huge impact on 
climate and we will look at this in more detail in 
the 'read more' section of this topic. 
  

 
3. St Helens erupting on May 18, 
980. Source: NASA. 1 

Biogenic aerosols 

Particles which are produced by living organisms are called biogenic aerosols.  
Primary aerosols can be pollens, fungi spores, bacteria and viruses.  Forest fires 
are another source of biogenic aerosols.  For example, smoke from forest fires 
in Malaysia in 1997 resulted in particle pollution 15 times higher than normal 
over several weeks. 
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Anthropogenic aerosols 

Particles emitted during human activity are 
called anthropogenic aerosols.  Anthropogenic 
aerosols can be either large (coarse particles) or 
small (fine particles).  Dust from roads and 
construction sites (such as cement works) 
produces coarse mode anthropogenic aerosols 
whereas small fine mode aerosols are generated 
from fossil fuel combustion in power generation 
and vehicles and from high temperature 
industrial processes such as metal smelting. 
  

 

 
4. Anthropogenic aerosols. 
ource: J. Gourdeau S 

Many of these aerosol have an impact on our climate, some also have an impact 
on our health.  Particle concentrations are high in indoor air and dust mites, 
fibres, insect sprays and asbestos are all examples of aerosols which can be very 
dangerous to human health.  

 
 

 

   
5. Scanning electron or transmission electron microscope images. From the left to the right: desertic 
particle (source: A. Gaudichet, LISA); hibiscus pollen (source:http://uq.edu.au/nanoworld); ash 
particle from the eruption of Mount St Helens (source:http://volcanoes.usgs.gov); indoor moulds 
(source:M. Boissier, CSTB); soot particle (MPI for Chemistry Mainz). 

Secondary aerosols 

As you've just seen, aerosols can be directly produced from many sources 
(marine, mineral, volcanic, biogenic, anthropogenic) and in these cases it's 
a solid material which is emitted into the air.  But particles in the air can also 
result from gas-to-particle-conversion reactions.   In this type of reaction new 
particles can form when molecules gather together in the air to form a species 
large enough to be considered a particle - this process is known as nucleation.  
Gases can also condense on pre-existing particles to form bigger aerosols.  
Aerosols produced from gas-to-particle conversion reactions are small (less than 
1 µm in diameter) and are known as fine mode aerosols.   
  

 
6 . Rose. Source: www.freefoto.com 

Plants also emit biogenic gases 
which we call Volatile Organic 
Compounds (your nose detects 
some of these VOC's when you 
smell a flower).  These biogenic 
gases can under go gas-to-
particle-conversion reactions to 
form secondary aerosols.  See the 
section on plant emissions in the 
Lower Atmosphere topic for more 
details. 
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Most of the naturally formed 
secondary aerosols in the atmosphere 
are the result of sulphur gas 
emissions.  In the marine environment 
most sulphur is emitted as dimethyl 
sulphide (DMS) by phytoplankton.  
Reaction of DMS in the atmosphere 
forms sulphur dioxide (SO2).  On land 
decaying vegetation and animal 
material produces hydrogen sulphide 
(H2S - which smells like rotten 
eggs...yuk!).  Volcanoes also directly 
release SO2 into the air.  SO2 then 
further reacts to form sulphate 
aerosols and these are really important 
to our climate.   

Natural sources produce also carbon 
containing gases which go onto 
form aerosols. 

The annual emission of SO2 from 
human activity has increased from 10 
millions tons per year in 1860 to 150 
millions tons per year in the 1980's.  
Anthropogenic emissions of sulphur 
containing gases now exceed natural 
emissions even though atmospheric 
SO2 levels are now falling because of 
international legislation. 

Humans also produce more and more 
nitrogen containing species that give 
rise nitrate aerosols.  The reaction 
of some anthropogenic compounds, 
emitted during combustion 
of petrol and during biomass burning, 
results in carbon containing aerosols, 
which pose a health hazard. 

 
Part 2: What do they become? 
 
Once particles are in the atmosphere, they can be transformed, 
transported and then removed. These processes depend on 
many factors, including aerosol size, concentration, chemical 
composition, the location and the meteorological conditions.
Aerosol concentrations and distributions 

The concentration of particles in the atmosphere is the amount of particles per 
unit volume of air.  It can be expressed in terms of the mass of aerosols or the 
number of aerosol particles per unit volume of air.  This means the total mass of 
aerosols we would find if we weighed all the particles in 1 m3 (1000 litres) of air 
or the number of particles if we counted them.  There are huge differences in 
aerosol concentrations in different locations.  In remote marine areas, the 
aerosol mass concentration is around 4.8 µg m-3, a factor of 3 lower than 
concentrations seen in rural continental areas (15 µg m-3).  In cities, particle 
concentrations can exceed 100 µg m-3, that's over 1 million particles in 
every cubic centimeter of air! 
 

 
1. Aerosol concentrations 
for urban, rural and 
marine environments 
(Data from Jaenicke, 
993).  1 

The figure on the left shows the aerosol 
size distribution for marine, urban and rural 
environments. Aerosol size distributions show 
the number of particles in the air as a function of 
their radius.  This figure shows that the highest number 
of particles are found in cities (the blue line) and that 
most of these particles are very small, less than 0.05 µm
in radius.  

The size distribution of urban aerosols is pretty variable. 
High numbers of small aerosols are found close to their 
source, but their concentration decreases rapidly with 
the distance away from their origin.  
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Transformation mechanisms 

Aerosols do not stay indefinitely in the atmosphere, they are generally only 
present in the troposphere for a few days.  During their atmospheric lifetime 
they can be transformed through processes known as coagulation, condensation 
and by reactions which happen in clouds.  These processes are explained in the 
'read more' section of this topic. 
  
Aerosol removal processes 

Aerosols don't stay long in the troposphere.  Natural and human sources 
continuously inject new particles in the air, these particles have to be removed 
by some process otherwise we couldn't breathe, or see our feet! 
The particle removal mechanism is called deposition.  Deposition is the word 
we use to say that the only way for a particle to be removed from the 
atmosphere is to return to the Earth's surface: it can't disappear by magic!   
See the 'read more' section of this topic for more details on how aerosols are 
deposited from the atmosphere to the ground. 
  

 
2. This figure shows aerosols being 
transported in the air.  You can 
see pollution swirling above the Atlantic
Ocean off the west coast of France 
(bottom right).  The southern part of 
the United Kingdom is in the top 
centre, with Ireland to the west. 
ourceS : NASA.  

Of course the bigger the particle is, the shorter
length of time it stays in the atmosphere.  In 
the same way a stone falls when you drop it, 
a large aerosol particle falls under gravity and 
it falls with a velocity of several centimetres 
per second.  This is why large aerosols are 
only found close to their origin.  However wind 
can increase the distance a large aerosol 
travels in the air before it is removed back to 
the surface.  Think about a feather you drop, 
the feather stays longer in the air if you blow 
on it!  It's the same for particles, even if you 
can't see them because they are so small.  But 
particles can also travel thousands of 
kilometers: Saharan dust is sometimes found 
on the East coast of South America.  

  
Aparticular case: stratospheric aerosols 

The residence time of aerosols in the air (the average length of time a particle 
stays in the atmosphere before being deposited) is usually less than a week.  
This isn't always the case for volcanic particles.  Large volcanoes erupt and 
inject material directly in the stratosphere, the upper part of the atmosphere.  
This material can be primary aerosols such as ash or gases such as sulphur 
dioxide (SO2).  This SO2 can then undergo gas-to-particle-conversion reactions 
to form secondary aerosols.  It's difficult to remove particles from the 
stratosphere so these particles can stay in the stratosphere for several years 
and can be spread all over the world. 
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3. In just 10 days, the plume 
from the Pinatubo volcanic 
eruption had reached 
the west coast of Africa. 
Source : NASA.   

The Pinatubo eruption 

After 600 years of silence, Mount Pinatubo in the 
Philippines decided to erupt on the 15th June 1991. 20 
millions tonnes of sulphur dioxide (SO2) were injected 
in the stratosphere. In just three weeks, this SO2 
had circled the globe (see the image on the left). 
  

You can also see the 
"Pinatubo effect" here. The 
red colour shows the highest 
values, dark blue the lowest 
values which are normally 
observed in the stratosphere.  

The first image shows 
stratospheric aerosol 
concentrations before the 
eruption. 

The second and third images 
show aerosol concentrations 
one and three months after 
the Pinatubo eruption. 

The fourth image shows the 
aerosol concentrations in the 
stratosphere two years after 
the eruption.  So even after 
two years, the atmosphere is 
still affected by the volcanic 
eruption! 

 
4. Aerosol concentrations before and after the eruption. 
ource: NASA S 

 
Part 3: Health effects of particles 
 
Each time we breathe in around half a litre of air enters our lungs and brings 
oxygen to our body.  But as the atmosphere also contains thousands of 
particles, these particles also enter our lungs.  Depending on their size and 
composition, these particles may be bad for our health.  Centuries before 
pollution began to pose a significant health hazard, men and women already 
had respiratory problems due to their activities.
Historical signs 
  
In 1555, the Danish bishop Olaus Magnus said that the farmers should thresh 
hay against the wind “because the dust is so fine that one can not notice its 
inhalation and accumulation in back of the throat”.  So even in the Sixteenth 
Century, the effect of particles on human health had been recognised.  
Over the coming centuries, especially during the Industrial Revolution, workers 
were exposed to dangerous levels of particulate matter.  In the 1800's lung 
disease became a major problem for coal miners, particularly in Great Britain, 
where much of the world's coal was mined 
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1. (on the left) Coal miners at the 
beginning of the 20th century in 
center of France. 
Source:www.icilacreuse.com. 

2. (below) Cotton workers at 
Dean Mills near Manchester in 
1851. Source: The Illustrated 
London News.  

   
In many countries people still work in poor conditions. Particle effects are still a 
problem, particularly for construction workers, bakers and farmers who are all 
exposed to high levels of dust. 
 
 
Links between particles and health 
 
Scientific studies have shown that an increase in particulate air pollution leads 
to an increase in respiratory problems like asthma and bronchitis.  Emergency 
admissions and hospitalization for respiratory disorders increases as particle 
concentrations in the air increase.  Long term exposure to high particle 
concentrations can lead to lung cancer. 
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3. You can see here the aerosol concentration versus time of  
day. Red lines are measurements in a busy street in Paris 
and blue lines are measurements in an area inside Paris. Green 
lines show particle concentrations measured in a rural area. All 
measurements were performed on September 16, 2003.  Look 
at how concentrations are greater when people go to work in 
the morning and come back home at the end of the afternoon.  
hese high aerosol concentrations are from vehicle emissions. T 

Values in cities 
  
As particles are 
dangerous for health, the 
European Community 
has set air quality 
standards.  These state 
that particle levels should 
not exceed, on average, 
44.8 µg m-3 over any one 
year.  This means that if 
we weigh all the particles 
in one cubic meter of air, 
the mass of particles 
shouldn't be greater than 
this value.  However, 
aerosol concentrations 
often exceed 100 µg m-

3 in European cities during
the day. 
  
As a matter of fact, there 
is no known value below 
which particle 
concentration has no ill 
effect on health.   
  
  

The toxicity of particles depends mainly on their size and their chemical 
composition.  The smaller a particle is, the deeper it can penetrate into 
the respiratory system.  Have a look in the 'read more' section for more details 
on the respiratory system and the effects of particle size on health. 
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Clouds & Particles

Basics 

Unit 3: Sun and clouds

Without the warmth from the Sun there would be no life on our planet.  In this 
unit we look at how clouds modify the amount of sunlight reaching the Earth 
and why clouds affect climate.  Although rainbows do not play a role in climate, 
they are so majestic we also look at how they form! 

• albedo  
• clouds and climate  
• rainbows 

 
Part 1: Albedo 
 
Albedo is a Latin word which means whiteness.  We use it to describe 
how bright something is.  To understand our global climate, we need to 
determine the albedo of the Earth.
  
Colours 

White light or light from the Sun is made up of several different colours.  
However, we only see these colours separately when we shine the white light 
through a prism or when a rainbow occurs.  When light hits an object, three 
things can happen: the light can be reflected, transmitted or absorbed. 
A mirror reflects back all the light arriving on it. Transparent objects (like water 
or glass) transmit light through them. 
 
As light is made up several colours, one part can be reflected, another part can 
be absorbed.  If all the colours are reflected, the object looks white to our eyes.  
If all of the colours are absorbed, the object is dark.  If an object absorbs all the 
colours except - let's say - the red colour, our eyes see the red colour and we say
the object is red.  
The light which is absorbed is converted to heat. This is why, in summer, dark 
objects are warmer than bright ones as they absorb all the colours. 
  

 

  

  

1. Something is coloured because of the light 
it reflects back to your eyes.  All the other 
colours of the spectrum are absorbed by the 
object. 
Author: J. Gourdeau. 
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The definition of albedo 

The albedo is the ratio of the light reflected by an object to the total amount of 
light it receives. The albedo of an object ranges from 0 (no light reflected) to 1 
(all light reflected).  The albedo can also be expressed as a percentage. 
  
The albedo of the Earth 

The average albedo of our planet is 
around 0.3.  This means that 30% of 
the sunlight that strikes the Earth is re-
emitted back into space. Look at the 
Table to see the albedo (in %) of 
different surfaces. Rainforests have the 
lowest albedo on the Earth. 
  
  

Percentage albedo for  
different types of surface
Fresh snow 80-85
Old snow 50-60
Grass 20-25
Forest 5-10 
White paint 80
Black paint 5 

The mean temperature of the Earth's 
surface is 15 oC at present.  If our 
planet was completely covered by 
forests (Ewok Planet) the average 
temperature would be 24 oC.  If the 
Earth's surface was all desert (Planet 
Dune), the mean temperature would be 
13 oC.  If there were only oceans, the 
temperature would be 32 oC because 
water is dark and has a low albedo.  If 
our planet was completely covered by 
ice, the temperature would be really 
cold, just -52 oC! 

  

 
2. Mean predicted surface temperatures if the 
Earth was covered by different surfaces with 
differing albedos. 

   
The albedo of clouds 

The albedo of the Earth depends on whether there are clouds in the sky.  Clouds
reflect more sunlight back into space than blue sky does.  The albedo of a cloud 
depends on many factors including:  the height of the cloud, its size and the 
number of water droplets inside the cloud.  The colour of a cloud, from bright 
white to dark grey, depends on the water droplets in the cloud.  Big droplets 
have a large surface area and reflect more light than small droplets.  The 
presence of large numbers of water droplets leads to bright white clouds.   
If you are under a big cumulonimbus cloud it's dark because the sunlight can't 
pass easily through the clouds.  From space, however, the same cloud would 
look bright white because it actually has a high albedo.  In contrast, a cirrus 
cloud is nearly transparent to sunlight but looks grey from space because it has 
a low albedo. 
Imagine you are in the Space Shuttle admiring the Earth, the different cloud 
types you see all have different albedos and so reflect different amounts of light 
back into space. 
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3. Albedos of different clouds. Author: J. Gourdeau. 

  

 
4. Visible satellite image over Europe in 

ovember, 2003. © 2003 EUMETSAT. N 

  

The European satellite METEOSAT 
measures the amount of sunlight 
reflected by the clouds and the surface of 
the Earth. Water absorbs a lot of the 
sunlight which falls on it, so the 
oceans appear dark. Thick clouds have 
high albedos and show up brightly on the 
satellite image. Thin cirrus clouds have 
low albedos and are usually semi-
transparent to sunlight. 

As a cloud usually has a higher albedo than the surface beneath it, the cloud 
reflects more radiation back to space than the surface would do in the absence 
of the cloud.  So if clouds are present in the sky, less solar energy can get to 
the surface of the Earth.  This reduces the amount of sunlight available to heat 
the surface and the air below the clouds.  
 
This is one link between clouds and climate. But there is another way 
clouds affect our climate and we look at this on the next page!

  
  
 
Part 2: Clouds and climate 
 
Clouds reflect one part of sunlight into space reducing the amount 
of solar energy which reaches the ground.  But clouds don't always 
have this cooling effect on the Earth.  Have you ever noticed that clear 
starry nights are much colder than nights when the sky is cloudy.  Let 
us explain why!
  
Infra-red radiation 

Sunlight is made up of visible light (which, of course, we see!) and ultra-violet 
and infra-red radiation, both of which we humans can't see.  Some animals can 
sense ultra-violet radiation (for example bees) whereas other animals such as 
snakes detect infra-red radiation.  We humans can't 'see' infra-red radiation but 
we can feel it as heat. 
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1 . Earth from space. Source: NASA. 

Most of the harmful ultraviolet radiation 
emitted by the Sun doesn't reach the surface 
of the Earth.  It is absorbed by the ozone 
layer in the stratosphere.   

The atmosphere, the oceans and most of all 
the clouds, reflect part of the sunlight which 
reaches the Earth back into space 
(this fraction of reflected light is called the 
albedo). This reflected light means 
that astronauts can see the Earth from space. 

  
Around 70% of energy from the Sun reaches the surface of the Earth and most 
of this is absorbed by the surface.  Just as our skin warms up when the Sun 
shines on it, the Earth warms up and emits infra-red radiation and this heats 
the air above the ground.  This infra-red radiation has a different energy to the 
sunlight absorbed by the surface of the Earth. 

  

  
2. This image shows the average amount of heat (in Watts per square meter) that was emitted from 
the Earth back into space during a day in July 2000. Yellow colours show where most heat (or 
outgoing radiation) escapes out of the top of the atmosphere. Purples and blues show intermediate 
values and white colour shows the lowest values. Desert regions emit a lot of heat, while the snow 
and ice-covered continent of Antarctica emits very little heat. Source: NASA. 

  

If all the infrared radiation emitted 
from the Earth's surface escaped 
directly back into space without being 
trapped, our planet’s temperature 
would be  -18°C and only polar bears 
would be happy! 

 
3. A baby polar bear and its mum. Source: 

SFWS. U 
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The Greenhouse Effect and clouds 

The average temperature of our planet isn't -18 oC and this is because of the 
Greenhouse Effect (see the Lower Atmosphere Unit for more details on the 
natural and enhanced Greenhouse Effect).  The presence of clouds and 
greenhouse gases such as water vapour and carbon dioxide keep our average 
temperature much higher.  Here we look just at the role of clouds. 
Clouds cover about 50% of the sky and these clouds absorb radiation emitted 
from the surface of the Earth.  The clouds then re-emit a portion of the energy 
into outer space and a portion back toward the surface.  It is this portion which 
warms our planet and is why clouds have the capability for 
reducing temperature differences between the day and the night.  
During the day the ground is warmed up by the sunshine. The fewer clouds 
there are in the sky, the more the surface of the Earth is heated by the Sun. 
If there are no clouds during the night, most of the infra-red radiation emitted 
by the Earth goes back into space and the night is cold.  If the sky is 
cloudy, part of the infra-red radiation from the Earth is trapped by the clouds.  
Some of this radiation is then reflected back to the Earth's surface and the 
temperature of the air above the ground is warmer that it would have been if 
the night had been cloudless. 
  

 
 
4. The night is cold if there are no clouds in 
he sky. Source: J. Gourdeau. t 

 
 
5.  Clouds send back infra-red radiation to the 
urface of the Earth. s 

 
There are huge differences in day and night time temperatures in deserts.  Very 
few clouds form over deserts because the air is so dry.  This means the surface 
heats up during the day and escapes rapidly at night.  Night-time temperatures 
can be 35oC lower than daytime ones. 
Climate forcing by clouds 

To summarise, clouds can warm the Earth by trapping heat beneath them 
and this is called "cloud greenhouse forcing". This process tends to cause a 
heating or "positive forcing" of the Earth's climate. But clouds can also cool our 
planet by reflecting sunlight back into space. The balance of this opposing cloud 
albedo and cloud forcing determines whether a certain cloud type will warm our 
planet or produce a cooling effect. 
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6. Cloud Forcing from 1985 to 1986. The areas where clouds 
cause overall cooling are shown in colours that range from 
yellow to green to blue.  In some areas, clouds cause warming 
and these areas are shown in colors that range from orange to 
ed to pink. Source:NASA Langley Research Center. r 

  

High thin clouds like 
cirrus clouds contribute 
to heating, whereas low 
thick stratocumulus 
clouds tend to cool our 
planet. 

Nowadays, scientists 
think that the overall 
global effect of clouds is 
to lower 
the temperature of the 
Earth. 

  
Knowing whether clouds will warm or cool our planet as the Earth warms up 
is one of the major scientific challenges for the future.  If global 
temperatures rise, more water vapour will be present in the atmosphere, 
therefore leading to more clouds.  We don't know yet whether these clouds 
will reflect more sunlight back to space and reduce the temperature rise or trap 
more heat energy in the atmosphere and enhance warming further. 
 
Part 3. Rainbows 
 
Rainbows have always fascinated people and are the subject of many 
legends.  Irish people say that there is a pot of gold at the end of a 
rainbow, Indians believe that a rainbow is the bridge between life and 
death and the Book of Genesis in the Bible tells that the rainbow is the 
sign of covanant between God and life on Earth.  In reality although 
rainbows are so beautiful that they seem magic, they are simply a 
meteorological phenomenon.
  

 
1. Sir Isaac Newton (1643 - 
1 727).  Source: NASA. 

The colours of white light 

The first person to explain how the rainbow formed was 
the famous English Scientist Issac Newton. His 
discovery came about in the 17th Century and was 
based on the previous work by Descartes.  
Newton showed that, although sunlight appears white, 
is made up of many different colours that the human 
eye can't see separately.   
  

Light is, in fact, made of a series of colours: red, orange, yellow, green, blue, 
indigo and violet.  These colours make up the visible spectra.  It also comprises 
two other 'colours' that we can’t see: infra-red (which our eyes can’t detect 
but we can feel as heat) and ultra-violet (which causes sunburn).  
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2. The Sun's colour spectrum. Source: NASA. 

The prism 

To demonstrate that white light is a 
mixture of different colours, Newton used a 
wedge of glass, called a prism. When light 
passes through a prism, it 
changes direction and this is called 
refraction. The angle of refraction is 
different for each of the colours which 
make up white light.  So seven distinct 
colours are seen when light passes 
through a prism (as shown in the picture) 
and the light is said to be decomposed.  
  

 

  
3. Light refracted by a prism. Author: J. 

ourdeau.  G 

The rainbow 

In order to see a rainbow we need both sunlight and raindrops. When water 
droplets are suspended in the atmosphere, each acts like a tiny prism. When 
the sunlight shines through the raindrops, the white sunlight is split, or 
refracted, into its seven component colours and a rainbow forms. 
  

 
 
4. Each drop act as a prism.  
uthor: J. Gourdeau. A 

 
 
5. Our eyes see red light coming from droplets 
of water higher in the sky, while droplets of 
water lower in the sky send violet light to our 
yes.  Author: J. Gourdeau e 

The shape of the rainbow 

There is an angle of 42 degrees from the top of rainbow (the red color) to the 
observer. And because this angle remains constant, your eyes see a semicircle 
somewhere in space. If you were in a plane, you may be lucky enough to see 
a complete circle! 
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6. A rainbow would form an entire circle if the ground didn't get in the way. 
Author: J. Gourdeau 

Large raindrops (with diameters of a few 
millimeters) give bright rainbows, 
whereas small drops (for example those 
making up mist) produce paler rainbows.  
 
If its sunny outside, have a go making 
your own rainbow using water from a 
garden hose.  Water droplets from the 
sprinkler act in the same way 
as raindrops do. 

  
 
7. Sometimes you can see a second rainbow 
when the light is reflected twice in the same 
raindrop.  The intensity of this secondary 
rainbow is much less than that of the main 
one. Author: J. Gourdeau. 
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Clouds & Particles

More 

Unit 1: What happens in clouds?  

We saw in the 'basics' section that clouds are made up of millions of droplets 
which form as water condenses onto tiny suspended particles.  In this 'read 
more' section on clouds we'll have a look in more detail at how these water 
droplets form, what happens inside clouds and how different cloud types vary.   
  

• Formation of droplets  
• Cloud characteristics  
• Cloud chemistry 

Part 1: Formation of droplets 
 
A cloud forms when humid air is cooled enough so that the water 
vapour it holds becomes liquid.  In this section we look at the 
relationship between temperature and the amount of water vapour the 
air can hold and what affects the size of water droplets in a cloud.
  
Saturation of air 

The quantity of water vapour that air can hold depends on its temperature. For 
a given temperature, the relationship between the amount of water a given 
mass of air actually holds and the total amount it can hold is known as 
the relative humidity.  
Air is said to be saturated when it holds as much water vapour as it can. 
Saturated air, therefore, has a relative humidity of 100%. Supersaturated air 
has a relative humidity of more than 100%.  
The table below shows the maximum amount of water vapour the air can hold 
at different temperatures, before condensation begins. 
  
    

T°C -20 -10 0 +10 +20 +30 
Amount of water 

vapour 
(g water per m3 of 

air) 

1.1 2.3 4.8 9.4 17.3 30,5 

 
See the water vapour saturation curve for more values.

For example, imagine an air parcel at 20°C that contains 9.4 g m-3 of water 
vapour.  The relative humidity of the air is therefore (9.4/17.3) x 100 = 54.3%.  
Now assume the air parcel cools down to 10oC (for example by rising in the 
atmosphere), at this point the air is now saturated and the relative humidity is 
100%.  

Now imagine that the air rises further and the temperature falls to 0°C. At 
0oC, air can only hold 4.8 g m-3 of water vapour and the air parcel is 
now supersaturated by (9.4 - 4.8) = 4.6 g of water. This extra water condenses 
on available aerosol particles forming cloud droplets and the relative humidity of 
the air parcel returns to 100%. 
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The warmer the air, the more water it can hold.  This is why 
warm air is used to dry objects, it absorbs moisture. On the 
other hand, if saturated air is cooled down, the water vapour in
the air is forced to condense into water droplets. This is why 
water droplets are seen on the outside of a cold soft drinks can 
.  The cold can cools the air around it causing the water vapour 
in the air to condense. 

 
1. A cold drink 
can 'sweating'.  
Source: C. 

ourbeyre. G 
Water droplets inside clouds 

Cloud droplet diameters vary from a few micrometers to more than 100 µm (0.1 
mm), with the average droplet size being around 10 µm in diameter.  

• Continental clouds are generally made up of many small droplets.  
• Marine clouds are made up of fewer droplets but the droplets are large.   
• There are usually between 25 000 and 1 million water droplets per litre of 

air.   
• The distance between 2 droplets is around 1.4 mm, a distance about 70 

times the diameter of each droplet (it's perhaps easier to visualise this as 
a football on the ground every 20 or 30 meters).  

• In order to fall as rain, droplets need to grow until they reach a diameter 
of around  1 mm, that's about one hundred times bigger than the droplet 
was originally! 

 
2 . Author: J. Gourdeau. 

For "warm clouds" (those which don't contain ice crystals), 
droplets grow to rain drop size by sticking to each others. 
As times passes, the droplets become larger and larger 
until they are too heavy to remain suspended in the air by 
the up-drafts that counterbalance the droplets falling.  

In cumulonimbus clouds, for example, the up-drafts are 
very strong.  This means that droplets can grow to very 
large sizes before they become too large to remain 
suspended in the air.  This is why the raindrops are so big 
during thunderstorms.  

Colder clouds are made up of ice crystals, liquid water and water vapor. Water 
vapour condenses onto the ice crystals and liquid droplets freeze when they come 
into contact with the ice crystals. As the ice crystals become bigger and bigger, 
they start to fall as snow, or rain if they melt before reaching the ground. 

 
3. Source: freefoto.com 

 
4. Source: fond-ecran-image.com 
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Part 2: Cloud characteristics 
 
Characteristics of the different cloud types 

In the 'basics' section we looked at the different types of clouds and 
showed that clouds are classified into four groups depending on the 
height of the cloud base and the cloud thickness.  In this 'read more' 
section we will look at the different cloud types in more detail.
The different types of clouds: an overview 

The lower layer of the atmosphere, the troposphere, can be divided into three 
layers: the lower level, the mid level and the upper level.  These levels don't 
have firm definitions and their height depends on the latitude considered. In 
Europe, low level clouds occur at altitudes of up to 2 km whereas medium level 
clouds extend to about 6 km. The highest clouds are seen at altitudes of up to 
12 km.  
  

  
1. The different types of cloud in the troposphere. St: stratus, Sc: stratocumulus, Nb: 

nimbostratus; Ac: altocumulus, As: altostratus; Ci: cirrus, Cs: cirrostratus, Cc: cirrocumulus; 
Cu: cumulus, Cb: cumulonimbus.  Author: J. Gourdeau. 

 

Some clouds generate rain, 
others don't.  You can only get 
drizzle from stratus clouds and 
can only get hail from 
cumulonimbus clouds.  High level 
clouds and altocumulus clouds 
hardly ever rain.  The table on 
the right shows what type 
of precipitation you can get from 
each cloud type. 

 
  As Ns Sc St Cu Cb 

Rain    
Drizzle           

Snow      
Hail            

  

High level clouds: Ice crystals 

The highest level clouds, like cirrus, are made of tiny ice crystals rather than 
liquid water droplets. A typical small ice crystal contains between 1016 and 1018 
water molecules. Although no two ice crystals are exactly alike, there are several 
basic types of crystals. The crystal shape depends mainly on temperature and 
this is shown in figure 2.  
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Snowflakes are simply aggregates of ice crystals. As long as the snowflakes do 
not pass through a layer of air warm enough to make them melt, the snow 
flakes remain intact and reach the ground. Although they are only made up of ice 
crystals, high level clouds never produce snow because their crystals are too 
small, and therefore not heavy enough to fall.  
 

 
2. The different shapes of ice crystals according to the air temperature and degree of supersaturation.
Source: www.snowcrystals.com. 
  

 
3. A dog in the snow!  Source, M. Ruinhart. 

   

 

The record for the most snow falling 
in a single day is held by Silver Lake, 
Colorado in the United States of 
America.  On the 15th April 2001, 
192 cm of snow fell! 

  

 

Low level clouds: stratus, stratocumulus and nimbostratus and fog 

Clouds at low levels form as a result of condensation of water vapour into liquid 
cloud droplets. Stratus clouds form a layer near the ground that is typically only 
a few hundred meters thick. Only stratus clouds produce drizzle, which we 
define simply as water droplets less than 0.5 mm in diameter. They fall so 
slowly that they seem to remain suspended in the air. 
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Cumulonimbus clouds and thunderstorms 

In summer, strong daytime heating warms the lower atmosphere making it 
warm and moist.  This warm air rises by convection and, since the air above is 
colder, this makes the atmosphere unstable.   Water vapour in the rising air 
condenses into water droplets as the warm air cools.  This condensation 
process releases more heat into the atmosphere and convection is further 
accelerated.  A towering cumulonimbus cloud forms in just 30 minutes 
which can reach upto 15 km in height and millions tonnes of water are lifted 
from the ground into the sky. 
 
  
We still don't know the exact 
way lightning forms.  Water 
droplets, ice crystals 
and hailstones inside the 
cumulonimbus cloud collide 
because of the strong air 
currents which exist in the 
cloud. Friction then creates 
static electricity. Positive 
charges build up at the top 
of the cloud and negative 
ones build up at the bottom. 
The ground underneath is 
positively charged. The 
difference between charges 
gets bigger and bigger until 
lightning sparks cross the gap.
The amount of energy stored 
by a cumulonimbus cloud 
is huge, about the same 
amount as a small atomic 
bomb! 

 
4. Illustration of the electrical structure of a thundercloud. 
uthor: J. Gourdeau. A 

 
5. Lightning strikes seen during a night-time thunderstorm. 
Source: NOAA. 

   

Lightning travels at 
upto 40,000 km per 
second and can generate 
100 millions volts of 
electricity.  This heats 
the air in the path of 
the lightning flash to 
around 30,000°C!  This 
temperature is so hot 
that the air expands 
violently, like popcorn, 
and creates sound waves 
which we hear 
as thunder. 
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Part 3: Cloud chemistry 
 
Clouds are not an inert mixture of water droplets (or ice crystals) and 
particles. Particles that allow clouds to form are called cloud 
condensation nuclei (CCN).  These particles have different chemical 
compositions depending on their origin.  They can have natural sources 
and originate from the deserts, from the oceans, from volcanoes or 
from living organisms or they can come from human processes.  The 
cloud also contains gases which can change the chemical composition 
of the droplets.  So a cloud is far from inert!  

 
1. Various cloud chemistry processes.  
Author: Justine Gourdeau. 

  

  

Four main processes occur within the cloud 
droplet.  These are shown in Figure 1: 

1. the composition and size of the 
CCN particle changes after 
the droplet evaporates.  

2. the soluble part of the 
particle dissolves.  

3. chemical reactions occur inside the 
water droplet.  

4. transfer between atmospheric gases 
and the liquid phase take place. 

  

The particle inside the droplet 
  
The water soluble fraction of an aerosol particle governs whether it can take up
water and grow into a droplet.  The chemical composition of CCN particles
controls the initial chemical composition of a cloud droplet as its soluble content
dissolves in the condensed water.  The less water soluble particles, for example
soil dust, pollen and particles from biomass burning, remain in the surrounding
air. 
  
Most clouds don't lead to rain and simply evaporate.  As a result of in-cloud
chemical reactions, the particles which remain after the water evaporates have a
different chemical composition to those which entered the cloud in the first
place.   

  
2. A sulphur dioxide molecule (1) reacts with ammonia in the air to form to ammonium sulphate (2).  
This then grows to form an ammonium sulphate particle (3). These particles are hygroscopic, meaning
they rapidly grow in the presence of water (4). Author: J. Gourdeau. 
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The atmospheric gases around the droplet 

Whether a chemical species stays in the gas phase or is absorbed by the water 
droplet is determined by the Henry’s law equilibrium:  
A(aq) = HA PA

where: 
A(aq) is the aqueous phase concentration (mol L-1) 
PA is the partial pressure of A in the gas phase (atm) 
HA is the Henry’s law coefficient of the gas considered. 
Some species go back to the gas phase and move away from the drop.  Others, 
once captured, remain associated with the aqueous phase unless total 
evaporation occurs. 
  
Reactions inside the droplet 

At least a hundred chemical reactions take place in 
a droplet.  These reactions can change the acidity of 
the rainfall resulting in acid rains which are 
hazardous to plants and animals living in lakes and 
streams and can contribute to the deterioration of 
buildings. The main chemical species involved in acid 
rain are sulphuric (H2SO4) and nitric acids (HNO3). 
  

 
3. A scientist collecting water 
samples for acid rain analysis. 
Look at the damaged forest! 
ource: NOAA. S 

All this complex chemistry modifies not only the cloud itself but also the 
atmosphere around the cloud.  Only about one cloud in every seven results in 
rain and, as a result, a single particle acting as a CCN undergoes between 10 
and 25 evaporation-condensation cycles before it reaches the ground. 
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Clouds & Particles

More 

Unit 2: Particles 

Aerosol particles have both natural and human (anthropogenic) sources.  They 
can be emitted directly into the air as primary aerosols or formed in the 
atmosphere as secondary aerosols.  Different aerosols have different chemical 
and physical properties, some play a key role in the formation and behaviour of 
clouds and on the climate system and others have an impact on human health.   

• Properties of particles  
• Transformation and removal  
• Particles and health 

 
Part 1: Properties of particles 
 
Atmospheric aerosol particles have many different sources.  Once in the 
air they undergo lots of different reactions which change their 
properties.  This means that aerosols have a wide range of chemical and 
physical characteristics and these control how they behave in the 
atmosphere.  
One of the reasons why aerosols are so important is because they are 
essential for the formation of clouds. 

  

The chemical composition of aerosols 

The chemical composition of particulate matter is strongly related to its 
origin.  The major chemical components of aerosols are sea-salt, sulphate, 
nitrate, ammonium, organic material, crustal species, trace metals and water.  
The largest aerosols (which have a diameter greater than 1 µm) are known 
as coarse mode aerosols.  These particles consist of chemicals found in the 
Earth's crust (such as silicon, aluminium, iron and calcium), those found in sea-
spray (primarily sodium and chloride), biological elements (pollen, spores, insect 
debris) and coal fly ash. 
Particles with diameters smaller than 1 µm are known as fine mode aerosols.  
These generally form either as a result of secondary reactions in the atmosphere 
such as gas to particle conversion (for example, nitrate, sulphate and some 
organic carbon compounds) or are emitted during high temperature combustion 
processes (such as lead, zinc and nickel and elemental carbon).  
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Chemical mixing 

As the atmosphere is continuously moving and changing, the chemical 
composition of a particle often alters during its atmospheric residence time, 
which is typically a few days.  Two mixing states occur: internal and external 
mixtures.   
In an external mixture, particles from 
different sources remain separated, i.e. 
not attached to each other.  

In an internal mixture, the various 
chemical components are mixed within 
a single particle. The older the air mass 
is, the greater the degree of internal 
mixing.  

  
1. TEM image of mineral dust collected from the marine troposphere. Copyright © 1999, The National 
Academy of Sciences 

 

Cloud Condensation Nuclei 

Aerosols are essential for the formation of clouds, providing a site for water 
vapour to condense onto.  However, not all aerosols can serve as a nucleus for 
water drop formation.  Those which can are called Cloud Condensation Nuclei 
(CCN).  This ability depends on size, chemical composition and supersaturation 
(see formation processes).  
About half the aerosol particles over the oceans can act as CCN, whereas only 
1% of the aerosols in polluted environments can.  However, the total 
concentration of aerosol particles in polluted areas is much higher than over the 
oceans.  CCN concentrations of around 100 per cm3 are typically found in 
marine air masses whereas concentrations of many thousands of CCN per cm3 

are found in polluted air. 
To act as a CCN, particles must be hygroscopic, i.e. they must contain sufficient 
amounts of water-soluble material. This is why the chemical composition of 
aerosols affects cloud droplet formation.  For example, soil dust particles are 
not very soluble and can't act as CCN, whereas sea-salt particles are efficient 
CCN (on humid days, it can be difficult to pour salt from a salt shaker because 
water vapor has condensed on the salt crystals, sticking them together).  
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2. Ship tracks: particles emitted from the exhausts of large ships act as CCN and form the clouds 
which are shown in this image. France is on the right and Spain at the bottom.  As the ships move 
about the East Atlantic, these clouds form and leave a visible record of where the ships have recently 
been. Ship tracks can last for hours and give clues to the relative speed of the ships. The faster the 
ship, the narrower and longer the ship track will be. Slower ships leave shorter and wider ship tracks. 
Source: NASA. 

 

Effects of aerosols on clouds 

Aerosol particles are necessary for cloud formation and the size and number of 
particles changes the characteristics of the clouds.  In fact, aerosols are essential 
players in the cloud system; they change the microphysics of the cloud (the 
number and size of the water droplets).    
One of the fundamental observations is that increasing the number of particles in 
the atmosphere on which cloud droplets can form, leads to clouds with more, but 
smaller, droplets.  The number and size of droplets is important in governing the 
rain potential of the cloud and its optical properties.  In climate, the influence of 
aerosols on clouds is called the indirect effect. 
  
Therefore, as anthropogenic activities 
are an important source of particulate 
matter, humans modify the number 
and characteristics of clouds.  

The photograph on the left 
shows condensation trails (also called 
"contrails") over the Rhône Valley in 
France. These artificial clouds are 
formed as a result of  aeroplane 
exhausts and are made of ice 
crystals.  It is estimated that these 
“artificial clouds” cover 0.1% of the 
planet's surface.  

  

 
3. Condensation trails over the Rhône Valley 
ource: NASA. S 
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4. a+b) Contrails are often seen in the sky 
n sunny days.  o 

 
 
4 . b) Authors: C. Gourbeyre, J. Gourdeau. 

 
 
Part 2: Transformation and removal 
 
Aerosol particles typically stay one week or less in the 
troposphere.  Sooner or later these particles are lost from the air and 
there are two ultimate exits: dry and wet deposition.
However, before particles return naturally to the Earth's surface, their 
size, concentration, and chemical composition may change.

  

 
1. Coagulation processes. Author: J 

ourdeau. G 

Evolution of particles in the 
atmosphere 

Several mechanisms can change 
the physical and chemical characteristics of
a particle.  
As they are continuously moving, particles 
may collide with other particles. 
Sometimes collisions make particles stick 
together to form new larger particles. This 
process is known as coagulation 
and leads to a continual removal of small 
particles replaced by larger ones. 
Water vapour can condense on particles 
and thus the particles grow as 
agglomeration proceeds. 

 

The cloud: a big laboratory 

Aerosols play an important role in the formation of clouds.  Clouds form when 
water vapour condenses onto certain types of aerosols known as cloud 
condensation nuclei (CCN).  So during cloud formation some aerosols become 
cloud water droplets.  In a water droplet, aqueous chemical reactions can take 
place, in the same way as in a test tube during your chemistry experiments. 
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2. The particle inside the droplet may 
change during the condensation (1) and 
evaporation (2) processes. Author: J. 

ourdeau. G 

Only a very few clouds lead to rain.  Most 
cloud droplets simply evaporate rather 
than grow into raindrops. The aerosol 
particle left after the water has evaporated 
is often rather different from the original 
aerosol, both chemically and physically (its 
size may have changed).  A single aerosol 
particle undergoes many condensation-
evaporation cycles before it is removed 
from the air either in rain or through dry 
deposition.  Transformation of aerosols in 
clouds is known as cloud processing.  

  

Deposition - how particles are removed from the atmosphere 

When particles fall out of the atmosphere onto surfaces and the process doesn't 
involve water, the removal mechanism is called dry deposition.  When the 
particles are scavenged by atmospheric water (like rain or snow), the 
removal process is called wet deposition. 
  
 
The simplest dry deposition 
mechanism is sedimentation 
and here the particles 
fall under the influence 
of gravity.  The heaviest 
particles are removed from 
the atmosphere by 
sedimentation and, because 
they are heavy, they are found 
close to their source.   
  
In a dry still atmosphere, 
sedimentation processes 
control how big the largest 
particles in the atmosphere 
are.   Dry deposition is, 
however, strongly related to 
atmospheric movements, like 
wind.  Wind can keep large 
particles in the air and can 
carry them long distances 
away from their source. 

 
3. Dust storm 
ource: NOAA Library S 
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4. It's raining.... Source: 

ww.freefoto.com w 

Wet deposition occurs when there is water in the air, 
either in the clouds themselves or in the air below the 
clouds.  
 
In the clouds a fraction of the aerosols act as CCN.  
Water vapour condenses on these particles to 
form cloud droplets.  When droplets get so large that 
the air cannot hold them, the droplets fall as rain and 
the aerosols within the droplets are deposited to the 
surface.  In addition, droplets in the cloud can 
“scavenge or catch” the other particles in the 
surrounding air.  These particles are then also 
removed from the air in the falling rain. Aerosol 
particles below the cloud can also be scavenged by the 
falling raindrops or snowflakes and removed from the 
atmosphere. 

Wet deposition is very efficient at cleaning the atmosphere: look at car 
windscreens after rain, they often have a layer of dust on them and the air we 
breathe often feels cleaner after a big rain storm. 
 
Part 3: Particles and respiratory tract 
 
Particles are dangerous for our health. The toxicity of particles depends 
on their chemical composition and their size: the finer the particle is, 
the deeper it penetrates into our lungs. Scientists classify particles into 
two different size ranges which are known as PM10 and PM2.5.

 
1 . Respiratory tract.  

 

The respiratory system 

Look at the diagram of our respiratory 
tract and the penetration of particles 
according to their size. 
1: Pharynx 
2: Larynx 
3: Trachea 
4: Bronchus 
5: Bronchioles 
6: Pulmonary Alveoli 
You can see that the coarsest particles 
(from 3 to 10 micrometers in diameter) 
tend to be deposited in the upper parts of 
the respiratory system.  These particles 
can generally be expelled back into the 
throat. 
  

PM2.5 are responsible for causing the greatest harm to human health because they are 
so small. These fine particles can be inhaled deep into the lungs, reaching the 600 
million pulmonary alveoli. They can cause breathing and respiratory problems, 
irritation, inflammation and cancer. 
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Smallest particles 

Scientists are becoming 
more and more concerned 
about the impact of the 
smallest particles, those 
which are around just 100 
nanometers in size.  These 
particles can get into the 
deepest parts of the lung 
and can even enter 
our blood circulation, 
leading to cardio-vascular 
disease.  

2. Red corpuscles. 
ource:http://www.ulb.ac.be/sciences/biodic S 

 

Chemical composition 

The chemical composition of a particle strongly governs its toxicity.  The 
composition determines either how the respiratory tract reacts of how the body 
responds.  Toxic air pollutants attach themselves to airbourne particulate 
matter.  This particulate matter is then breathed into the lungs and the toxic 
species are absorbed into our blood and body tissues. 

  

 
3. Aerosols are sampled by pumping air through a filter onto 
which the particles deposit. On the left is a new filter. On the 
right is a filter on which particles have been collected. Look at 
he colour difference!  Source: I. Cousteix. t 

  

Pollution is a strong source 
of particles, especially the 
very small ones which pose
the greatest hazard to 
health. A very important 
source of very fine 
particles in the urban 
atmosphere is diesel 
vehicles as these produce 
much finer particles 
than petrol cars.    Work 
is underway to try and 
reduce particulate 
emissions from diesel 
engines by, for 
example, adding pipe 
filters. 
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Clouds & Particles

More 

Unit 3: Clouds, particles and climate 

Clouds are composed of liquid water or ice crystals and tiny particles either inside 
or outside of the water droplets. These particles occur everywhere in 
the atmosphere, not just in the clouds. In this unit we look at the global radiation 
budget of the Earth and how particles affect visibility and our climate.   

• particles and visibility  
• particles and climate  
• radiation budget 

 
Part 1: Particles and visibility 
 
Atmospheric pollution often affects visibility.  Visibility is defined as the 
greatest distance at which an observer can see a large black object 
against the sky on the horizon.  Several factors determine how far we 
can see through the atmosphere.  These include the characteristics of 
the atmosphere, the brightness of the sky, how good our eyes are and 
our perception.  We focus here on how atmospheric constituents affect 
visibility.
  
Light in the atmosphere 

Light is a kind of energy that travels in 
waves. The wavelength of the light is the 
distance between the tops of the waves 
(shown by the arrow in Figure 1).  Light 
from the sun looks white, but is actually 
composed of several colours 
(those you see in a rainbow or using 
a prism).  The colours have different 
wavelengths, frequencies and energies.  
Violet has the shortest wavelength in the 
visible spectrum, whereas red has the 
longest wavelength. 

 
1. Light is an electromagnetic wave. Author:
. Gourdeau J 

Light travels in a straight line as long as nothing disturbs it. In outer space, light 
from a torch would only be seen by someone directly in the light’s path.   It's 
different in our atmosphere.  Light travels in a straight line until it bumps into a 
particle or a gas molecule.  What happens then depends on the wavelength 
(energy) of the light and the size of the thing the light hits. 
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2. The light is scattered by a particle or a 

olecule. Author: J. Gourdeau. m 

Gas molecules and atmospheric particles 
are smaller than the wavelengths of visible 
light. When light hits a gas molecule, the 
molecule absorbs and scatters the light in 
a different directions. This is why at night 
we can see the beam of a torch even if we 
are not in the light’s path.  The different 
colours of light are scattered differently 
after collision.  The scattering is called 
Rayleigh Scattering.  It is more effective 
at short wavelengths (the blue component 
of visible light) and this is why the sky 
looks blue. 

Scattering of light by particles 

Visibility is reduced when atmospheric particles between the observer and the 
object absorb or scatter light from the sun. Light scattering by particles is the 
most important phenomenon responsible for impairment of visibility.  Light can 
also be absorbed by atmospheric constituents: for example, elemental carbon 
(soot) and NO2 are particularly effective at absorbing light.  
  

 
 
3. When particle concentrations are very low, 
visibility is high, here it's around 250 km! Source: 

ational Glacier Park. N 

 
4. Pollution episodes increase the particle 
concentration in the air and dramatically 
reduce visibility. Here the visibility is 
reduced to 70 km.  Source: National Glacier 
ark. P 

 
In an atmosphere totally devoid of particles, the theoretical visibility would be 
almost 300 km at sea level rising to around 500 km at the summit of Mont Blanc! 
 
The size, concentration and chemical 
characteristics of the particles affect 
atmospheric visibility. The finest 
particles (particularly those between 
0.1 and 1 µm) are most efficient at 
reducing visibility. These small 
particles are mostly of human origin. 
In Los Angeles during pollution events,
visibility can be around 8 km, instead 
of almost 90 km during a clear day. 

 
Humidity can significantly increase the 
effect of pollution on visibility.  Water 
soluble components of the fine aerosol 
population can grow to up to seven 
times their dry radius when the air is 
moist.  These particles scatter 
light efficiently causing visibility to 
decrease. 
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People's perception 

Increases in the amount of fine 
particles in the atmosphere are 
associated with reductions 
in visibility, and this is considered 
to be an indicator of overall air 
quality.  How people perceive 
reductions in visibility depends on 
the environment.  People are less 
likely to accept a reduction in 
visibility in a wilderness area than 
in an urban environment.  In a 
public perception study in a town, 
the acceptable visibility was about 
50 km. 

 
5. Poor visibility in an industrial area. Source: 
reefoto.com f 

 
 
Part 2: Particles and climate 
 
In the Basics section on "Clouds and Climate" we saw that clouds affect 
our climate.  Firstly, they reflect around 30% of the solar energy 
reaching our planet back into space.  Secondly, clouds trap infra-red 
radiation from the Earth's surface and, as a result, help heat our planet. 
  
But what role do particles have in the climate system? Do they modify 
the amount of energy reaching the ground in the absence of clouds? As 
they allow clouds to form, do they have an impact on cloud behaviour?

The direct effect of particles on climate 

As well as affecting visibility, scattering and absorption of light by particles also 
influences our climate by reducing the amount of solar energy that reaches the 
surface of the Earth. 
  
In 1783, a large volcanic eruption occurred in Iceland. 
The famous scientist Benjamin Franklin observed "a dry 
fog" over France, and hypothesized that the severe 
winter in Europe that year was linked to this "dry fog". 
A magnifying glass wouldn't even burn paper, he said. 
Franklin suggested that there was a reduction in the 
amount of solar energy at the Earth’s surface after the 
volcanic eruption. 

Similarly, extinction of the dinosaurs is thought to have 
resulted from a meteor impact 60 million years ago. It 
is believed that this massive collision injected such 
huge amounts of dust into the atmosphere that the Sun 
was completely obscured for several months and that 
this caused severe cooling of the Earth. 

 

 
1. American scientist 
Benjamin Franklin (1706  - 
790). Source: www.nps.org 1 

Simulations and observations after Mount Pinatubo erupted in 1991 have shown 
a global cooling of 0.5°C.   
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The direct effect of particles on climate, through scattering of solar 
radiation, is likely to lead to global cooling. 

 

 
2. Haze over China. The haze is the result of forest fires, the 
burning of agricultural wastes, dramatic increases in the 
burning of fossil fuels in vehicles, industries and power 
stations and emissions from millions of inefficient cookers 
burning wood, cow dung and other 'bio fuels'. Source: UNEP, 

ASA. N 

Human influence on the 
direct effect of aerosols 

Because of industrial 
activity, burning of fossil 
fuels and forest fires 
humans emit large 
quantities of particles into 
the atmosphere.  For 
example, a three kilometer 
deep pollution blanket 
known as the "Asian Brown 
Haze" stretches across 
South Asia, modifying 
weather patterns and 
endangering the health of 
hundreds of thousands of 
people. This mass of 
aerosols reduces the 
amount of solar energy 
reaching the Earth's surface 
by as much as 10 to 15%. 
But aerosols have also an 
indirect effect on climate.  
Our planet hasn't heard the 
last of humans... 

 
Indirect effect of particles on climate 

Indirect climate forcing by aerosols is defined as "the overall process by which 
aerosols perturb the Earth-atmosphere radiation balance by changing the cloud 
albedo and cloud amount".  The indirect effects of aerosols on climate are much 
more difficult to assess than the direct effects.  They depend on the relationship 
between the aerosol properties and the characteristics of the cloud.  A change in
the number and size of particles leads to a change in the number of cloud 
condensation nuclei.  This change causes changes in the population and size of 
cloud droplets and this is likely to change the albedo of the cloud (how much 
solar radiation the cloud reflects back into space). 
The influence of humans on the indirect effect of particles 
Anthropogenic processes produce large amounts of small particles. These 
anthropogenic aerosols are believed to have two major effects on cloud 
properties.  Firstly, the increased number of CCN results in a larger number of 
smaller cloud droplets leading to enhanced scattering of light within clouds and 
an increase in cloud albedo.  Secondly, as droplets are smaller, there is less 
rain, cloud lifetimes are longer and the average cloud cover over the Earth is 
greater. 
Both effects reduce the amount of sunlight absorbed by Earth and thus 
tend to cause global cooling. 
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Figure 3. shows the indirect effect
of particles: polluted clouds send 
more solar radiation back to 
space, and rainfall is inhibited 
because the cloud droplets are 
small. 

  

 
3. Human influence on the indirect effect of aerosols.  
uthor: Justine Gourdeau. A 

The relationships between particles and the albedo of a cloud are very 
complex so we are still unsure how important this indirect aerosol effect is 
to our climate.   We are, however, sure that particles do play a very important 
role in the overall radiation budget of the Earth. 

  
 
Part 3: Radiation budget 
 
The radiation budget is the balance between the incoming energy from 
the Sun and outgoing energy from the Earth's surface.   Energy from the 
Sun can either be directly reflected by the surface of the Earth back into 
space, reflected back into space by clouds or can be absorbed by 
the Earth and re-emitted as heat. 
  

Here we look at the global 
radiation budget and how 
it affects the Earth's climate.  
We focus on the impact of 
humans today and in the future.  

Observations of radiation budget are 
made using satellites which measure 
the amount of radiation emited from 
the Sun and from the Earth.  

1. Meteor satellite. Source: 
ttp://smsc.cnes.fr/SCARAB/Fr/ h 

 

Incident energy from the Sun 

The planet's radiation budget must be in equilibrium so that the Earth doesn't 
become colder or warmer. Although the climate system is in balance, this 
balance is dynamic and ever-changing.   Satellites above our atmosphere, 
directed at the Sun, show that the mean global energy striking the Earth is 340 
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W m-2. 
  

 
2. Seasons are the result of the revolution 
of the Earth around the Sun and the tilt of 
the Earth's axis. A:  21st of June: summer 
in the Northern Hemisphere and winter in 
the Southern Hemisphere (opposite to C). 
D: Spring in the North, autumn in the 
South (21st of March) (opposite to B). 
Solar insolation changes with latitude and 
eason. s 

 
3. The monthly mean value of solar energy in 
January 2004. Data from the polar orbiter NOAA-
17. Source: NOAA. What is the average value in 
urope for January 2004?  E 

Albedo: energy reflected by the Earth 

Some of the solar radiation striking the Earth is reflected directly back into space.
This fraction is called the albedo. Look at images 4a and 4b to see the average 
albedo of our planet in January and August. The global annual average albedo is 
approximately 0.3, so about 30% of the solar radiation entering our 
atmosphere is reflected back into space.  Polar regions have high albedos 
because the white ice is highly reflective. 
  

 
4. a)  Planetary average albedo in January. Data 
from ERBE, NOAA. 
  

 
4. b)  Planetary average albedo in August. Data 
from ERBE, NOAA. 
  

The solar energy which is not directly reflected back into space (70%, around 240 
W m-²) is absorbed by atmosphere and by the Earth's surface.  This process 
leads to a heating of the surface and emission of infra-red (long wave) radiation.  
A proportion of this infra-red radiation is trapped by greenhouse gases in the 
atmosphere and this natural warming process keeps the mean temperature of our
planet at 15 oC.   Some areas of the world absorb more energy than they re-emit 
and should therefore be getting warmer and warmer.  In other areas the radiation
balance is negative and these regions should be getting colder.  This doesn't 
happen because atmosphere and oceans continuously transport heat from 
equator to the poles to even up the temperature differences. 
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5. Global annual mean radiative budget in W 
m-². Source: LMD/ Scarab. 

How can the radiation budget change?  

The amount of energy coming from the Sun can vary.  For example, the 
tilt of axis about which the Earth rotates can vary.  Contrasts in the amount of 
solar energy received between latitudes and between seasons are larger when 
the tilt is larger. Climate changes due to astronomic variations are defined by 
Milankovitch theory. 
The albedo (the amount of energy reflected) changes if there 
are changes in the amount of ice, water, forest and cloud cover over the 
Earth.  For example, a colder climate would lead to more polar ice and 
therefore an increase in mean global albedo.  This would further decrease the 
global temperature.  This is a positive feedback effect. 
The amount of energy kept by the planet changes if the greenhouse 
effect is modified. 
  
  

The radiative budget can change: 
1. Naturally as a result 
of astronomical variations. 
2. If the albedo of the Earth 
changes, either naturally (input 
of aerosols into the air following 
volcanic eruption) or because of 
human activity.    
3. If human 
activities modify greenhouse gas 
concentrations and cloud 
characteristics as this affects the 
way the planet losses and traps 
heat. 

 
6. What affects the radiation balance?  
uthor: Justine Gourdeau. A 

 

Much of the research into our climate focuses on the radiation balance.  
Understanding the complexity of the controls and feedbacks and how humans 
modify the fragile equilibrium is a key to predict, and hopefully prevent, future 
unwanted climate change. 
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Climate in cities

Basics 

Unit 1: 
Air pollution due to human activity 

Air pollution is a serious problem in cities. It changes our urban climate, 
degrades the environment and has negative impacts on the economy and on 
our health. Industry and transport are the largest sources of air pollutants and 
emission of these pollutants results in high levels of particles and soot in the air 
and can cause smog to form. 
  
Industrial accidents can cause huge inputs of air pollutants into the atmosphere 
and these emissions may lead to permanent degradation of the natural 
environment.  One of the most polluted regions in Europe is the so called "Black 
Triangle", located at the junction of the borders of Germany, Poland and The 
Czech Republic, where huge brown coal resources are exploited.   

As the atmosphere is constantly moving, pollutants are carried great distances 
away from their source region.  This means that air pollution is an international 
rather than local problem.  
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Part 1: What is it? 
 
Air pollutants can be either gases or aerosols (particles or liquid 
droplets suspended in the air).  They change the natural composition of 
the atmosphere, can be harmful to humans and other living species and 
can cause damage to natural water bodies and the land.

 

Clean air is made up of naturally occurring 
chemicals.  Oxygen and nitrogen make up 99% of dry air 
and the remaining 1% consists of argon, carbon dioxide, 
helium and other trace gases.  Air, of course, also contains 
water vapour and this may make up as much as 4% of 
the total air volume.  Clean air doesn't contain harmful 
levels of chemicals or harmful chemicals which adversely 
affect living things.  Some gases which are normal 
components of clean air - for example, carbon dioxide - 
become dangerous when their concentrations become 
much higher than normal.    

  

 
1. Clean air and plants.  
Lichens living on tree 
trunks are very sensitive
to air pollution.  They 
can only survive in clean
air so are a good 
measure of how polluted
the air is.  Source: 

ww.freefoto.com w 

 
2. Natural air pollution.  
Smoke from volcano 
Sakura-jima, Japan.  
Source: UND - University of 
North Dakota, photo: Mike 
yvers  L 

Air pollution has both natural and human sources.   

Natural air pollution comes from volcanoes, natural 
forest fires, soil, plants, seawater, wetlands and 
even outer space.  Inputs of gases and particles from 
these sources into the air has always happened and the 
atmosphere adjusts to this new material with minimal 
complications. 

Human, or anthropogenic, air pollution comes from the many 
different human activities which occur during our daily lives.  
Sources include industry, vehicles, agriculture, power 
generation (coal, oil or gas power stations), mining and waste 
dumps.  It is difficult for the atmosphere to cope with 
these these extra pollutants leading to high 
concentrations locally and regionally. 

  

 

  
3. Anthropogenic 
air pollution.  
Smoke from a 
factory chimney.  
Source: 

ww.freefoto.comw 
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Air pollution can be divided into two basic types.  Gases 
come mainly from the burning of fossil fuels.  Gaseous 
pollutants which affect the atmosphere globally include 
carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O).  These are all  greenhouse gases and 
are responsible for global warming.   

Although present throughout much of the atmosphere, 
gaseous pollutants including nitrogen oxides (NOx), sulfur 
dioxide (SO2), carbon monoxide (CO) and a wide range of 
organic compounds are found only in signficant 
concentrations close to their origin so these are 
important on a local and regional scale.   All these 
compounds are released during fossil fuel burning 
although many volatile organic compounds (VOC's) also 
have significant natural sources from plants.   

Both the greenhouse gases and regionally important 
gases are examples of  primary pollutants.  These 
species are emitted directly into the air from sources 
at the Earth’s surface. 

 
4. Urban traffic. 
Traffic delivers lots of 
global and regional air 
pollution 
Source: 

ww.freefoto.com w 

The regional gases can also react chemically in the atmosphere to form other 
compounds which are known as secondary pollutants.   One of the main 
results of secondary pollution is photochemical smog.  Smog is the main 
pollutant problem in most of the big cities of the world.  Its main component is 
ozone (O3) which, at high concentrations, can cause breathing problems and 
burning eyes.  While O3 is beneficial in the stratosphere because it absorbs 
harmful ultraviolet radiation from the Sun, it is a health hazard in the lower 
atmosphere.  Use the link at the bottom of the page to find out more 
about ozone smog. 

  
The second type of pollutant is particulate 
matter, which consists of a wide range of 
liquid and solid particles known scientifically 
as aerosols.  The smallest of these particles 
are hazardous to human health.  As with 
the gases, particles can be directly emitted 
into the air or can form from gases.  In 
winter in many cities and towns, 
particularly in poor countries, people burn 
wood to keep warm.  The particles 
from wood-burning can cause a brown haze 
over the region and larger particles may 
interfere with plant growth because they 
deposit on the leaves.  See the link at the 
bottom of the page to find out more 
about aerosols and their origin. 

  

 
5. Forest fires.  Forests fires emit lots of 
gases and particulate matter into the 
atmosphere.  Source: NASA - National 
eronautics and Space Administration A 

Two hundred years ago, air pollutants were mainly from natural sources.   The 
rapid development of industry after 1850 created many new anthropogenic 
pollution sources, which were initially associated with the production of energy 
from coal and oil burning.   

Air pollution is a major environmental issue in many parts of the world.  Unless 
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we control and manage air pollution carefully, air pollution problems will 
become a lot worse. 
The figure below summarises the criteria we use to classify air pollution. The 
Colours in the text correspond to the colours used in the figure. 

  

  
6. Air pollution classification.  The colours in the figure correspond to the colours in the text where the 
criteria are explained.  Authors: Anita Bokwa, Michael Seesing, Pawel Jezioro. 

Natural air pollution can be divided into: 
- inorganic pollution, e.g. dust and gases from volcanic eruptions, salt 
particles brought by the wind from the sea, dust delivered into the air 
during dust storms, gases originating from lighting during thunderstorms and 
dust coming to the atmosphere from space. 
- organic pollution, includes smoke and dust from vegetation fires, pollen and 
fungi from plants, live organisms including bacteria and volatile substances 
emitted by trees and flowers. 

Anthropogenic air pollution can be also divided into two groups according to 
the character of emission: 
- controlled emission which takes place according to well established rules, 
under the supervision of trained staff. 
- accidental emission which occurs, for example, during industrial accidents 
and oil spills. 
So we can define air pollution in two ways: 
- primary pollution - harmful substances which are emitted directly into the 
atmosphere. 
- secondary pollution - substances which become harmful once in the air or 
harmful substances which form as a result of chemical reactions in the 
atmosphere. 

  

 
7. Fire-places are probably one of the 
first anthropogenic indoor sources of 
air pollution.  Source: 

ww.freefoto.com w 

The air pollution types mentioned so far are 
also known as outdoor air pollution.  
Indoor air pollution is also a very important 
problem.  The air within homes and other 
buildings can sometimes be more polluted 
than the outdoor air even in the largest and 
most industrialised cities. Sources of indoor air 
pollutants such as carbon monoxide 
(CO) include poorly maintained fires, stoves 
and heaters.  This is a serious problem 
particularly in poor countries where standards 
of living are low. 
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Other sources of indoor air 
pollution include tobacco 
products, products for household 
cleaning and maintenance, 
personal care, or hobbies.  
Inadequate ventilation, high 
temperatures and high humidity 
allow the pollutants to 
accumulate.   Many people living 
in the cities spend approximately 
90% of their time indoors. So for 
many people, exposure to indoor 
air pollutants poses a greater risk 
to their health than do outdoor air 
pollutants. 

  

 
8. Indoor pollution.  Smoking a cigarette, pipe, or cigar 
delivers a complex mixture of over 4,000 compounds, 
more than 40 of which are known to cause cancer in 
humans or animals and many of which are strong 
irritants.  Source: US Environmental Protection 
gency; photo: www.freefoto.com A 

 
Part 2: Causes 
 
Causes of anthropogenic air pollution 

Most of the air pollution which comes from human activity enters the 
atmosphere from industry, vehicles and the combustion of fossil fuels in
power plants.   In developed countries vehicles are the main source of 
air pollutants in the cities. 

 

Sources of anthropogenic air pollution 

Combustion of fossil fuels during power production, in heating systems and in 
vehicle engines is the main source of anthropogenic air pollution.  Other sources 
include industry and agriculture. 
  

 
1. Fire-places were one of the first anthropogenic 
ources of air pollution.  Source: www.freefoto.com s 

At the beginning of human 
civilisation the only source of 
anthropogenic air pollution 
was smoke from fire-places.  As 
the population grew, air pollution 
problems also increased.  By 
1273, King Edward the First of 
England had banned the use of 
coal in London as it caused 
enormous air pollution problems. 
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In the 20th Century, industrial 
development led to high 
numbers of factories in 
urban areas.  This was 
accompanied by a significant 
increase in the urban population 
and, as a result, the number of 
buildings and cars grew.   High 
density housing and narrow roads 
made vehicle traffic a particularly 
important source of pollutants.  
This is still a huge problem and in 
cities of the developed 
world, vehicles are now the most 
important source of air pollution.   

  

 
2. Intensively urbanised area.   High concentrations of 
residential buildings, service industries and factories in 
urban and industrialised areas are one of the reasons 
or air pollution.  Source: www.freefoto.com f 

 
3. Emission and deposition (denoted imission on the 
figure).  Source: Bundesamt für Umwelt, Wald und 
andschaft 1996 L 

Emission and deposition 

Air pollutants are emitted from 
urban areas and also from rural 
locations.  The harmful gases and 
aerosols are transported by the 
wind great distances away from 
their initial source before they are 
deposited back to the ground.  So 
when we measure the 
concentration of a pollutant to 
determine the air quality, we 
must remember that the pollutant 
may have come from some 
distance away and doesn't 
necessarily have a local source. 
  

Units 

While emission and deposition values are 
usually given in large amounts (e.g. tonnes 
per year), atmospheric concentrations are 
generally expressed in much smaller units 
(e.g. in fractions of grams or moles of a 
substance per cubic metre of air).  When we 
look at atmospheric concentrations we can 
either talk about average concentrations for 
the whole Earth (in case of carbon dioxide 
CO2), or for a given place and time (e.g. 
sulphur dioxide SO2  levels in London, in 
December 1952).  Concentrations of gases are
often given as a mixing ratio, this is the 
fraction of the compound as a proportion of all 
the air molecules present.  It is usually 
expressed  in ppm (parts per million) or ppb 
(parts per billion).  You can find out 
more about the mixing ratio in the Higher 
atmosphere topic. 

 
4. Changes in global content (mixing 
ratio) of carbon dioxide (CO2, in 
ppm) and methane (CH4, in ppb) in the 
atmosphere.  Author: Anita Bokwa.  
Source of data: World Resources 
Institute (http://earthtrends.wri.org). 
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Anthropogenic emissions  

As we saw in the section "What is air pollution?", some emissions have a global 
impact on climate while others have only a local effect.  Areas with high levels 
of anthropogenic air pollution include Eastern USA and Canada, Europe and 
South and South East Asia.  Emissions of sulphur dioxide (SO2) and nitrogen 
oxides (NOx) from these areas contribute to acid rain and this effect is 
discussed later in this topic.  Large quantities of carbon dioxide (CO2) and 
Volatile Organic Compounds (VOC's) are also emitted into the air.  Some of the 
VOC's (e.g. methane CH4 and the chlorofluorocarbons) can act as greenhouse 
gases and we look at these in more detail in the section looking at the impact of 
industry on air pollution.   
The table below and the charts in figure 5 show air pollutant emissions in 
selected countries. The emissions vary greatly and we look at the reasons for 
these differences below using CO2 as an example. 
  

Country SOx NOx CO2 Dust 

Great Britain 2 028 2 060 539 344 213 

Hungary 657 197 58 498 136 

Germany 1 468 1 803 834 379 316 

France 989 1 691 344 666 211 

Poland 2 368 1 154 348 260 1 282 

South Korea 1 500 1 258 424 119 423 

Japan 903 1 409 1 164 518 - 

USA 18 481 21 394 5 444 794 3 393 

Australia 1 842 2 166 316 704 38 

Yearly emissions of sulphur dioxide, nitrogen oxides, carbon dioxide and dust 
for selected countries (in thousands of tonnes per year).  

 
5. a) Emissions of air pollutants in 1997. 
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5. b) Emissions of CO2 in 1997 

5. c) Emissions USA air pollutants in 
1997.
5. Air pollution emissions in chosen countries.  Please click icon to see enlarged chart! (15-30 K).  
Authors: Anita Bokwa, Pawel Jezioro. 
Source of data: Carbon Dioxide Information Analysis Center, United Nations Framework Convention 
on Climate Change http://webdab.emep.int 

  
Example: 
Emissions which have global impact: Carbon dioxide (CO2) 

Emissions of CO2 have a global impact on our climate. Let's see who emits the 
largest amounts of CO2 in the world.  According to the Energy Information 
Administration, the global emission of CO2 in 2001 amounted to 6567.82 million 
tonnes of carbon equivalent units.  

What are carbon and carbon dioxide equivalent units? 

Carbon equivalent units are defined as the carbon dioxide equivalent multiplied by the carbon 
content of carbon dioxide (i.e., 12/44).  The carbon dioxide equivalent is used to compare 
greenhouse gases and is derived by multiplying the mass of the gas by its global warming 
potential.  The global warming potential measures how strong a greenhouse gas is.  For example, 
methane has a global warming potential of 21, so its 21 times more powerful a greenhouse gas than
CO2. 
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6. Emissions of CO2 in 2001 by 
continents.  Authors: Anita Bokwa, 
Pawel Jezioro.  Source of data: 

ww.eia.doe.gov/emeu/iea/ w 

Emissions by continents 

About a third of the world's CO2 emissions 
come from Asia, Australia and Oceania and 
28% comes from North America.  So almost 
60% of the global CO2 emissions come from 
these two regions.  However, even though 
both regions emit almost the same amount of 
CO2 per year, the causes are quite different.  
About 3.9 billion people live in Asia, Australia 
and Oceania, that's 61% of the world 
population, whereas only about 323 million 
people live in North America (U.S.A. and 
Canada).   
High CO2 emissions in Asia, Australia and 
Oceania are simply the result of the huge 
number of people living in the region, in North 
America it is the very high consumption of 
energy which is the cause. 
  

 
 

Emission by countries 

 
7. Countries which had the largest share (in %) of the world total emission of CO2 in 1999.  
Author: Elmar Uherek. Source of data: UN Human Development Report 2003 
http://hdr.undp.org/reports/global/2003/pdf/hdr03_HDI.pdf 

Figure 7 shows the countries which emit the largest amounts of CO2 in the world.  
For example, 23.2% of global CO2 emissions come from the USA.  USA, China 
and Russia together make up over 42% of the global CO2 emissions although only 
27% of the world's population lives in these countries.  Among the seven largest 
emitters, one is in North America, three are in Europe and three are in Asia (note 
that although Russia is in both Europe and Asia, it is usually included with the 
European countries).  There are no large CO2 emitters in the Southern 
Hemisphere. 
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Emission per capita  

Figure 8 shows how 
much CO2 is 
emitted per person in 
certain countries.  For 
example, 19.7 
tonnes of CO2 are 
emitted per citizen 
in the USA, while in 
India it is only 1.1 
tonnes.  Such huge 
differences result from 
the different degree of 
economic 
development.  The 
higher the standard of 
living in a country, the 
higher the energy 
consumption (through 
the use of cars, air 
conditioning and 
electrical appliances) 
and therefore the 
greater the CO2 
emissions. 
  

 
8. Emissions of CO2 per capita in chosen countries. 
 
Author: Elmar Uherek. Source of data: UN Human Development 
Report 2003 
http://hdr.undp.org/reports/global/2003/pdf/hdr03_HDI.pdf 

 
   

Anthropogenic emissions by sectors 

Anthropogenic air pollution comes from many sources. One source can often 
emit many different pollutants but some human activities, for example 
transport, produce very characteristic chemical species.  The data from 
UNECE/EMEP (United Nations Economic Commission for Europe/Co-operative 
programme for monitoring and evaluation of long range transmission of air 
pollutants in Europe) shows which sectors of the economy (what kind of 
human activity) were mainly responsible for emissions of carbon monoxide 
(CO), nitrogen oxides (NOx) and sulphur oxides (SO2) in Europe in 2001. The 
emissions are given in gigagrams (Gg) where 1 Gg = 1000 tonnes.   
  
Carbon monoxide (CO) 

30,679 Gg of CO were emitted in 
Europe in 2001.  The main source
of this anthropogenic CO was 
transport (60%) with industry 
contributing 36%.  Waste 
management and agriculture 
were of marginal importance. You
can find out more about CO 
emissions in the topic on the 
Lower Atmosphere. 

 

 
9. Emission of CO in Europe in 2001 by sectors. 
Authors: Anita Bokwa, Pawel Jezioro 
ource of data: http://webdab.emep.int S 
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10. Emission of NOx in Europe in 2001 by sectors. 
Authors: Anita Bokwa, Pawel Jezioro 
ource of data: http://webdab.emep.int S 

Nitrogen oxides (NOx) 

10,056 Gg of NOx were emitted 
into the atmosphere in 2001.  
Transport was the biggest source, 
making up 63% of the 
emissions.  Industry contributed 
35% and emissions from waste 
management and agriculture were, 
again, of marginal importance. 
  

Oxidised sulphur compounds 
(SOx) 

The main component of the 
oxidised sulphur compounds is 
sulphur dioxide (SO2) and, 
unlike CO and NOx, their main 
source is industry. Total emissions 
of oxidised sulphur were 5,949 Gg 
in 2001 and 93% of these came 
from industry.  Find out more 
about the impacts of SO2 and 
NOx in the section on acid rain. 
  

 
11. Emission of SOx in Europe in 2001 by sectors. 
Authors: Anita Bokwa, Pawel Jezioro 
Source of data: http://webdab.emep.int 

   

 
12. Urban traffic 
Urban traffic is the main source of air 
pollution in many cities. 
ource: www.freefoto.com S 

Emissions in cities 

The main emission sources and the main air 
pollutants vary between cities as they depend 
on the poulation size, the types of industry 
located there, how much traffic there is and 
what kinds of heating systems are 
used.  Pollutants are emitted into the city 
air from low emission sources (e.g. individual 
heating systems in houses), high emission 
sources (e.g. tall factory chimneys) and from 
mobile sources (e.g. cars and buses).  For 
example, Cracow is a medium-sized city in 
southern Poland with 800,000 inhabitants.  It 
has heavy industry (a steel works and a huge 
power plant) and large amounts of traffic.  
Industry emits almost all of the SO2 into the air, 
most of the NOx and dust and as much CO as 
transport.  Other sources of air pollution are of 
marginal importance.  However, in 
many Western European cities, transport is the 
main source of CO and NOx, because heavy 
industry has declined and ben replaced with 
clean new technologies. 
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sector/pollutant CO NOx dust

transportation 48% 15% 2% 

industry 44% 83% 88% 

municipal economy 8% 2% 10% 

sum 100% 100% 100% 

Emission of carbon monoxide (CO), nitrogen oxides (NOx) and dust by sectors 
in Cracow, Poland, in 2001.  Source: Inspectorate of Environmental Protection 
in Cracow. 

 

 
Part 3: Negative effects 
 
Negative effects of air pollution    

Air pollution has an impact on both local and global scales.  Harmful 
substances which are emitted into the atmosphere in one country, are 
transported by the wind and cross over national borders.  International 
co-operation is, therefore, necessary to improve overall air quality. 
  
Global negative effects of air pollution include the enhanced greenhouse effect 
and the ozone hole. Smog and acid rain are the best known local effects and 
smog, in particular, affects people living in urban areas. Air pollution is a threat 
to our health and can also cause economic losses. 

  

 
1. Urban air pollution.  Individual 
heating systems contribute to the urban 
air pollution.  Source: 

ww.freefoto.com w 

Let's concentrate on air pollution in cities. 
Sulphur and nitrogen oxides, hydrocarbons 
(mainly from refineries and traffic), carbon 
monoxide, heavy metals (from traffic and 
industry), dust and soot are all found in urban 
air.  The proportions of these pollutants vary 
depending on the location.  For example, use 
of low sulphur containing fuels has 
dramatically decreased the atmospheric 
concentrations of sulphur dioxide in developed 
countries. 
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Smog 

In many cities, air pollution levels exceed the allowed concentrations and smog 
alarms are published.  The word "smog" is the combination of the words smoke 
and fog, it was invented around 1911 by the physician Harold Des Voeux.  
 
There are two kinds of smog: 
 
- London-type smog.  
Burning coal  leads to 
emissions of sulphur dioxide 
and dust.  When these 
pollutants mix with fog, 
droplets of highly corrosive 
sulphuric acid (H2SO4) are 
produced in the air.  In 
London in 1952, 
concentrations of SO2 during 
a smog event exceeded 3.5 
mg m-3 (3500 µg m-3) and 
many people died.  London 
type smogs were first 
recorded in the 1850's and 
are rather rare today due to 
better controls on air 
pollution.  For example, in 
2001, mean annual 
concentrations of SO2 

reached 3 µg m-3  in 
Barcelona (Spain), 4 µg m-3  

in Munich (Germany), 7 µg 
m-3  in London (Great Britain 
- data for 1999) and 13 µg 
m-3  in Warsaw (Poland).  On 
some days, 
however, concentrations of 
SO2 can be much higher. The
highest hourly values for 
SO2 in 2001 were 211 µg m-

3 in Warsaw, 106 µg m-3 in 
London (1999), 70 µg m-3 in 
Barcelona and 17 µg m-3 in 
Munich. 

  

 
2. Number of deaths in London in December 1952 due to high 
concentrations of sulphur dioxide.  Source: Manchester 

etropolitan University  M 
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- Los Angeles-type or 
photochemical smog.  This 
type of smog forms on sunny 
days and is the result 
of emissions from traffic. 
Nitrogen oxides from 
car exhausts and 
hydrocarbons from various 
anthropogenic and biogenic 
sources react in the presence 
of sunlight to produce a 
noxious mixture of aerosols 
and gases. Photochemical 
smog contains tropospheric 
ozone, formaldehyde, 
ketones and PAN 
(peroxyacetyl nitrates). 
Normal tropospheric ozone 
levels are less than 0.04 ppm 
but ozone levels can be as 
high as 12 ppm in these 
smogs.  The substances in 
these smogs are irritating 
to our eyes and can damage 
our respiratory system.  They 
also affect vegetation.  This 
type of smog is rather 
common now in large cities in 
the summer and 
has generally replaced the 
London-type smog.   

For more information on 
concentrations and mixing 
ratios see the topic on the 
Higher atmosphere. 

  
3. What is smog and when is it formed?. Authors: Anita 
okwa, Michael Seesing. B 

 

Dust and soot 

Another problem in cities is dust and soot. In 1999, for example, the mean 
annual concentration of particulate matter less than 10 micrometers in diameter 
(PM10) was 21.8 µg m-3 in London, 29.5 in Budapest, 43.3 in Rome, 44.4 in 
Sevilla and 45.4 in Cracow.  These values have decreased with time due to better 
pollution control measures.  For example, annual mean particulate concentrations 
in Cracow in the 1970's and 1980's exceeded 100 µg m-3 due to emissions from 
the steel factory and the power plant and reached levels of 200 µg m-3 in the 
winter.   These factories have since been modernised and production has 
decreased leading to significant improvements in air quality. 
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4. Mean annual concentration of particulate matter less than 10  µm in diameter in 1999.  Source: 
APHEIS - Monitoring the Effects of Air Pollution on Health in Europe. 

Limit values 

For every pollutant there are established limit 
values of concentration which should not be 
exceeded.  These limits are designed to prevent 
damage to human health and to the 
environment.  For the European Union 
countries, the limit values and alert thresholds 
for ambient air were established with the 
Council Directive 96/62/EC, 27 September, 
1996. Detailed regulations were included in 
three Council Directives: 1. 1999/30/EC, 22 
April, 1999; 2. 2000/69/EC, 16 November, 
2000, and 3. 2002/3/EC, 12 February, 2002. 
  

 
5. European flag, a symbol of united 
Europe. 
As air pollution is an international 
problem, the legal regulations about 
emissions are established by 
the Council of the European Union for 
all the member countries.  Source: 
www.freefoto.com. 

  
   

 
6. Limit values for NO2, SO2, Pb and PM10 
(mean annual concentrations) in the countries 
of the European Union.  Author: Pawel 
Jezioro. 

   

For nitrogen dioxide (NO ), sulphur 
dioxide (SO ), lead (Pb) and 
particulate matter up to 10 µm in 
diameter (PM10), 

2

2

the limit values are 
given as mean annual concentrations. 
This means that on any particular day, 
the concentrations may be higher than 
the limit value, while on other days it 
may be much lower, but on average over 
the whole year, the limit value should not
be exceeded.  The limit values for SO2 
and Pb are much lower than those for 
NO2 and PM10, as these substances are 
more harmful to human health. 
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For ozone (O ) and carbon monoxide (CO), 3

the limit values are given as 8-hour mean 
concentrations. These gases are very toxic 
to people even in very small amounts and 
over short exposure periods.   As you can 
see, allowed amounts of ozone in the air are 
much lower than for CO. Low level ozone is 
formed during photochemical smog episodes 
and is harmful to us, whereas ozone in the 
stratosphere protects life on Earth. 

  

 
7. Limit values for O3 and CO (8-hour 
mean concentrations) in the 
countries of the European Union.  
Author: Pawel Jezioro. 

   

 
8. Alarm values for NO2, SO2 and O3 
(mean 1-hour concentrations) in the 
countries of the European Union.  
uthor: Pawel Jezioro. A 

Alarm values 

For NO , SO  and O2 2 3, as well as the limit 
values, alarm values have also been 
established.  These are 1-hour 
mean concentrations. If these values are 
exceeded, the local authorities should first 
inform the public and then undertake actions 
that decrease the pollutants' concentration in 
the air.  For example, they may have to limit the 
traffic in a city or decrease industrial production 
until levels of the pollutant have declined 
sufficiently. 
  

 
 
Part 4: Areas in danger 
 
Areas endangered by air pollution   

The air above densely populated urbanised areas always contains many 
unwanted substances.  Industrial accidents may spread air pollution to 
previously clean areas. 
  
We have already looked at air pollutants which have either global or local 
influence. The local effects of air pollution include reductions in the quality of 
the soil, water and vegetation. 

  

 

ESPERE Climate Encyclopaedia – www.espere.net - Climate in Cities Basics - page 16 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



Air pollution: an international problem 

 

1. Map of Black Triangle area. Source: Inspectorate of Environmental Protection in Wroclaw. 
Branch Jelenia Gora. 

 

Winds transport air pollutants from one place to another, even from one country 
to another.  As a result, the impact of a particular pollutant may be felt far away 
from the emission source.  A good example is the so-called "Black Triangle", an 
area located at the junction of the Polish, German and Czech borders. In this 
region there are three big lignite fields where brown coal is mined: Turoszow 
field, Lusatian field and North-Czech field, together with seven power plants 
producing 16,000 MWatts of energy. In 1989 this region, covering just 32,400 
km2, was responsible for 30% of the total European emissions of SO2.  These SO2 
emissions contribute significantly to the acid rain problem (see the section on 
Areas endangered by acid rain).   

Acid rain falling in this region caused the largest European event of mountain 
forest decay seen so far.  Between 1981 and 1987, 11,000 hectares of spruce 
forest in the Sudety Mountains were damaged, of which 10,000 hectares were in 
the Western Sudety area.  At the same time, 15,000 hectares of forest were 
destroyed in the North West Czech Republic and Saxony.   

At the beginning of the 1990's co-operation between the three countries lead to 
action being taken to improve the natural environment.  In 1992, an integrated 
network of 43 automatic monitoring stations was established in Poland, The 
Czech Republic and Germany and SO2 sources were reduced 
by modernising power plants and heating systems. Another factor 
which contributed to the improvement of air quality was the economic crisis and 
decrease in industrial production in Central European countries. As a result of all 
these factors, emissions of harmful substances decrease every year. 
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2. Dust, SO2 and NOx emissions in the Black Triangle Area.Source: Inspectorate of Environmental 
Protection in Wroclaw. Branch Jelenia Gora. 
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Industrial catastrophes 

Technological risk is an element 
which has accompanied industrial 
development right from its 
beginning. Every installation 
may malfunction at some point 
during its operation and people 
working with the machines and 
systems can always 
make mistakes. When an 
industrial catastrophe takes place, 
the atmosphere usually gets 
polluted with very toxic chemicals 
or radioactive substances, for 
example in the case of nuclear 
power plant disaster. 

 
3. Chemical complex 
ource: www.freefoto.com S 

Here are a few examples of such events and their effects: 

- 1930 - smog in the Mosa valley (Belgium), sulphur dioxide air pollution caused 
the death of a few hundred people. 
- 1948 - Donora (USA), smog killed 20 people. 
- 1950 - Pozza Rica (Mexico), uncontrolled emissions of  hydrogen sulfide (H2S) 
during a plant malfunction caused respiratory problems in over 300 persons 
and 22 people died. 
- 1952 - smog in London, four thousand people died. 
- 1984 - chemical catastrophe in Bhopal (India), 3400 people died, 600 
thousand suffered from respiratory problems. 
- 1986 - accident at the nuclear power plant in Chernobyl (former USSR, 
present Ukraine), 31 people died in the first week after the explosion, the exact 
total number victims are not still not known today; it is estimated that a few 
million people still suffer from diseases caused by the radiation: cancer (an 
increase in thyroid cancer has been observed in the surrounding area), 
immunological dysfunction etc.; large areas were polluted for many years. 
- 1991-92 - oil fires during the war in Kuwait and Iraq. 
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Climate in cities

Basics 

Unit 2: 
Urban climate 

Many natural factors control the climate in urban areas, for example, the 
latitude, whether the city is in a mountain region or on a flat plain, whether it's 
close to the sea and what the surrounding land is used for.  As a city grows, 
new factors (e.g. heat from human activities and air pollution) modify the local 
climate and contribute to the formation of distinct urban climates.  
  
Large numbers of people and heat from human activities, along with the fact 
that cities are built mainly of concrete, asphalt, bricks and stones, makes the 
temperature in a city higher than in a non-urban area.  High density 
building alters the wind speed and its direction and a local air circulation, called 
the urban breeze, developes.  
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Part: 1 What controls the urban climate? 

Urban climates are the result of the  interaction of many natural and 
anthropogenic factors.  Air pollution, building materials, emission of 
heat from human activity, together with natural factors, cause climatic 
differences between cities and non-urban areas.

  

The climate of a particular city is controlled by many natural factors, both at the 
macro-scale (e.g. the latitude) and at the meso-scale (e.g. the topography, 
the presence of water bodies).  As a city grows and develops, new 
factors modify the local climate of a city and contribute to the formation of 
distinct urban climates. 

  
Note: Colours used in the text correspond to the colours used in the figure 
below! 

  

  
1. Factors controlling urban climate.  Author: Sebastian Wypych. 
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Large numbers of buildings and streets 
mean that a large proportion of 
the ground surface in cities is covered 
by impermeable materials such as 
concrete and asphalt.  The original, 
natural land cover may be preserved 
in lawns or parks, but usually occupies 
only a small part of the city area.  
The city surface often, therefore, has a 
very complex character consisting of a 
mosaic of different surface materials.  
Each surface material has a different 
albedo, a measure of the amount of 
solar radiation reflected back into space 
or absorbed by the surface.  For a city 
as a whole, the albedo can be as low as 
10-15% (the albedo for fresh 
snow is greater than 80%) which 
means that a lot of the incoming solar 
energy is absorbed by the city. 
Additionally, most of the building  
materials used in the construction of 
cities are characterised by a high heat 
capacity and high heat conductivity.  

  

  
2. The albedo in the urban environment.   
Source: U.S. Environmental Protection Agency, 
http://yosemite.epa.gov/oar/globalwarming.nsf/
ontent/ActionsLocalHeatIslandEffect.html c 

 
3. Sky view factor.  The sky view factor (SVF) 
is reduced by the urban built-up. The 
maximum value of the SVF is 1 which occurs 
for open areas, without any trees, houses, 
etc.  Author: Sebastian Wypych (after Oke, 
987). 1 

In addition, the shape of a city tends to 
trap radiation near the surface.  
This means that a lot of energy is 
stored in the city during the day-time 
and this is then gradually lost during the 
night.  This slows down the night-time 
cooling of a city compared to non-urban 
areas.  

  

Another important factor modifying urban climate is air pollution. This changes
the composition of the urban atmosphere and, as a result, reduces the amount 
of solar radiation reaching the ground surface. In other words, pollutants make 
the air less transparent to sunlight.  Urban air pollution consists of gases 
and particles emitted by industry, vehicles, heating systems etc.  The city 
centre is usually more polluted than the suburbs but this depends on where 
industry and busy roads are located.  During the day-time, the highest air 
pollution concentrations tend to be seen during rush hours.  Over the year, 
highest concentrations are generally seen in winter because of the increased 
combustion of fuels for heating and because atmospheric conditions are such 
that polluted air is less likely to mix with clean air and dilute the pollutant 
concentration.  The exception to this is photochemical smog which needs 
sunlight to form and so is seen in the summer (find out more about this in the 
sections on ozone smog and negative effects) 
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4. Daily changes in air 
pollution on a typical 
sunny summer day. 
Cracow, Poland, 22 
Aug., 2003. 
    
In the summer, vehicles 
are the main source of 
air pollution.  In the 
morning, intensive 
traffic causes high 
emissions of nitrogen 
oxides and carbon 
monoxide (Fig. 4a and 
4b).  Around noon and 
in the afternoon, as the 
temperature rises and 
wind speed is low (Fig. 
4c), chemical reactions 
in the presence of 
sunlight cause 
a decrease in nitrogen 
oxides levels and an 
increase of tropospheric 
ozone (Fig. 4a). 
These measurements 
were made in the 
middle of a busy two-
way street 
(Krasinskiego Avenue).  
The air pollutant 
concentrations were 
measured at 4 m above 
the surface, wind speed 
was measured 10 m 
above the 
surface and air 
temperature was 
measured 6 m above 
the surface.  Authors: 
Anita Bokwa, Sebastian 
Wypych.  Source of 
data: Voivodship 
Inspectorate of 
Environmental 
Protection in Cracow. 
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5. Daily changes in air 
pollution on a typical 
winter day. Cracow, 
Poland, 26-27 Dec., 
2002. 
    
In the winter, 
emissions from energy 
production are the main 
source of air pollution.  
As the air temperatures 
are  significantly below 
zero (Fig. 4c) heating is 
essential but the result 
of all this energy 
production is high 
atmospheric 
concentrations 
of  particulate matter 
(so called PM10, i.e. 
particles with a 
diameter of 10 
micrometers or less), 
carbon monoxide and 
sulphur dioxide (Fig. 4a 
and 4b).  As the wind 
speed is low and the air 
temperatures below 
zero, layers form in the 
atmosphere which trap 
the air pollutants close 
to the surface.  This 
means that pollutants 
are not lost from the 
city and concentrations 
remain high.  The 
measurements of air 
pollutants were made in 
the middle of the 
city's central square 
(The Main Market 
Square), 12 m above 
the surface level (the 
instruments are 
installed at the wall of 
the Town Hall Tower). 
The wind speed was 
measured 10 m above 
the surface, and the air 
temperature was 
measured 6 m above 
the surface.  Authors: 
Anita Bokwa, Sebstian 
Wypych.  Source of 
data: Voivodship 
Inspectorate of 
Environmental 
Protection in Cracow. 
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6. Domestic heating is one source of anthropogenic heat.  
ource:S  www.freefoto.com 

Another important factor 
controlling urban climate 
is anthropogenic heat.  This 
is heat released as a by-
product of heating systems in 
winter (and air conditioning in 
summer), or from other 
activities (combustion of fossil 
fuels, industrial production and
from vehicles). The amount 
of heat emitted depends upon 
the energy use by 
individuals, the population 
density, the amount of 
industry and the city's 
location.  

  
In cities the amount of water lost by evaporation is low because artificial 
surfaces do not absorb water in the same way as natural surfaces do.  When it 
rains, water quickly runs off into urban sewer systems and buildings and roads 
dry out rapidly.  This means that excess heat is not used to evaporate water (as 
there is little lying on the ground) but rather warms the air.   The presence of 
large amounts of vegetation in many cities does, to some extent, counteract 
this effect. 

The impact humans on urban climate depends on the city's size and its 
spatial structure, on the number of inhabitants, and on the concentration 
of industry.  Small towns with relatively low buildings spread among green 
areas and without any factories or industrial plants, tend to modify the climate 
less than cities with tall buildings. 
How much influence anthrogogenic factors have 
on local climate depends on the natural setting 
of a city.  For example, a city located in a deep 
valley may experience frequent fogs and gentle 
winds.  This means that any air pollutants are 
trapped at the surface and air quality is 
generally poor.   

The urban climate can be improved by planning 
the urban structure in such a way as to 
decrease the negative impact of both 
anthropogenic and natural factors. For example, 
through the strategic location of parks and 
water bodies (e.g. ponds and lakes) and by 
building factories downwind of the city so 
that air pollution is taken away by the wind and 
not brought into the urban environment. 

   
7. Fog reduces air quality in a city.  It 
can react with air pollutants to 
form acid fogs.  Source of image: 

ww.freefoto.com w 
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Part 2: Heat Island 
 
A city is built mainly of concrete, asphalt, bricks and stones.  As the air 
temperature in a certain place depends, to a large extent, on its surface 
characteristics, the temperature in a city is higher than in a non-urban 
area.  Large numbers of people and emission of heat further enhances 
this effect.

  

In many cities the air temperature is, 
on average, 0.5 to 0.8 oC higher than 
the surrounding non-urban areas.  In 
winter the average temperature 
difference is even greater, between 1.1 
and 1.6 °C.   This phenomenon 
is called the urban heat island (UHI). 
Lines on a map connecting points of 
the same temperature (isotherms) 
generally show a circular pattern with 
the temperature decreasing towards 
the city suburbs.   

  

 
1. Heat Island map of the New York. Source: 
System for World Surveillance, Inc. 

   

 
2. Dependence of the maximum intensity of the UHI 
on the number of inhabitants of a city. Authors: Anita 
okwa, Pawel Jezioro. B 

The number of inhabitants is a 
major factor controlling the 
development of the UHI.  In cities 
with populations between 500,000 
and 1,000,000 people, air 
temperatures are usually 1.1 to 
1.2 °C higher than surrounding 
non-urban areas.  For cities with 
more than a million people, the 
difference between urban and 
non-urban average 
temperatures increases to 
between 1.2 and 1.5 °C.  
Maximum observed differences 
can be much higher and an 
example is shown in Figure 2. 
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3. The Urban Heat-Island Profile. Source: Heat Island Group. 

 

The size and spatial structure of a city also govern the extent of the UHI.  
Urban areas with low rise buildings spread among green areas do not form 
typical urban heat islands.  The UHI phenomenon is also closely related to the 
factors already discussed in the chapter "Factors controlling...", i.e. 
anthropogenic heat emission, air pollution and changes in the natural surface 
coverage. All these contribute towards the temperature rise in urban areas.   

The intensity of the UHI (i.e. the temperature difference between the city 
and the surrounding non-urban areas) also depends on meteorological factors 
like the wind speed, how cloudy it is and how much evapotranspiration occurs. 
Increases in wind speed and cloudiness may weaken the intensity of the UHI. 
The intensity of the UHI changes on both a 
daily and on a yearly cycle. In winter, it may 
be twice as large as in the summer due to 
emissions of anthropogenic heat caused by 
heating the buildings.  The intensity of the 
UHI is also higher in the night than in the 
day as intensive radiation from the surface 
into the atmosphere takes place during the 
night.  In some cities, for example, Tokyo, 
the intensity of the UHI decreases during 
weekends and holidays. 

   
4. Emission of anthropogenic heat - cars.  Photo: 
Sebastian Wypych. 
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5. Emission of anthropogenic heat - cooling towers 
ource:S  www.freefoto.com 

Apart from its horizontal range, the 
UHI also has some vertical structure.  
It usually reaches up to between 200 
and 300 m into the air, about 3 to 5 
times the height of the buildings.  In 
a cloudless sky it may reach up to 500 
m into the atmosphere. Two distinct 
layer are seen: 

1. the urban canopy layer occurs 
nearest the ground and results 
from heat emitted by low level emitters 
such as house chimneys,  from the 
buildings themselves (as they absorb 
lots of solar radiation and emit it back 
as heat) and also from vehicles. 
 
2. the chimney layer occurs above 
the urban canopy layer.  Here the heat 
is emitted into the air from the high 
level emittors, e.g. the chimneys of 
power plants. 

The UHI causes changes in the urban climate compared to non-urban areas.  
There are more hot days, less days with ground frost,  the growing season is 
longer, the amounts of rain are higher and cumulus clouds are noted more 
often. 
The presence of an UHI has a negative impact on humans, 
particularly in summer, as it can cause overheating.  To counteract this, the 
number of parks and lakes should be increased in our cities. 
 
Part 3: Air circulation 
 
The presence of tall densely packed buildings in cities changes 
the prevailing wind speed and direction.  They also allow local air 
circulation patterns, for example the urban breeze, to be set up.  Wind 
may improve the air quality in a city by clearing the air of pollutants but 
it also may cause too much heat to be lost from the buildings.
 

Air circulation in a city is controlled by natural and anthropogenic factors, for 
example,  the air temperature, the roughness of the surface and the presence 
of various barriers (hills, forests, high buildings).  

Urban areas warm up much faster during the day-time than non-urban area.   
This results in an atmospheric pressure difference between the two areas, low 
pressure over the city and higher pressure over the surrounding countryside.  
This pressure difference generates winds which blow into the centre of the city.  
These local winds occur over much shorter distances than those caused by 
atmospheric circulation patterns and air pressure differences over continents.  
When the wind in the city drops, the urban breeze can develop.  As the air in 
the city warms up, it becomes less dense and it rises.  As it rises, it spreads out 
and cools.  As it cools, it becomes heavier and it sinks down over the suburbs.  
It then returns to the city and this cycle is known as the urban breeze. 
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1. The Urban breeze.  Author: Mateusz Kaminski. 

Wind reaching the city changes direction.  Streets with high buildings on each 
side of the road create tunnels for the wind to travel through and buildings 
perpendicular to the original wind direction change both the direction and the 
speed of the wind.  Main roads leading into the city act as the main corridors by 
which the wind enters the city.  In wide streets, the wind simply follows the 
direction of the street.  In narrow streets the wind speed is significantly 
increased at street corners and local eddies are generated at squares and street 
junctions where different air currents meet. 
Buildings act as barriers to the wind and, in the centre of a city, average wind 
speeds are about 20% lower than in the suburbs.  Weak winds (wind speeds 
less than 3 m s-1) are seen more often in cities than in the surrounding 
countryside.   
When the wind blows perpendicular to a row of 
buildings, the windward side is exposed to 
strong gusts of wind, while leeward side is in a 
so-called aerodynamic shadow.  The strong 
gusts of wind often mean too much air gets 
blown into the building and this can have a 
negative impact on health and the comfort of 
the inhabitants.  Local eddies develop on the 
leeward side of rows of flats and the size of the
eddy increases with the height of the building.  
Decreasing the distances between the blocks 
of flats lowers the wind speed by up to 50%.  

When the wind hits a high building, the air 
stream divides. A part of it moves upwards 
and the rest goes around the building. This 
causes an increase in the wind speed by upto 
30% at the corners of the building.  Lower 
buildings in the same area often suffer as a 
result of this modification in the wind 
direction.  Air streams generated by the high 
buildings may, for example, cause the 
low buildings to vibrate. 

2. Idealised air stream around 
a building; Animation: Mateusz 
Kaminski   
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3. Idealized flow in the vicinity of buildings.  The circling air produces eddies (which are like 
whirlpools in water).  Author: Mateusz Kaminski. 

Wind speeds greater than 3 m s-1 generally have a positive impact on the air 
quality in a city by improving the ventilation and increasing evaporation.  
However, these winds also disperse air pollutants to other regions and increase 
heat loss from buildings in winter. 
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Climate in cities

Basics 

Unit 3: 
Acid rain  

Water is essential for life on Earth and its quality is, therefore, of great 
importance.  Clean rain is naturally slightly acidic but when the pH of rain falls 
below 5.6, we call it acid rain.  Emissions of the two air pollutants, nitrogen 
oxides (NOx) and sulphur dioxide (SO2) are the main reasons for acid rain 
formation.  Emissions of these pollutants are decreasing in Europe and North 
America but are still increasing in Asia. 
  
Acid rain affects the whole environment.  Polluted rain enters surface waters 
and permeates into the groundwater.  It makes the aluminium in the 
soil reactive and leaches out the nutrients.  Trees and plants are damaged 
both through the decrease in soil nutrients and also directly by the acidic rain 
falling on them.  Biodiversity in areas affected by acid rain is likely to be poor.   

Areas affected by acid rain are found mainly in Europe, the United States of 
America and in China.  Affected regions are generally close to highly urbanised 
and industrialised areas but long range transport of air pollutants can result in 
acid rain damage far away from the pollution sources. 
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Part 1: What is acid rain? 

Water is essential for life on Earth. So when water is polluted the whole 
environment is affected.  Burning fossil fuels to produce energy 
generates air pollutants.  These air pollutants react with water in the 
air and make the water acid.  Acidity is measured using the pH scale.
  
The scientific term for water falling from the air to the ground is precipitation 
and this includes rain, drizzle, snow and hail.  Precipitation enters the rivers, 
permeates into the soil or evaporates and returns to the air as water vapour.  
An important measure of the water quality is the pH scale. 

  

 
1. The pH scale. Typical pH values of foods and 
solutions we use in our houses.  The lower the value, 
the higher the acidity. Author: Sebastian Wypych. 

   

The pH scale 

In nature, many chemical 
compounds dissolve in water to 
form solutions which have a 
particular pH.  The more acidic 
the solution, the lower pH. 
 
pH is the negative logarithm of 
the hydrogen ion activity in moles 
per liter (mol L-1).  
pH = -log10[H+] 
For example, if the hydrogen ion 
activity [H+]  is 10-7mol L-1, the 
pH is 7, if it is 10-6 mol L-1, the pH 
is 6. 
This scale was invented by a 
Danish scientist, Soren Sorenson, 
in 1909. The pH scale ranges 
from 0 to 14, with a value of 7 
considered neutral.  Values 
greater than 7 are alkaline and 
below 7 are acidic.  
So: 
- vinegar has a pH of 2.5 to 3 and 
is therefore acidic. 
- pure distilled water has a pH 
of 7.0 and is neutral. 
- a concentrated solution of 
baking soda (NaHCO3) has a pH 
of 8.2. 
- household cleaners 
containing ammonium hydroxide 
(NH4OH) are very alkaline with pH
values of 12. 
  

In pure water, the only source of H+ ions is the following reaction: 

H2O   <=>      H+    +     OH- 
liquid        hydrogen     hydroxide  
water           ion            ion 
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The <=> arrow indicated the reaction is reversible and the charged ions can 
recombine to form water.   The more hydrogen ions there are in a solution, the 
more acid the solution and the lower the pH.  In aqueous solutions, the 
hydrogen ion combines with water to form the hydronium ion (H3O+) 
which reacts in the same way as a hydrogen (H+) ion. 
Acid rain  

Clean rain is naturally slightly acidic.  This is because carbon dioxide (CO2) in 
the air disolves in the water to form a solution of carbonic acid (H2CO3).  Once 
formed, this carbonic acid dissociates (breaks down) into hydrogen ions (H+) 
and hydrogen carbonate (HCO3

-).  The presence of these hydrogen ions (shown 
here as H3O+) makes the water acidic: 
  

  
  

In an alkaline solution containing hydroxide ions (OH-), the hydrogen carbonate 
can lose another hydrogen ion and become carbonate (CO3

2-).  Many rocks and 
sediments, e.g. dolomite or limestone, are made up of carbonate minerals. 

  
 
  

So clean rain is slightly acidic because of the dissociated carbonic acid and has a
pH value of 5.6.  So when the pH of rainfall is below 5.6, the rain must contain 
other chemical compounds which make it more acidic.  Most scientists consider 
rain with a pH less than 5.0 as acid rain.  As well as rain, we see acid snow 
and acid fog so its more correct to think of acid precipitation. 

The human contribution to acid rain comes from nitrogen and sulfur 
compounds.  Nitrogen oxides (NOx = NO + NO2) and sulphur dioxide (SO2) are 
emitted during fossil fuel combustion and then undergo reactions in the air to 
form the nitric acid (HNO3) and the sulphuric acid (H2SO4) found in acid rain. 

Sulphuric acid is formed from sulphur dioxide: 
 
sulphur dioxide and oxygen react forming sulphur trioxide: 
2SO2 +O2 ->  2SO3  
sulphur trioxide and water react to make sulphuric acid: 
SO3 + H2O -> H SO2 4

Nitric acid comes from nitrogen oxides: 
 
nitrogen dioxide and water react to form nitric acid and nitrous acid: 
2NO  + H O  2 2 -> HNO  + HNO3 2

 
The pH of an acid cloud may be as low as 2.6. The pH of acid rain in highly 
industrialised regions is usually around 4.0.  Fogs in Los Angeles often have a 
pH value of less than 3.0.   

Although almost all acid rain is the result of human activity, in some areas of 
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the world such as Northern Australia, emissions of organic compounds from 
plants can form acid rain with pH values of around 4.4. 

  
Cause: Emissions of SO2 and 
NOx 

What makes the rain acidic? 
Atmospheric acids are produced 
in the air mainly as a result 
of chemical reactions of the acid 
precusor gases (SO2 
and NOx) with water. Most of the 
SO2 and NOx is emitted into the 
atmosphere during the 
combustion of fossil fuels in 
power stations. Road transport, 
shipping and aircraft are also 
significant sources of 
NOx.  Natural sources include 
volcanoes, lightning strikes and 
biological decay. Natural sources 
of SO2 are volcanoes, 
phytoplankton in the oceans 
(dimethyl sulphide and carbonyl 
sulphide), biological decay and 
forest fires.  
Acid rain is, however, mainly the 
result of human caused 
emissions. Figure 2. shows the 
countries who are the largest SO2 
and NO2 emittors.  In both cases 
USA, China, Russia and India emit
the largest amounts, generally 
because they have large 
populations.  However, in the 
USA, emissions per person are 
also very large due to their 
abundant use of energy. 
  

 
2. Emissions of SO2 and NOx in 1995.  Author: Anita 
Bokwa.  Source of data: World Resources Institute, 
Washington DC.  http://earthtrends.wri.org 

   
Uncertainties in global emissions 

Considerable uncertainties are involved in compiling global emission inventories 
for SO2 and NOx. The natural emissions of SO2 are estimated to make up 
between 25 and 50% of total global emissions. However, in industrialised and 
urbanised regions, human sources are believed to represent as much as 90% of 
SO2 and NOx. The uncertainties vary strongly from one region to another. They 
are associated with a scarcity of data, particularly on agricultural management 
and fluxes from diffuse sources such as soils and aquatic systems. Figure 3.  
shows the results of various studies.  Note that in Figures 3. and 4., the values 
refer to pure sulphur, whereas Figure 2. shows sulphur dioxide concentrations.  
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3. Development of global anthropogenic sulphur emissions. Several studies are compared and 
presented together in one diagram.  Source: S. J. Smith, R. Andres, E. Conception, J. Lurz, 2004, 
Sulfur dioxide emissions: 1850-2000 (JGCRI Report. PNNL-14537).  
 
Changes in emissions  

Humans have doubled the natural rate by which atmospheric nitrogen gas is 
converted (fixed) into more chemically reactive forms.  Atmospheric nitrogen 
deposition rates have increased between three and over ten times compared to 
pre-industrial times.  Emissions of sulphur into the atmosphere have more than 
doubled. 
  
Since the industrial revolution, Europe and North America have dominated the human 
contribution to global sulphur emissions.  Sulphur dioxide emissions in Europe 
started increasing at the end of the 19th Century due to industrialization and rising 
coal use.  At the end of the Second World War, oil use rose sharply and sulphur 
emissions doubled between 1945 and the beginning of the 1970's.  Growing 
emissions in Eastern and Central Asia were mainly responsible for the global increase 
in sulphur emissions in  
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4. Contribution of the major economic regions in the world to the anthropogenic sulphur emissions  
since 1850.  Source: S. J. Smith, R. Andres, E. Conception, J. Lurz, 2004, Sulfur dioxide emissions: 
1850-2000 (JGCRI Report. PNNL-14537).  Explanations: Australasia - Australia, New Zealand, South-
Eastern Asia, Ocean Bunkers - fossil fuels used by ocean going ships. 
  
Problems associated with acid rain are growing rapidly in Asia today.  Sulphur 
dioxide emissions are expected to triple from 1990 levels by 2010 if current 
trends continue.  Minimising the already substantial acid rain damage in Asia 
and preventing heavier damage in the future will require investments in 
pollution control similar to those made in Europe and North America over the 
past 20 years.  For example, sulphur dioxide emissions in Europe were reduced 
by 44% in the period 1990 to 1998.  Emissions of nitrogen oxides fell by 21 per 
cent over the same period. The USA and Canada saw a 28% decline in SO2 
emissions between 1980 and 1995. 

High emissions of SO2 and NOx are concentrated in just a few areas of the 
world.  Eastern Asia emits the greatest amounts of SO2 while the USA is the 
largest global NOx emitter. 

  
 
 
Part 2: Impact 1 
 
The impact of acid rain on the natural environment 

Acid rain affects all elements of the environment, surface waters and 
groundwaters, soils and vegetation. It negatively affects food 
chains, reduces biodiversity and damages our world.
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1. Percentage of the total number of lakes in 
different parts of Sweden judged to be acidified 
in 1990. The acidification situation has changed 
little since then.  Source: Swedish 
Environmental Protection Agency.  
http://www.internat.environ.se/index.php3?mai
=/documents/pollutants/kalka/forsure.htmln 

Acidification of waters 

In Scandinavia, acid rain has increased 
the natural acidity of the lakes and 
rivers. Some 14,000 Swedish lakes, 
located in acidic crystalline rocks, have 
been affected by acidification with 
widespread damage to plant and animal 
life as a consequence. This type 
of damage has also occurred in the 
United Kingdom, the Alpine region of 
Europe and North America.  
The decrease in European emissions of 
SO2 and NOx in the 1990's resulted in 
recovery for some waters.  However 
reduced emissions do not, 
automatically, translate to an immediate
improvement in the water quality in 
streams lakes and rivers.   
  

Soils 

When soil becomes acidified essential nutrients such as calcium (Ca) and 
magnesium (Mg) are leached out before the trees and plants can use them to 
grow.  This reduces the soil's fertility.  In addition, acidification may release 
aluminium from the soil.  At high concentrations, aluminium is toxic and 
damages plant roots.  This reduces the plants ability to take up nutrients such 
as phosphorus, eventually leading to death. 
  
The soils most prone to damage are those which overlie acid rocks such as 
quartz sandstones.  Soils that are rich in lime are more resistant to acidity.  
Soils are less vulnerable to acid rain than surface waters because they have a 
buffering capacity. This means that the soil can neutralise some or all of the 
acidity from the acid rain.  Unfortunately the buffering capacity of the soil 
is reduced by continuous deposition of acid rain. In Sweden, in most of the 
country, the soils are composed of slow-weathering minerals 
from Scandinavia's Precambrian bedrock.  The result is that the maximum 
amount of acid that the soil is capable of neutralising (the critical acid load) is 
low.  Sweden is, therefore, more sensitive to acid deposition than most other 
countries.  
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2. The pH level in the humus layer in Sweden. The animation shows changes since 1963.  Author: 
Ake Nilsson, Swedish University of Agricultural Sciences. Source: Swedish Environmental Protection
Agency. 
ttp://www.internat.environ.se/index.php3?main=/documents/pollutants/kalka/forsure.htmlh 

Vegetation 

Acid precipitation does not usually kill trees directly.  It weakens them by 
educing the amounts of nutrients available to them from the soil, allowing 
nutrients to be lost from the leaves and exposing them to toxic substances 
slowly released from the soil.  Acidic pollutant gases, like sulphur dioxide, can 
cause direct harm to plants growing close to large emission sources such as 
power stations.  
  

 
3. Acidity can cause severe damage to trees. Dead 
forests in the West Karkonosze Range (the Sudety 
Mountains), at the Polish-Czech border.  Photo: Witold 
Goraczko. 

   

Acid deposition destroys the 
surfaces of the leaves and 
needles of trees and plants.  This 
damage causes 
uncontrolled water loss and 
slows photosynthesis.  It reduces 
the rate at which leaf litter 
decomposes,  causes the death of 
useful microorganisms present in 
tree roots and reduces the rate at 
which soil organisms (including 
bacteria) respire. 
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Forests damaged by acid rain can 
be found all over Europe and in 
many regions of Eastern USA. 
Figures 3. and 4. show damaged 
forests in the Black Triangle (see 
the link at the bottom of the 
page).  

  

 
4. Mountain forests are exposed to acid clouds, fogs 
and rain as well as acidic gases like sulphur dioxide. 
Dead forests in the West Karkonosze Range (the 
Sudety Mountains).  Photo: Witold Goraczko. 

   
It's difficult to isolate the contribution of acid rain to forest damage from other 
stresses such as drought, fire and pests.  For this reason, the contribution of air 
pollution to forest damage is a controversial subject, particularly in North 
America.  

  
Food chains and biodiversity 

Soil acidification releases metals that can harm microorganisms in the soil as 
well as birds and mammals higher up in the food chain. The most sensitive 
groups include fish, lichens, mosses, certain fungi and small aquatic organisms.  
Some organisms may be completely eliminated, reducing biodiversity.  Heavy 
acidification of soils in the south of Sweden has already brought about 
substantial changes in biodiversity.  
Acid rain also disturbs the natural cycles of sulphur and nitrogen. 
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5. Influence of acid rain on fish. See text for 
explanations! 
uthor: Anita Bokwa A 

Fish and other water-living 
organisms  

When the pH of water is below 
5.5, fish die or become seriously ill. 
Back in the 1950's it was discovered 
that fish were disappearing from lakes 
and waterways in southern 
Scandinavia.  
The high levels of 
aluminum (Al) leached from the soil by
acid rain is the cause of fish death. 
Firstly, aluminium is able to reduce ion 
exchange through the gills and causes 
salt depletion. For freshwater fish, 
maintaining osmoregulation (the 
ability to maintain a state of balance 
between salt and minerals in the 
organism's tissue) is essential to stay 
alive. Aluminum also precipitates in 
the gills and interferes with the 
transport of oxygen, so that fish 
literally die of suffocation. Secondly, 
fish will produce mucus to combat the 
aluminum in their gills. This mucus 
builds up and clogs the gills so that 
oxygen and salt transport is inhibited. 
Fish are then unable to regulate their 
body salts. Also, a low pH level will 
throw off the balance of salt in the 
fish's tissue.  
Low pH often stunts the growth of 
frogs, toads and salamanders. A 
decline in bottom-dwelling organisms 
can lead to a decline in the number of 
species of flies, mosquitoes, craneflies,
midges and mayflies. This puts a 
stress on aquatic carnivores (such as 
insect-eating fish).  Predatory 
birds can eat the fish and end up with 
high concentrations of aluminum. The 
birds will then produce eggs with soft 
shells and the young rarely survive.  
  

 
Part 3: Areas in danger 
 
Areas in danger from acid rain 

Acid rain occurs mainly in the highly industrialised regions of the 
world where emissions of sulphur dioxide and nitrogen oxides 
are large.  However, long range transport of pollutants by the 
wind means that acid rain can affect regions thousands of kilometers 
away from its original source.
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Long-range transport 

In the 18th Century acid rain fell 
mainly in towns and cities close to 
the source of the pollution.   Since
the 1950's high chimneys have 
been used to disperse air 
pollution and these have greatly 
improved air quality in urban 
areas.   The improvement in local 
air quality has, however, come at 
a cost.  Air pollution is now blown 
far away from its source, high 
into the atmosphere and is 
transported by the wind to other 
countries and to remote regions 
where it falls as acid rain.  For 
example, in Sweden and Norway, 
around 90% of the acid 
deposition comes from other 
countries, primarily the United 
Kingdom, Germany and Poland 
and from emissions from ships. 
  

 
1. The distribution of 600 largest emitters of SO2 in 
Europe. At the top of the list are two large coal-fired 
power stations in Bulgaria. Together they emit nearly 
600,000 tons of sulphur dioxide a year - as much as 
the combined total from all the following countries: 
Austria, Belgium, Denmark, Finland, the Netherlands, 
Norway and Sweden. Source: Barrett M., 2000, The 
worst and the best. Atmospheric Emissions from Large 
Point Sources in Europe, SENCO, UK, Swedish NGO 
Secretariat on Acid Rain. 
http://www.acidrain.org/APC15.pdf 

   
Regions in danger 

The areas most in danger from acid rain are those where acid rocks are found on 
the surface, where rainfall is high and where there are many sources of SO2 and 
NOx.  The increasing demand for electricity and the rise in the number of motor 
vehicles in recent decades has meant that emissions of acidifying pollutants have 
increased dramatically, particularly since the 1950's (read also about natural 
emissions of SO2 and NOx). 
  

  
 
2. The risk of acid rain in Europe in 1993. 
 Source: UNEP GRID-Arendal, based on European Atlas of
Environment and Health 
http://www.grida.no/db/maps/prod/level3/id_1177.htm)( 

Europe 

The heavily industralised 
regions in Northern and Central 
Europe are at most risk of 
damage from acid rain because 
the sources of pollution are 
close.  Rain in these areas is 
generally acidic (pH 4.1 to 5.1). 
Comparison of Figures 1. and 2. 
shows that even though the 
Scandinavian Countries don't 
emit much SO2, they are also 
threatened by acid rain. 
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The acidity and 
pollutant content of 
precipitation in 
Scandinavia are 
greatest in the 
southern parts of 
Sweden.  Deposition 
of acidifying 
substances depends,
however, not only 
on the acidity of the 
rainfall but also on 
the amount of rain.  
As a result, the 
greatest acid 
deposition occurs in 
the rainy southwest 
part of Sweden. 

  
  

3. Total deposition (i.e. wet and dry) of sulphur (left map) and nitrogen (right
map) in Sweden, in 1996. Units: mg per m2 per year. 
Source: Swedish Environmental Protection Agency  
ttp://www.internat.naturvardsverket.se/h 

North America 

The highly urbanised and industralisd 
regions of Eastern Canada and the 
Northeastern USA are at most risk of 
acid rain damage.  Sources of SO2 in 
the USA are concentrated in Ohio, 
Indiana and Illinois and the prevailing 
winds carry it to New England and 
Canada. Figures 4. and 5. show areas 
with the highest deposition of 
acidifying substances. The areas that 
combine acid rain and low soil 
neutralising capacity are found on 
high ground east of the Mississippi.  
  

 

  
 
4. Deposition of sulphate (in kg ha-1) in the USA in 
2002. Source: National Atmospheric Deposition 
Program (NRSP-3)/National Trends Network. 
(2004). NADP Program Office, Illinois State Water 
Survey, 2204 Griffith Dr., Champaign, IL 61820.  
http://nadp.sws.uiuc.edu/isopleths/annualmaps.asp

   

  
 
5. Deposition of nitrate (in kg ha-1) in the USA, in 
2002. Source: National Atmospheric Deposition 
Program (NRSP-3)/National Trends Network. 
(2004). NADP Program Office, Illinois State Water 
Survey, 2204 Griffith Dr., Champaign, IL 61820.  
http://nadp.sws.uiuc.edu/isopleths/annualmaps.asp

   

Acid rain causes major problems to 
aquatic life.  It has resulted in the loss 
of Atlantic salmon in Nova Scotia and 
Maine and the reduction in fish 
diversity in northwest Pennsylvania. 
41% of lakes in the Adirondack region 
of New York are either chronically or 
episodically acidic. In Canada, acid rain 
has resulted in large losses of fish and 
aquatic communities in over 30,000 
sensitive lakes in Ontario and Quebec. 
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Asia 

Acid rain is now emerging as a major problem in the developing world, especially 
in parts of Asia and the Pacific region where energy use has surged and the use 
of sulphur-containing coal and oil is very high. Problems associated with acid rain 
started in China and India in the 1970's when industrial development was very 
intense.  An estimated 34 million metric tons of sulphur dioxide were emitted in 
Asia in 1990, over 40% more than in North America.  Acid deposition levels are 
particularly high in areas such as southeast China, northeast India, Thailand, and 
the Republic of Korea, all of which are near or downwind of major urban and 
industrial centers.  
The effects are already being felt in the agricultural sector.  Researchers in 
India found that wheat growing near a power plant where sulphur 
dioxide deposition was almost five times greater than the critical load (see below)
 suffered a 49% reduction in yield compared with wheat growing 22 kilometers 
away. In southwestern China, a study in Guizhou and Sichuan provinces revealed 
that acid rain fell on two thirds of the agricultural lands.  Here 16% of the crop 
area sustained some level of damage.  A study of pines and oaks in both rural 
and urban areas in the Republic of Korea showed significant decline in growth 
from 1970 as a result of acid rain. 
 
Negative effects of acid rains have also been seen in Brazil and Venezuela.  
  
Critical loads and target loads 

  

 
6. Sequence of eight maps showing 
where the 5th percentile maximum 
critical load of sulphur (acidity critical 
load) has or will be exceeded between 
1960 and 2010.  White areas indicate 
regions where the critical load is not 
exceeded or there is no data.  Red areas 
show where sulphur deposition is much 
greater than the amount allowed.  In 
these areas the acidifying effect of 
sulphur is the largest.  For detailed 
explanations look on the web site 
mentioned below.  
Source: Coordination Center for Effects 
(CCE) at RIVMhttp://arch.rivm.nl/cce/   
and click: "data" on the left bar, and then 
"critical loads databases and maps". For 
an explanation of the 5th percentile click 
n "Methods and models" on the left bar. o 

Critical loads are the maximum amount of 
pollutants that ecosystems can tolerate 
without being damaged.  They are the 
amount that will not cause chemical changes 
leading to long-term harmful effects in the 
most sensitive ecological systems. In order 
to obtain values for the critical loads, an 
ecosystem has to be chosen and then a 
suitable indicator species is selected to 
represent the ecosystem. A chemical limit is 
subsequently defined as the concentration at 
which the indicator species will die. In 
forests the indicators are trees, and in 
freshwaters they are fish. 
In order for critical loads to be used, target 
loads need to be set for different areas in 
order to try and halt the acidification 
processes. Target loads have been defined 
as "the permitted pollutant load determined 
by political agreement". Therefore, target 
loads can be either higher or lower than the 
critical load values.  

In Europe in 1990 around 93 million hectares of 
land were affected by levels of acid deposition 
that exceeded the critical load.  To achieve the 
desired limits and reduce the damage caused by 
acid rain, it is necessary to reduce acidifying 
pollution in parts of Europe by 80-90% compared 
with 1990 levels. 
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Climate in cities

Read more 

Unit 1: 
Air pollution due to human activity 

Industry, energy production and transportation are heavily concentrated in the 
cities.  These sectors of the economy are the main sources of air pollution, 
delivering large amounts of gases, particles and dust into the atmosphere.   
Each sector delivers a different cocktail of pollutants but as energy production 
and transport are both based on the combustion of fossil fuels they  emit similar 
chemicals into the air.  The effect of the pollutants include the modification 
of our climate and the deterioration of both human health and the natural 
environment. 
  
Many attempts have been made to reduce air pollution.  At present, the concept 
of sustainable development is the most widely accepted strategy. Its 
assumption is that economic growth can be permanent and well-balanced so as 
to satisfy the needs of society and that this can occur without degrading our 
natural environment.  To make this a reality, new technologies are being 
introduced to reduce air pollution and more recycling is encouraged.  
Better monitoring is being introduced and, since air pollution is a global 
problem, international agreements to help improve the situation are being sort. 
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Part 1: Fuel Combustion 
 
Fuel combustion during energy production and transportation 

Burning fuels such as coal, oil, gas and petrol to produce energy and to 
power vehicles causes the emission of many different chemical species 
into the atmosphere.  Each fuel delivers a slightly different cocktail of 
pollutants into the air.

  

Most of the electricity produced worldwide results from the combustion of oil, 
coal and natural gas.  Natural gas (methane,  CH4) is a relatively clean fuel and 
coal is the dirtiest.  Large amounts of both gases and particles are emitted into 
the air when coal is burnt in power stations.  The gases emitted include sulphur 
dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO) and carbon dioxide
(CO2) and the dust contains heavy metals such as lead (Pb), zinc (Zn) and 
cadmium (Cd).  Burning fossil fuels in Europe in 1998 resulted in emissions 
of about 5,670,000 thousand tonnes of CO2 into the air.  Coal contains more 
sulphur than the other fossil fuels but the amounts vary significantly depending 
on the origin of the coal.  Coal combustion is the largest source of SO2 to the 
atmosphere and these emissions contribute significantly to the acid 
rain problem. 

  

 
1. Energy production and air pollution 
Above: coal power station - cooling towers (to the left) and power complex (to the right) 
Below: nuclear power station (to the left) and water power station (to the right) 
Source: www.freefoto.com 
Source: Climate Action Network Central And Eastern Europe 
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Some countries do not rely completely on fossil fuels to produce electricity.  This 
generally leads to an improvement in air quality on both a local and on a global 
scale.  For example, around 65% of the electricity produced in France comes from
nuclear power plants and in Norway, over 90% comes from hydroelectric power 
plants. 

  

 
2. Urban traffic and air pollution.  Source: www.freefoto.com 

Vehicles are responsible for a significant part of global air pollution.  In the 
developed countries, vehicles are a bigger source of air pollution than industry.  
On a global scale, cars emit about 300 million tonnes of toxic exhaust gases into 
the atmosphere each year. The exhaust gases from petrol engines contains 
CO and NOx, hydrocarbons, some SO2 and solid particles, while diesel engines 
emit less toxic gases (e.g. 20 times less CO, 8 times less hydrocarbons) but 
many more particles.  In Europe and North America, only 10% of the NOx 
emitted into the air is of natural origin, the remaining 90% comes mainly from 
high temperature (1,200 to 1,800 oC) combustion in vehicle engines. 

Vehicles used to be an important source of lead into the atmosphere due to the 
use of lead containing petrol.  Due to health concerns, leaded petrol has now 
almost been phased out and atmospheric lead concentrations are declining 
rapidly.   In the 1970's, a single bus engine produced, on average, 1000 m3 of 
exhaust gases per hour and these gases contained 3.5 g of lead (a concentration 
of 3500 µg m-3).  Sale of leaded petrol was banned in the Europe in 2000 and 
the European Union limit for atmospheric lead is now just 5 µg m-3 over a 30 
minute time period.  However, the effects of lead and other heavy metals on 
human health continue to be a problem as these metals accumulate in the body 
and act slowly. 
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3. Growth in the Transport Sector in Delhi / India showing the increase in vehicle numbers as the 
population grows. Data source: Gurjar, Lelieveld and van Aardenne, 2003 / GNCTD, 2002.  Author: 
lmar Uherek. E 

Particles not only come from the combustion of fossil fuels but also from the road 
surface and from the car tyres and the brakes.  As well as containing harmful 
chemicals, these tiny particles travel deep into our lungs when we breathe and 
cause respiratory problems.   

Most cars are now equipped with catalytic converters which significantly reduce the 
amount of pollutants being emitted. However the numbers of cars globally is still 
rising and vehicles are still an important source of air pollution.   The catalysts in 
catalytic converters are made up of heavy metals including platinum, palladium 
and rhodium.  Increasing numbers of cars and therefore catalytic converters mean 
that levels of these metals are increasing in the atmosphere.  Their impact on the 
natural environment is still unknown. 
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4. Air quality in Delhi / India.  The main air pollutants are nitrogen oxides which come from vehicles 
rather than sulphur dioxide which is derived mainly from energy production. Data source: Gurjar, 
Lelieveld and van Aardenne, 2003 / GNCTD, 2002.  Author: Elmar Uherek 

Aeroplanes are another important source of atmospheric pollution.  One jet plane 
emits as much pollution as 7,000 cars over the same time period.  Unlike cars, 
aeroplanes emit their pollutants into the higher atmosphere and may, as a result, 
damage  the stratospheric ozone layer. 

 
5. Air transport and air pollution.  Source: www.freefoto.com 

 
Part 2: Industry 
 
Industry and other economic sectors 

Although energy production and transport are the most 
common sources of air pollution, industry and agriculture also emit 
significant amounts of pollutants into the air.  

  

ESPERE Climate Encyclopaedia – www.espere.net - Climate in Cities More - page 5 
English offline version  

supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  
 



 
1 . Steel works.  Source: www.freefoto.com 

Metallurgy is the main industrial 
source of air pollution 
delivering primarily sulphur 
dioxide (SO2) and highly toxic 
heavy metal containing dust.   

Steel works emit large amounts of
carbon monoxide (CO), and 
aluminium works produce lots of 
fluorine which is very harmful 
to living organisms. 

  

Factories producing materials for the 
building industry emit large 
amounts of dust to the atmosphere. 
Cement plants discharge chemically 
neutral dust in huge quantities.  This 
dust can be transported large 
distances by the wind and affect 
areas far away from the cement plant
itself. 

Other types of factories in this sector 
include quarries, glass-works, 
aggregate-processing plants 
and ceramic plants.  They tend to 
only have a local impact on air 
pollution. 

 
2 . Lime works.  Source: www.freefoto.com 

 
3. Chemical works.  Source: 
www.freefoto.com 

   

The chemical industry emits a wide 
variety of pollutants, the types 
dependant on the chemicals being 
manufactured. Common chemicals 
produced include nitrolime, phosphates, 
petrol, car oils and greases and artificial 
fibres. 

During nitrolime (saltpetre) production, 
lots of dust containing saltpetre, urea, 
ammonia (NH3) and nitrogen oxides 
(NOx) are emitted into the air.  
Phosphate manufacture involves the use 
of sulphuric acid (H2SO4) and as a 
result, significant amounts of sulphur are 
emitted into the air.  The process 
also causes emissions of fluorine and 
dust. 
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Refineries producing petrol, car 
oils and greases, emit mainly SO2 
and hydrocarbons, but also 
smaller amounts of other very 
toxic substances such 
as ammonia, acetone, benzene, 
phenol, xylene, toluene and lead. 

The basic raw materials in the 
production of artificial fibres are 
carbon disulphide (CS2) 
and hydrogen sulphide (H2S).  
Both these substances are 
also emitted into the air. Apart 
from being highly toxic, they also 
have a very unpleasant smell. 

 
4. Oil refinery.  Source: www.freefoto.com 

   

  
5. Main anthropogenic sources of air pollution.  Authors: Pawel Jezioro, Anita Bokwa. 

 

Other branches of 
industry worth mentioning 
are: 1) paper-mills 
which emit many 
malodorous substances and 
2) machine manufactures 
who use plating and 
varnishing processes, these 
emit heavy metals and 
organic solvents. 

 

  
6 . Chipboard factory.  Source: www.freefoto.com 
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7. Crop spraying.  Source: www.freefoto.com 

   

Agriculture is also a source of air 
pollution. Large stores of manure 
emit gases such as ammonia 
(NH3).  Artificial fertilizers and 
pesticides are often spread 
over fields from aeroplanes and 
this delivers very fine droplets of 
the chemicals into the air.   

Another massive process is the 
incineration of rubbish. It is 
estimated that the amount of air 
pollution emitted by all rubbish 
burning plants is equal to the 
amount of air pollution generated 
during vegetation fires. 

Erosion of the soil surface can 
generate large amounts of fine 
particles which can be transported
large distances by the wind.   

Volatile Organic Compounds (VOC's) are chemical substances containing mainly 
carbon and hydrogen.  Hydrocarbons are an important component of the VOC's.  
The most common VOC is methane (CH4) but this is not usually included in the 
sum of all the VOC's but is rather included as a greenhouse gas.  Other important
hydrocarbons include benzene, terpene, isoprene and benzopyrene. They are 
produced by both natural and anthropogenic sources. Total emissions from 
natural sources are much bigger than from anthropogenic ones, but in urban 
areas it is the anthropogenic one that dominate. The main sources are car 
exhaust gases and solvent use in industry.  In 1995, 159,634 thousand tonnes of 
VOCs (excluding methane) were released globally to the atmosphere from the 
incomplete combustion of petrol by motor vehicles, the use of solvents in a 
variety of industrial and commercial processes and from chemical manufacturing 
and petroleum refining.  Around 23% (36,782 thousand tonnes) of the global 
emission of VOC's came from Europe. VOC's contribute significantly to the 
formation of photochemical smog and some are carcinogenic. 

 
8. Emissions of non-methane VOCs in 2000 in chosen European countries (for comparison: USA: 
solvent use: 4379 Gg, road transport: 4568 Gg). Data source: http://webdab.emep.int, UNECE/EMEP 
emission database. 
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Part 3: Impact 
 
 
The impact of air pollution (an overview) 

Air pollution is potentially dangerous to our health, can damage 
the environment and is economically costly.  Meteorological conditions 
modify, to a large extent, the effects of air pollution.
  
Air pollution causes numerous diseases and can threaten human health and 
even life. The impacts of air pollution are usually gradual and cause chronic 
health problems.  However, in some cases (see the "Urban bioclimate" section), 
air pollutants can cause sudden death.  In the case of plants and agriculture, air
pollution decreases harvests and causes acidification of the soil.  In the case of 
forests, air pollution causes a decrease in productivity and direct damage to 
the trees.   

As far as global climate change is concerned, the effects of air pollution on water
and plant ecosystems are the most important as they affect how much CO2 is 
removed from the atmosphere. 

  

  
1. Impact of air pollution.  Authors: Anita Bokwa, Pawel Jezioro. 

Air pollution is known to cause economic losses but quantifying the actual cost 
of air pollution is extremely difficult.  The four main reasons why air pollution is 
econmically costly are: 

- the cost of air quality protection, 
- the cost of preventing health problems, 
- the loss of raw materials which become air pollution, 
- losses caused by the increased corrosion of machines, buildings and damage 
to historical buildings and monuments. 
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There are strong links between air pollution and meteorological conditions.  The 
wind is the most important factor.  Wind disperses pollutants and, as a result, 
improves the air quality close to the source of the pollution.  Transporting the 
pollutants large distances may, however, cause damage to fragile 
ecosystems far away from source of the pollution. 

On the other hand, stagnant air and temperature inversions can  cause 
problems when they occur close to emission sources as both prevent the 
dispersion of the pollution.  If an emission source (e.g. the top of a chimney) 
is below a temperature  inversion, the pollutants are trapped in the bottom 
layer of the atmosphere and their concentrations rise and may exceed allowed 
levels.  During an inversion, water vapour may start to condense out and form 
fog.  The water droplets react with the pollutants and smog can form.  As well 
as containing high, possibly dangerous, concentrations of various pollutants 
smog prevents a lot of sunlight reaching the ground.  The lower layers of the air 
and the ground may not be warmed up by the sun and the inversion continues.  
Bad smog episodes are dangerous to our health and can even cause death in 
large cities. 

An inversion is a layer of air close to the ground where it gets warmer rather than colder as you go 
upwards.  Inversions prevent vertical air movement and so stop pollution escaping up into the 
higher atmosphere. 

  
A good example of air pollution problems and how to solve them is Mexico City.  
In 1997, there were three million motor vehicles in the city which used 17.3 
million litres of petrol and 5 million litres of diesel every day.  These vehicles 
generated 75% of the pollution in the city.   Ozone was above acceptable levels
on 300 days in 1999.  The worst period was between 1990 and 1992 
when pollutants hit emergency levels on up to 177 days every year.  However, 
in 1999, emergency levels only occurred on 5 days.   

This vast improvement in air quality is the result of anti-pollution efforts by the 
local government.  Now when pollution levels are high, the city authorities limit 
the number of cars which can enter the city.  This progress in improving air 
quality suggests that even huge developing cities across the world can begin to 
reduce pollution. 

 

2. Map of Mexico, data source: Microsoft Encarta Encyclopedia 2002.   
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Part 4: Mitigation 
 
 
Mitigation of air pollution 

Protecting the atmosphere from air pollution is a priority for many 
countries and international organisations and contributes to the aim of 
sustainable development.  Many conventions and treaties have been 
signed which limit the emissions of harmful substances into the air and 
encourage the use of new cleaner technologies.

  

In the 1960's and 1970's, an important change in our social attitude to 
environmental issues took place. People began to understand that the natural 
environment has limits and that its resources can't be exploited endlessly.  

Industrial development, where the environment is treated as free resource and 
rubbish tip, has been replaced with post-industrial strategies, particularly 
the idea of sustainable development.  The main assumption of sustainable 
development is  that economic growth should be stable, balanced and 
satisfy social needs, but should not damage the natural environment. 

  

  
1. Mitigation of air pollution.  Authors: Anita Bokwa, Pawel Jezioro. 

Protecting the atmosphere means limiting or preventing the emissions of 
harmful substances.  Maximum allowed concentrations of particular substances 
over different time periods have been defined to try and limit their damage.   

Because pollutants are transported by the wind, air pollution problems in a 
particular location can be the result of emissions from many different sources, 
often far away.  To obtain information about pollution concentrations, national 
networks of environmental monitoring have been set up which gather, analyse 
and publish air quality data. 
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2. Air pollution monitoring station in a city (Cracow, 
Poland), belonging to the Inspectorate of 
Environmental Protection of the Malopolska 
Voivodship.  Photos: Sebastian Wypych. 

   

 
 
  

 
3. Recycling containers for paper, glass, 
metal and plastics.  Photo: Sebastian 

ypych. W 

Many technological innovations have 
improved air quality.  New combustion 
systems for heating houses use less fuel (=
lower combustion) to produce the same 
amount of energy.  Power stations use 
filters and scrubbers to reduce the amount 
of dust and sulphur containing gases they 
emit.  Car engines are now more efficient 
and so use less petrol per kilometer, petrol 
and diesel contain less sulphur, leaded 
petrols are no longer made and catalytic 
convertors reduce the emission of harmful 
gases in the exhausts.  More thought is 
given to the location of new factories 
and recycling allows us to use materials 
again. 

  

  
4. During the First Recycling Festival in Cracow, Poland, a copy of the Barbicane was built (The 
Barbicane is part of the remains of the city defences). The copy, half the size of the original, was 
made using around 36 thousand aluminium cans, was 7.7 m high and had a diameter of 14 meters.  
After the festival, all the cans were taken to the aluminium works.  Photo: Sebastian Wypych. 
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5. a)  During the 2nd Recycling Festival in Cracow, 
Poland, a copy of Clothall was built. The copy was 
made of about 140 thousand bottles. After the 
festival, all the bottles were taken to the glass 

orks. w 

 
5 . b) Photo: Sebastian Wypych. 

Air pollution regulations exist which give the maximum allowed pollutant 
concentrations in each country.  However, air pollutants are transported by the 
wind from one country to another and the construction of high chimneys (which 
protect the immediate vicinity from the effects of the pollutants) enhances this 
transport process.  Problems associated with these trans-boundary emissions
have resulted in international agreements on air pollution, for example the 
actions started in 1991 by the governments of Germany, Poland and the Czech 
Republic regarding the "Black Triangle". 
An important element of international co-operation are the conventions and 
treaties.  These have been ratified by many countries and are international 
legal agreements which protect the atmosphere.  An example is the United 
Nation Framework Convention on Greenhouse Gases (more about this in the 
"Climate policy" chapter). The countries belonging to the European Union have 
a common environmental policy and special funds to implement it.  Some of 
the money is used to improve air quality in the new member states.  An 
example of this is PHARE (Poland and Hungary Assistance in Restructuring 
Economies). 
Protecting the atmosphere requires huge amounts of 
money to cover the costs of introducing new 
technologies and to organise and conduct 
environmental monitoring.  Various economic 
instruments are used to support those actions. One is 
eco-conversion, where the foreign debts of a country 
are converted into "ecological" investments. Another 
tool is emissions trading, although this method is not 
favoured by everyone.  Here companies are given limits 
on the amount of pollution they can emit.  If a company 
emits less pollution than its limit, it can sell the 
remaining part to another company.   

  

6.  The funds from eco-conversion, PHARE etc. are used, for 
example, to replace traditional energy production with modern "clean" 
technologies like wind turbines and solar panels.  Source: 
www.freefoto.com 

 
6. wind turbines and solar 
anels p 
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Climate in cities

Read more 

Unit 2: 
Urban climate 

There are large differences in solar radiation and heat and water balances 
between urban and non-urban areas. 
  
The urban atmosphere contains lots of pollution in the form of solid particles. 
Together with the strongly altered mostly artificial urban surface, these 
significantly change the radiation balance in a city compared to non-urban 
areas.  The radiation balance and the heat balance are closely correlated.  The 
heat balance of an urban area is complex due to the large number of buildings 
and includes heat exchange through conduction by the ground, streets 
and walls as well as the heat from the combustion of fossil fuels. In a city, the 
water balance is also controlled by these same elements, but their proportions 
are significantly different.  In urban areas, the amount of rainfall is higher 
than in non-urban areas. 

The urban climate may have a negative effect on people primarily through air 
pollution and noise.  Urban air pollution from vehicles is particularly harmful, it 
can cause acid rain and can reduce the amount of solar radiation reaching the 
ground.  Increasing the amount of parks can help reduce the negative impacts 
of the urban climate on humans. 
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Part 1: Radiation 
 
Radiation balance in a city 

The Sun delivers enormous amounts of energy to the Earth.  In this 
section we look at how this energy is altered in the urban environment 
and how air pollution changes the radiation balance.
  
Solar radiation is the main energy source for the climate system. The amount of 
energy from the Sun at the outer edge of the atmosphere on a surface 
perpendicular to the Sun's rays, when the Earth is at its mean distance from the 
Sun, is called the solar constant.  Changes in the distance between the Sun 
and the Earth resulting from changes in the orbit of the Earth around the Sun 
and changes in the radiation output of the Sun lead to small changes in the 
solar constant.  Over a yearly cycle, the value varies between 1365 and 1372 W 
m-2.   However, the Earth only receives a fraction of this solar radiation as it is 
scattered and absorbed in the atmosphere. 
The urban atmosphere contains lots of solid particles. Together with the 
strongly modified, mostly artificial urban surface, these significantly change the 
radiation balance in a city compared to non-urban areas. The radiation 
balance (net radiation) of a given urban surface is given by the following 
formula: 

Q = (1-A) (I · sin h + i) + (Ez - Ea)

where: 

Q - total net radiation of all wave lengths (also called the radiation balance) 

A - albedo (expressed in tenths e.g. 0.7, not 70%);  
(1-A) - amount of short-wave radiation absorbed by the surface  

(I · sin h) - intensity of the direct solar radiation reaching the horizontal 
surface;  
h - solar altitude; i - intensity of diffuse solar radiation 

Ez - long-wave radiation of the Earth (the heat emitted by the surface into the 
atmosphere); the atmosphere absorbs about 96% of Ez, so only a small fraction 
goes to space, but it depends on the water vapour and greenhouse gas content 
of the air, 
Ea - long-wave radiation of the atmosphere, also called back radiation (the heat 
emitted by the atmosphere to the surface); 
(Ez-Ea) - the so-called effective radiation; the amount of heat lost by the 
Earth. 

The value of the balance Q may be positive (i.e. more energy reaches the 
surface than is lost) or negative (i.e. more energy is lost from the surface than 
is gained). 
The Albedo (A) is the percent radiation reflected from a surface compared to 
the total amount which strikes it.  The albedo depends on the kind, colour and 
humidity of a surface and also on the amount of snow.  Building materials tend 
to have low albedos (they absorb solar radiation efficiently) compared to natural
surfaces.  For example, 5 - 20% for asphalt, 10 - 35% for concrete, 20 - 35% 
for stone and 10 - 35% for roofing-tiles.  In comparison, the albedo for fresh 
snow is between 75 -95%, so most of the solar radiation which hits snow is 
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reflected back into space.  Some natural surfaces do have low albedos, for 
example, chernozem (which is also known as black soil) has an albedo of 5 - 
10% and deciduous forest is between 15 - 20%.  The albedo for water varies 
from a few percent to 90% depending on the angle of the incoming 
solar radiation (see the table below).   

The amount of radiation absorbed by a city is about 15 to 30% greater than a 
non-urban area.  In addition, all the different artificial surfaces form a sort of 
mosaic and cause large spatial variations in the albedo.  This, in turn, affects 
the air temperature of the city. 

 

1. Reflection and absorbtion of the Sun's radiation by black soil and snow.  Author: Sebastian 
Wypych, Mateusz Kaminski. 

 

2. Dependence of the albedo from the angle between sun rays and Earth surface. Water is shown 
here as an example. However, for different surfaces this dependence can be different. Author: 
Sebastian Wypych, Mateusz Kaminski. 

Sun 
inclination 

1° 5° 10° 20° 30° 40° 50° 

water  
albedo (%)  

89.6 58.6 35.0 13.6 6.2 3.5 2.5 

3.  Variation of the albedo of water as the angle of the Sun changes. 
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The amount of global solar radiation (i.e. both direct and diffuse solar 
radiation) may be between 10 and 20% less in a city due to air pollution and 
increased cloudiness.   The direct radiation may be reduced by as much as 
50%.  This means that the amount of incoming ultra-violet radiation is 
less.  Reductions in this biologically active radiation lowers our risk of skin 
damage but also decreases the number of harmful bacteria which are killed.  
The air pollutants form aerosols which absorb the long-wave radiation from 
the Earth (Ez), and then radiate it back into space (Ea). All these factors 
cause an increase in air temperature in the cities compared to the surrounding 
non-urban areas. 

 
  

  

  

  

  

4. Changes in the amount of
short-wave radiation 
from the Sun in a city 
compared with non-urban 
areas.  "Direct radiation -
15%" means that the 
amount of direct radiation 
from the Sun is 15% lower 
in the city than in the non-
urban area.  Author: 
Sebastian Wypych. 

  

  

  

5. Changes in the amount of 
long-wave (infra-red) radiation in 
a city compared with non-urban 
areas.  "Back radiation of the 
atmosphere +10%" means that 
the amount of radiation in the 
city is 10% higher than in 
the non-urban area.  Author: 
Sebastian Wypych. 

  
   

Political and economic changes in Central Europe have led to reductions in the 
amount of air pollution and changed the urban radiation balance in this area. In 
the 1990's, most post-communist countries experienced economic crisis and a 
decline in industrial production.  This resulted in lower emissions of air 
pollution.  In addition, new low emission technologies were introduced into 
many factories, further improving the air quality.  This reduced the number of 
aerosols in the air and changed the amount of cloud (through the indirect 
aerosol effect).  Between 1996 and 1999, the amount of radiation scattered 
back into space by clouds over mid-Europe decreased by 2.8% (compared to 
the years 1985-1989) leading to an increase in the solar flux of roughly 1.5 W 
m-2.   
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Part 2: Heat 
 
Heat balance in a city 

People living in a city sometimes feel that the city centre is warmer 
than the suburbs.  In this section we look at how the air is warmed in a 
city and how the structure of the buildings affects the heat balance.
  
The radiation balance and the heat balance are closely correlated with each 
other. First, short-wave (ultra-violet) solar radiation reaches the surface of the 
Earth. A part of it is absorbed there and then re-emitted as a long-wave (infra-
red) radiation (i.e. heat) into the atmosphere. The air is, therefore, warmed 
mainly by the ground and not directly by the Sun. 

  
Natural surface 

The heat balance of 
a natural 
surface such as a 
meadow, is the 
difference between 
the energy gained and 
the energy lost as 
described by the 
following formula: 

Q + H + E + G = 0
where: 
Q - net radiation at all 
wavelengths 
H - turbulent sensible 
heat, absorbed or 
transmitted by the air 
or the Earth during a 
change in temperature 
E - turbulent latent 
heat, released or 
absorbed during a 
change in the state of 
water (e.g. 
evaporation involves 
absorption of energy 
while condensation 
involves a release of 
energy) 
G - heat transported 
by conduction in the 
ground 

 
1. Heat emitted to the atmosphere in a non-urban areas 
uthor: Sebastian Wypych a 

The term "turbulent" means that the heat is transferred by turbulent air 
motion, i.e. random and continuously changing motion. This turbulent motion 
is superposed on to the general movement of the air. 
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2. Sunrise and sunset mark the 
moments when the directions of 
heat flow begin to change 
Source: www.freefoto.com 

   

Note, during the day-time, the signs are 
different to the night-time: 

Day-time: during the day, the air is colder than 
the ground (it warms up more slowly).  Transfer 
of heat tends to reduce the temperature 
difference and warm the air; 

Q - H - E - G = 0

Night-time: at night the lack of sunshine means
that no energy is delivered to the ground.  The 
ground cools faster than the air and heat 
transfer is from the atmosphere to the Earth's 
surface; 

- Q + H + E + G = 0

  

Urban surface 

The heat balance of an urban area is more complex due to the presence of 
buildings. Thus, the heat balance for an urban area must include a storage term 
Qp for heat which includes heat exchange by conduction by the ground, streets 
and walls and a term, Qf, which represents the anthropogenic heat entering the 
atmosphere during fossil fuel combustion: 

Q + Qp + H + E + Qf = 0 
Note we ignore airmasses bringing heat into the city from outside, i.e. the 
influence of advected heat.  However, if we assume that a city is a rather 
uniform landuse type area, then this advection is actually negligible. 
  

  
3. Heat emitted to the atmosphere in a city.  Author: Sebastian Wypych. 
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Additional heat 

Most materials used to build a city are characterised by high thermal 
conductivity (with units W m-1 K-1) which means that lots of heat enters the 
material and is transported from the surface to the deeper parts.  A city, 
therefore, cools down more slowly during the night than a non-urban area. The 
materials used to build a city are characterised also by high thermal 
admittance (with units J m-2 s-0.5 K-1), which is the ability of a surface to accept 
or release heat, i.e. it is the temperature change produced by a given heat flux 
change. Huge factories, such as steel-works, emit enormous amounts of heat. On 
average, one such factory delivers four times more energy every day into the 
urban atmosphere than the incoming solar radiation does.  Over a yearly cycle, 
the intensity of the anthropogenic heat emissions change in the same way as 
the intensity of the urban heat island.  In cold climates in winter, domestic 
heating and fossil fuel burning emit more energy into the air than the Sun, while 
in hot climates, air conditioning adds another heat load to the already hot air. 
 

 

4. Thermal conductivity of different materials.  Author: Anita Bokwa. 

 
Urban canyons 

  

 
 
5. a) Urban canyon.  Photo Sebastian Wypych  

 
 
5 . b) Natural canyon. Source: CorelDRAW!  

An important element of urban structure are so-called urban canyons, i.e. 
streets with rows of high buildings on both sides, analogous to river canyons. 
The amount of solar radiation received by an urban canyon as a whole depends 
on the height of the buildings and on the orientation of the canyon. Further, the 
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properties of the materials used for the construction of buildings and streets are 
important, not only due to their thermal admittance, but also in terms of 
their albedo. A phenomenon known as solar trapping can occur in canyons 
whereby the solar radiation is reflected off many surfaces within the canyon,  
allowing more opportunity for absorption (have a look at the concept of the sky 
view factor). In general, about 60% of the net all-wavelength radiation is 
released into the air as sensible heat and 30% is stored in the walls and 
streets.  Just 10% is used to evaporate water as the artificial surfaces do not 
store water as natural ones do and there is usually only a small amount 
of green area in a city.  These percentages vary for different cities and depend 
on, for example, the amount of park land and how much irrigation occurs. 

  

Part 3: Water 
 
Water balance in a city 

The amount of rain is higher in urban areas than in non-urban areas, 
mainly due to short but intensive rainfall events. In a city, asphalt, 
concrete and stone surfaces dominate and reduce the amount of water 
which can penetrate into the ground.
For natural areas, the water balance is given by the following formula: 

P = E +R + S

where: 
P - precipitation (rainfall), the only source of water to the ecosystem 

E - evapotranspiration, the amount of water evaporating from the ground 
combined with the transpiration of plants 

R - run-off, the amount of water that leaves the area.  This can be divided into 
surface run-off (water that flows on the ground to the rivers), and groundwater 
run-off (water that penetrates into the ground and then flows in the rocks to  
underground water reservoirs, springs and to the rivers) 

S - groundwater storage (retention); note that a snow cover is a form of 
temporary water retention 

  
1. Elements of water balance in a non-urban area.  Author: Sebastian Wypych. 
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In an urban area, the water balance consists of the same elements, but their 
proportions are significantly different. 

Precipitation is usually higher than in non-urban areas, evapotranspiration 
is much lower, surface run-off is much larger (ground-water run-off is small), 
and water storage is much lower. The changes are shown in Figure 2 and 
explained in the text below.   Note that the relative sizes of the arrows in 
Figures 1 and 2 show the differences between the natural and urban 
environments. 

  

  
2. The water cycle in a city. Compare the thickness of the arrows with those in Figure 1 to see the 
differences!  Author: Sebastian Wypych. 

The effect of a city on air humidity, 
precipitation and fog formation is uncertain.  
Some cities have more days with fogs and a 
higher frequency of cumulus and cumulonimbus 
clouds than the surrounding non-urban area.  
These phenomena are all favoured by high air 
humidity and the presence of large amounts of 
air pollution serving as condensation nuclei. In 
addition, cloud formation is enhanced by 
convection which is more intense in the city 
because of the urban heat island effect and fogs 
develop because the wind speed in the city is 
low.  Cities are found in all different geographical 
locations and the local conditions mean that all 
cities have different climates.  In addition, the 
presence of huge factories or power plants may 
affect the urban climate by, for 
example, emitting air pollutants, heat and huge 
amounts of water vapour from cooling towers 
into the air.  

 
3. Rain in a city.  For both urban 
and non-urban areas, atmospheric 
precipitation is the main source of 

ater.  Source: www.freefoto.com w 
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The figure below shows the mean monthly temperatures and precipitation for 
chosen cities all over Europe. The amount of water delivered to a city depends 
primarily on its climatic zone, but the presence of a city can increase the natural
amount of rain by as much as 20 to 30% compared to surrounding non-urban 
areas. 

  
 

 

 

 

 

  

 

 

 

 

  
 
4. Mean monthly precipitation amounts and temperatures in chosen European cities representing 
various types of climate.  About 25% of the precipitation falling in a city is caused by the urban 
effect. Data source: World Climate: Water rainfall and temperature data (www.worldclimate.com).  
Authors: Anita Bokwa, Pawel Jezioro. 

 
Differences in precipitation amounts between the cities and the surrounding 
non-urban areas are highest in the summer.  In many cities, high summer 
rainfall is the result of intense thunderstorms.  Increased rainfall is the result of 
the same factors that contribute to increased cloud formation over the city, 
these factors are described above. 
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Evapotranspiration is low in cities.  It can be 
as low as 38% of the evapotranspiration in 
nearby non-urban areas. The process is mainly 
evaporation, not transpiration, as green areas 
are rather small and there are few plants to 
transpire. Evaporation is also low because there 
is little standing water.  Most of the rain goes 
down the drains and into the sewage system 
rather than penetrate into the ground.  

  

 
5. Parks and water features  
in a city.  In a city, both green 
parkland and water features  
cover relatively little surface area, 
so evapotranspiration is much lower 
than in rural areas. Source: 

ww.freefoto.com w 

 
6. Asphalt road.  Most cities are covered with buildings, 
streets and roads which do not allow water to 
permeate into the ground.  Surface run-off in cities is, 
therefore, much larger than in the surrounding non-
urban area.   Source: www.freefoto.com  

   

Asphalt, concrete and stone do 
not, generally, allow water to 
permeate through them.  Surface 
run-off is, therefore, almost four 
times larger in a city than in a 
non-urban area, and groundwater 
run-off is lower by 
about 50%. This results in low 
retention. Snow cover is a form 
of temporary water retention in a 
city. However, it disappears faster
in a city than in the surrounding 
non-urban area due to the impact 
of the urban heat island and 
because of human activity, e.g. 
removal of snow from the 
streets.  In addition, air pollution 
falling on the snow in a city 
makes the snow dirty and 
decreases its albedo.  This allows 
the snow to absorb more energy 
and warm and melt faster. 
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Air humidity 

Rainfall, drinking water supplies  
and human activities (street 
cleaning, watering lawns, water 
vapour from the cooling towers of 
power plants) are all sources of 
water in the urban environment.  
This water can evaporate or enter 
the sewage system.  Humidity 
is mainly controlled by the wind 
speed with low wind speeds 
favoring high humidity.  During 
the night, the city centre is 
usually more humid than the 
suburbs because the buildings 
weaken the air flow. The suburbs, 
with more dispersed and lower 
buildings, are better ventilated 
and drier. 
  

 
7. Watering a lawn.  Watering lawns or washing streets 
is an additional source of water to the city.  Source: 

ww.freefoto.com w 

 
 
Part 4: Bioclimate 
 
The urban bioclimate 

Bioclimatology is a branch of science dealing with the impact of 
weather and climate on all living organisms, including humans.  In 
cities we are exposed to chemicals from air pollution, higher than 
average temperatures as a result of the urban heat island effect and 
noise from traffic and industry.  As a result, the urban climate may be 
harmful to our health.
  
Air pollution and noise are the cause of the most important health problems in 
cities.  Poor air quality directly affects our health.  Vehicles only emit around 
20% of the air pollution in cities.  However, because the pollutants are emitted 
directly into the streets where people live and work, the impact of vehicle 
emissions on human health is large.  Examples of typical urban air pollutants 
and their influence on human health are given below. 

  
 
The presence of sulphur dioxide 
(SO )2  in urban air causes an increase in 
respiratory problems and high levels can 
lead to a higher risk of lung cancer. The 
main source of SO2 in urban air is fossil fuel 
combustion, particularly coal, in power 
plants. 

  

 
1. Impact of SO2 on humans.   
uthor: Sebastian Wypych. A 
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2. Impact of NOx on humans.   
uthor: Sebastian Wypych. A 

  

  

Nitrogen oxides (NO )x  decrease blood 
pressure, decrease the efficiency of the 
lungs and cause eye irritation. The main 
source of NOx in urban air is 
the combustion of fossil fuels, particularly 
in vehicles, but also in power stations and 
from the chemical industry. 

  

The presence of carbon monoxide (CO) 
in urban air increases the risk of heart 
attack, coronary disease and diseases of 
the circulatory system. Moreover, it 
replaces oxygen in the blood and causes 
oxygen deficit in the body which may lead 
to damage of the nervous system and 
brain and even death. The main source of 
CO in urban air is the incomplete 
combustion of fossil fuels such as coal, oil 
and natural gas. 

  

 
3. Impact of CO on humans.   
uthor: Sebastian Wypych. A 

 
4. Impact of Cd on humans.   
uthor: Sebastian Wypych. A 

  

  

 
Cadmium (Cd) accumulates in the liver, 
kidneys and the bones. It may cause lung 
cancer and bone damage through 
osteoporosis.  It also increases blood 
pressure. The main sources of Cd in urban 
air are the chemical industry, 
metallurgy and coal combustion. Cadmium 
is not a very common component of urban 
air but it is very harmful even in very very 
small amounts. 
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Another heavy metal, lead (Pb), 
accumulates in our bones and affects our 
kidneys and nervous system where it can 
cause mental illness.   It is toxic to 
our liver and damages our eyes.  Petrol 
used to be the main source of lead in 
urban air but since leaded petrol is no 
longer used, the main sources of Pb are 
now the metal processing industry and 
coal combustion.   

 
5. Impact of Pb on humans.   
uthor: Sebastian Wypych. A 

 
6. Impact of F on human organism 
uthor: Sebastian Wypych A 

  

  

 
Fluorine (F) is needed in very small amounts 
for healthy bones and teeth.  High doses 
damage our bones, kidneys and lungs, and 
may cause lung cancer. The main source of F 
in urban air is the metallurgic industry, e.g. 
aluminium works.  As with 
cadmium, fluorine is not a very common 
component of urban air but it is very harmful 
even in small amounts. 

  
  

Tropospheric ozone (O )3 , which is formed, 
for example, during photochemical smog 
episodes, irritates our eyes and our respiratory 
system.  High levels may even partially destroy 
our upper respiratory tract. The origin of 
tropospheric ozone is described in the text 
on "Ozone smog".  

7. Impact of O3 on humans. 
uthor: Sebastian Wypych. A 

 
8. Impact of VOC's on humans. 
uthor: Sebastian Wypych. A 

Volatile Organic Compounds (VOC's) 
have both natural and human sources.  
Some may be beneficial to our health as 
they can kill bacteria present in the air.  
Others, however, may cause lung 
cancer.   VOC's, along with NOx, play an 
important role in the formation of 
tropospheric ozone. The VOC-to-NOx ratio 
governs how much ozone is formed.  
Increasing VOC concentrations means 
more ozone, increasing NOx leads to either 
more or less ozone depending on the VOC-
to-NOx ratio already present in the air.  
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The presence of air pollutants decreases the air quality in a city.  Some 
pollutants react to form acid rain and this then pollutes groundwaters and soils.  
Air pollution also decreases the amount of solar radiation reaching the ground 
by 10-30%, especially in the ultra-violet range.  Lower levels of ultra-violet 
radiation may reduce the production of vitamin D in humans and this can lead 
to bone problems and a disease called rickets. 

  
Noise 

Recently noise has been included in the factors 
which significantly affect living conditions in 
cities.  Noise has a negative impact on our 
nervous system and hearing.  According to 
the World Health Organization, more than half of 
the citizens of Europe lived in noisy surroundings 
in 2001 and a third experienced noise levels 
which disrupted their sleep.  The main sources of
noise are vehicles, industrial production and 
commerce.  
The impact of noise on human health depends 
on its intensity, frequency and duration. People 
living in cities are often exposed to noise and 
therefore suffer from headaches and problems 
with sleeping and this can reduce their efficiency 
at work.  Constant noise between 71 and 85 
decibels causes permanent hearing loss.  When 
the intensity increases to between 86 and 130 
decibels, the main functions of human body are 
disturbed. The value of 130 decibels marks the 
threshold of physical pain. 
  

 
9. Urban traffic is a source of noise.  
ource: www.freefoto.com S 

The urban heat island 

The urban heat island (UHI) has a mostly negative impact on people.  Human 
thermal comfort is controlled by a combination of thermal stimuli, i.e. short- 
and long-wave radiation, heat fluxes, air temperature, humidity and wind.    
People in cities often feel too hot in the summer due to the higher than average 
temperatures (resulting from increased heat absorption by building 
materials, by heat emitted during human activities and also as a result of low 
wind speeds in the city centres which prevent fresh air entering the city).   This 
is intensified when the air temperature is higher than 17 oC, the relative 
humidity is greater than 85%, the air pressure is more than 18.8 hPa and the 
windspeed is close to zero.   Under these conditions, the weather is described as
"sultry".  This sultriness causes worse thermoregulation in our bodies as it slows 
down evaporation of sweat.  Sweating cools down our body and protects us 
from overheating. 
  
Humans have a great ability to adapt to changing temperatures.  When 
our body temperature increases, the blood-vessels widen, more blood can be 
transported and this helps us to cool down.  In addition, we sweat more.  We 
use heat from our body to evaporate the sweat and this cools us further. 
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To reduce the negative impact of the 
urban climate on people, we need to 
increase the amounts of parks and lawns 
in cities.  Green areas "filter" the air 
and air pollution can be lower in a 
park by as much as 20 to 40% in 
comparison with the rest of the city.  
Plants produce oxygen which improves 
the air quality.  In summer, green areas 
also decrease air temperature by shading 
the ground (less solar energy reaches the
ground, so less is absorbed by the 
surface and radiated back to the air as 
heat).  As a result of this shading, soil 
surface temperatures in a park may be 
12 oC lower than the temperature of a 
street surface. City parks decrease air 
temperature by about 15% compared to 
the rest of a city.  Green areas 
also increase air humidity, 
reduce thermal stress, enhance local air 
circulation, deaden noise and improve 
our quality of life. 

  

 
10. Ponds and fountains in cities reduce the 
negative impact of the urban climate on 
eople.  Photos: Sebastian Wypych. p 
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Climate in cities

Read more 

Unit 3: 
Acid rain 

Acid rain, acid fogs and acid snow directly and indirectly affect our health.  
Breathing acid fogs can damage our respiratory system and acidic waters 
contain higher than average levels of heavy metals.  Drinking these waters can 
cause many serious diseases. 
  
The main pollutants responsible for acid rain are the nitrogen oxides and 
sulphur dioxide.  It's easier to reduce emissions of these gases by saving energy
and reducing car use than it is to prevent damage by acid rain.  Once the acid 
rain is formed all we can do is partially neutralise its effects with liming 
being the most widely used method. 
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Part 1: Origin 
 
Origin of acid rain 

Acidic species are deposited to the ground both in precipitation (rain, 
snow, hail) and as dry particles.  Sunlight reacts with sulphur dioxide 
and nitrogen oxide gases in the air to form sulphuric acid and nitric 
acid.  The presence of other substances, including volatile organic 
compounds, also contribute to acid rain.
  
A closer look at pH

In the basics level chapter "What is acid rain?" we introduced the idea of pH as 
a measure of how acid a solution is.  The pH scale was developed by Soren 
Sorenson in 1909 and the pH value of a solution is given by: 

pH = -log[H+] 

where [H+] is the hydrogen ion activity.  The activity of a substance is its active 
concentration, i.e. the amount that can actually react with another chemical 
species.  In most dilute solutions, the activity of a substance is directly related 
to its concentration.   

The construction of the pH scale is based on the fact that even pure water 
dissociates (splits) into its constituent ions, the hydrogen ion (H+) and the 
hydroxide ion (OH-).  This process is known as auto-ionisation.   In an aqueous 
solution, hydrogen ions are associated with water molecules to form the 
hydronium ion (H3O+). 

 

The reaction is reversible so the products can recombine to reform the initial 
reactants and then dissociate again.  The ratio of the products (H3O+ and OH-) 
to the reactants (two H2O molecules) is always constant.  This constant is called 
the ion product constant of water, Kw, and always has a value of 10-14. 

 

So Kw = [H3O+] [OH-] = 10-14

If we now take logs of this equation:   pKw = pH + pOH = 14 
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In pure water [H3O+] = [OH-] = 10-7 mol L-1 and pKw = 7 + 7 = 14 

Because Kw has a constant value, we can define acidic and basic solutions 
based on the relative amounts of H3O+ and OH- in solution: 

Acid solution - [H3O+] > [OH-] 
Neutral solution - [H3O+] = [OH-] 
Basic (alkaline) solution - [H3O+] < [OH-] 

  
Discovery of the acid rain problem 
 
Acid rain was first recognised as a problem as far back as the end of the 17th 
Century.  In 1692, Robert Boyle published his book "A general history of the 
air", where he described it as "nitrous or salino-sulfurous spirits". The term 
"acid rain" was first used in 1872 by the Manchester scientist, Robert Angus 
Smith (1817-1884), in his book "Air and Rain: The Beginnings of Chemical 
Climatology".  It wasn't, however, until the 1960's that the large scale problem 
of acid rain was discovered.  Studies showed that the acidity of lakes in 
Scandinavia and North America were increasing and fish populations were 
decreasing and that forests were dying.  As a result of these scientific studies, 
political action was taken to try to reduce the problem of acid rain. 

  
Anthropogenic emissions as a source of acid rain 

Apart from emissions of sulphur dioxide and nitrogen oxides from the 
combustion of fossil fuels, there are also other substances which contribute to 
acid rain formation.  These include hydrochloric acid and organic carboxylic 
acids.  These organic acids include acetic acid and formic acid and are formed 
when volatile organic compounds (VOC's) are oxidised in the air.  The VOC's 
have both natural and human sources.  Human sources are primarily 
from vehicle exhausts and plants are the main natural source.  Natural sources 
dominant the global emissions of VOC's, they are about ten times higher than 
human sources.   
The double role of ammonia

Ammonia (NH3) is also a very important gas in the atmosphere.  It is a basic 
gas and reacts with acids in the air to form ammonium (NH4

+) 
aerosols.  Ammonia gas reacts with sulphuric acid to form ammonium sulphate 
(NH4)2SO4 and with nitric acid to form NH4NO3.  These reactions neutralise the 
acids and so reduce the acidity of the atmosphere.  However, when ammonium 
aerosols are deposited to the ground they react with oxygen and a process 
called nitrification can occur:   

NH4
+ + 2O2  -> 2H+ + NO3

- + H2O 

In this process, hydrogen ions are released. So ammonium deposition and its 
subsequent nitrification leads directly to soil acidification. 
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1. Sources and effects of acid rain and other forms of acid deposition.  Author: Sebastian Wypych. 

Deposition

Deposition is the process by which chemical constituents are removed from 
the atmosphere to the surface of the Earth. 

Wet deposition is the removal of substances in water (rain, snow, hail, fog).  
Dry deposition is the removal of substances as particles or gases.  When acid 
species are removed from the atmosphere to the ground the process is called 
acid deposition. 
Wet deposition

The process by which chemicals are removed from the atmosphere and 
deposited on the Earth's surface via rain, sleet, snow, hail, cloud water, and fog 
is called wet deposition.   

The dominant species responsible for acid rain are sulphuric acid and nitric 
acid.  These are formed in the air from the precursor gases, sulphur dioxide and 
the nitrogen oxides (NOx = NO + NO2).  Combustion of coal and oil in 
powerstations to produce energy is an important source of both these gases and
car exhausts are an additional important source of nitrogen oxides.  The gases 
react with the hydroxyl radical (OH) and oxygen atoms (O) to form the acids.  
Acid particles are very hygroscopic (i.e. they absorb water easily) so they can 
act as cloud condensation nuclei and enhance cloud formation.  When these 
clouds rain, acid rain reaches the ground.  On the way to the ground, the rain 
drops can scavenge more acid particles so increasing the rain acidity further.  
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2. a)  Trends in sulphate wet deposition (kg ha-

1) in the Eastern United States from NADP/NTN 
Monitoring Data. The image on the left shows data
for the period 1989-1991, while the image on the 
right shows data for 1995-1998. In the early 
1990's, sulphate wet deposition was highest in a 
broad region of the Mid-western and Eastern 
U.S.A. including the Ohio River Valley, Western 
Pennsylvania, and the Mid-Appalachians (see 
989-1991).  1 

 
 
2. b)  As a result of significant reductions in 
sulphur dioxide emissions beginning in 1995 
(Phase I of the Acid Rain Program), total 
sulphur deposition in rain decreased by up to 
25% over a large area of the Eastern U.S., this 
reduction was unprecedented in magnitude and 
spatial extent (see 1995-1998).  Source: U.S. 
Environmental Protection Agency.  

   
Dry deposition

Acid deposition occurs all the time, not just on rainy days.  The settling of acidic 
gases and particles out of the atmosphere is called acid dry deposition.  If the 
gases and particles fall into water bodies such as lakes they can cause 
acidification, if they fall on plants and buildings they can directly damage them.  
About half of the acidity in the atmosphere falls back to the Earth as dry 
deposition.  
Dry deposited gases and particles can be washed from trees and other surfaces 
by rain.  When this happens, the acidity of the rain increases further.  Dry 
deposition usually occurs close to the emission source, whereas wet deposition 
can fall up to around a thousand kilometers away from the emission source.  
Use of high factory chimneys to disperse pollutants have greatly improved air 
quality in industrialised areas.  The improvement of air quality has come at a 
cost and air pollutants are now blown large distances by the wind and affect 
much larger areas.  Because of this long range transport, acid rain generally 
creates greater problems than acid dry deposition. 

  
 
Part 2: Impact 2 
 
The impact of acid rain on human health and the economy 

Acid rain has direct and indirect impact on both the natural 
environment and on people and our infrastructure (buildings, roads, 
etc.).  Deterioration of our historical monuments by acid rain is a 
particular problem.
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Human health 

The pollutants that cause acid rain (mainly sulphur dioxide (SO2) and the 
nitrogen oxides (NOx)) affect human health, particularly the respiratory 
system.   Have a look in the bioclimate section for more information. 

Polluted air 

Sulphur dioxide, nitrogen oxides and acid rain can cause respiratory problems 
including asthma, bronchitis, headaches and eye, nose, and throat irritations.  
The fine sulphate and nitrate particles which form from the gases are less than 
2.5 µm in diameter (and known as PM 2.5).  They can be transported long 
distances by the wind and then inhaled by people far away from their sources.  
Because the particles are so small, they get deep into the lungs and can cause 
cancer. 
Reaction of these acid gases with fog can cause acid smog.  As a result of 
pollution control, these acid smogs are now thankfully rare.  In 1952, the pH of 
an acid smog in London was as low as 1.5 and 4000 people died as a result. 
  

 
1. Ranges of  lead levels in blood, 
among children, in micrograms per 
deciliter, in chosen countries. 
Explanations: C - China (data from 
1988), M - Mexico (1995), P - Poland 
(1992-1994), R - Romania (1995).  The 
red line marks the level of 10 
micrograms lead per deciliter of blood. 
See the text on the left for more 
information.  Author: Anita Bokwa. 
Source of data: http://www.wri.org/wr-
8-99/metals.htm 9 

Polluted water 

Acidic waters corrode water systems and 
dissolve the heavy metals in pipes so polluting
the water.  In addition, heavy metals are 
released into solution when acid rain falls on 
soils and this water may also enters the 
drinking water supply.  The heavy metals can 
be absorbed both by plants (through soil and 
direct contact) and by animals (from food or 
by direct contact).  These metals can then 
enter the human body where they accumulate 
causing cancer.  Brain damage, kidney 
problems and Alzheimers have all been linked 
to people eating "toxic" animals and plants.  
Lead levels above ten milligrams per decilitre 
of blood are known to have substantial 
negative health impacts.  Figure 1. 
shows concentrations of lead in blood 
in children from developing countries.  The 
majority of young children in cities in 
developing countries have average blood lead 
levels greater than 10 micrograms per 
deciliter and suffer health problems as a 
consequence. 
  

Buildings and monuments 

Acid rain damages stone work in two main ways: dissolution and alterations.  It 
is particularly damaging to buildings made up of limestone and marble.  These 
are primarily composed of the mineral calcite (calcium carbonate, CaCO3) 
which dissolves readily in weak acid solutions. The reaction which occurs: 

CaCO3(s) + 2H+(aq)   Ca2+(aq) +CO2(g) + H2O 
converts the solid calcium carbonate into aqueous phase calcium ions and gas 
phase carbon dioxide and neutralises the acid.  As a result, exposed areas of 
buildings and statues dissolve and carved details are lost.  The same process 
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occurs in calcium carbonate rich soils and when soil-dust particles that contain 
CaCO3 collide with acidified raindrops in the air. 
When sulphuric acid covers calcite, the hydrogen ion H+ from the acid dissolves 
the calcite, as described above. The sulphate ion also released then reacts with 
the calcium ions and forms a clear-to-white gypsum crust over the marble or 
limestone: 

Ca2+ +SO4
2- + 2H2O  CaSO4 * 2H2O 

rain removes some of the gypsum crust over time, creating tiny crevices and 
causing erosion.   
Even though the acidity of rain has been reduced in many places in recent 
years, buildings are still showing signs of damage.  This is because the acid rain 
has permanently changed the stone from which the building is made. Other 
materials vulnerable to acid rain damage include carbon-steel, nickel, zinc, 
copper, paint, some plastics, leather and textiles. Stainless steel and aluminium 
are more resistant materials.  
 

 
 
2. A limestone sculpture of one of the twelve 
apostles at the front of the St. Peter and St. Paul 
church in the old town of Cracow, Poland.  Acid 
rain has caused incredible damage and copies of 
this and the other eleven apostles have been 
made to replace these originals.  Photo: Sebastian 
W ypych. 

 
 
3. The copy made to replace the damaged 
original apostle sculpture.  Photo: Sebastian 
Wypych. 

   

The restoration of monuments and buildings is costly. For example, acid rain 
caused damage to Westminister Abbey in London, England which cost 10 million 
pounds to repair in the early 1990's.  Although economic losses can be 
calculated, the aesthetic appeal of the world's cultural treasures cannot be 
price-tagged. The Taj Mahal in India, the Acropolis in Greece and even newer 
buildings including Canada's Parliament Building and the U.S. Capitol Building 
are seeing the effects of acid rain.  
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Cars 

Automotive coatings are damaged by all forms of acid 
rain, including dry deposition, and particularly when 
acid dry deposition is mixed with dew or rain.  
However, it is difficult to quantify the specific 
contribution of acid rain to paint finish damage 
relative to damage caused by other forms of 
environmental fallout, by the improper application of 
paint or by deficient paint formulations. Usually the 
damage is permanent; once it has occurred, the only 
solution is to respray the car. 
  

 
4. Acid rain causes 
rapid corrosion and rust 
formation on metal objects 
used outdoors such as chains, 
roofs and cars. This,,in turn, 
generates higher costs of 
maintenance and renovation.  
Source of photo: 

ww.freefoto.com w 
Part 3: What can we do? 
 
What can we do to counteract acid rain? 

All of us can do something to limit the formation of acid rain or help 
reduce its effects. These actions vary from international agreements, 
through soil and water liming, to energy saving.
Two directions 

Efforts undertaken to counteract acid rain can be divided into two groups: 

• limiting the causes of acid rain.  
• neutralising the effects of acid rain. 

 
1. Causes of acid rain and what 
we can do to counteract them.  
Author: Anita Bokwa. 
  

Limiting the causes 

The image on the left shows the chain of processes 
that cause acid rain to form. At each step there is 
something we can do to counteract it. The 
paragraphs below explain these activities. 
Each of us can help!
Each of us can change our lifestyle and, as a 
result, reduce emissions of SO2 and NOx. First of 
all, energy saving leads to reductions in the use 
of fossil fuels and thus lower emissions.   
Use of clean renewable energy resources also 
reduces SO2 and NOx emissions. 
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Better technology 

Many new technologies have been 
developed for industry which 
reduce the emissions of pollutants 
into the air.  These can be applied 
before, during or after 
combustion. 
Examples of pre-combustion 
sulphur control technology 
(removing sulphur before 
burning) include coal scrubbing 
and oil desulphurisation. One of 
the post-combustion sulphur 
controls (removing sulphur after 
burning) is Flue Gas 
Desulfurisation (FGD). This 
process is, however, rather 
expensive.  The cost of 
removing one kilogram of sulphur 
is between three and six US 
dollars (between three and 
five Euros).  Figure 2. shows 
how a dry scrubbing system 
works. 
  

 
2. The Dry Flue Gas Desulphurisation process uses high
reactivity lime as the primary reagent material and 
requires particulate collection equipment downstream 
of the spray dryer absorbers. Source: Hamon 
Research-Cottrell, Inc. http://www.hamon-
researchcottrell.com/Prod_FlueGasDry.asp 

   

 
3. Location of a catalytic converter in car. The 
catalytic converter cleans up the exhaust before it 
leaves the car removing a lot of the pollution. 
Most modern cars are equipped with three-way 
catalytic converters. See the next figure to learn 
more about them!  Source: HowStuffWorks. 
http://www.howstuffworks.com/catalytic-
onverter.htm c 

Nitrogen oxide emissions from cars 
can be reduced by fitting catalytic 
converters.  These convert the 
nitrogen oxides into harmless 
nitrogen gas.  Figures 3. and 4. 
explain how a catalytic converter 
works. 
 
Unlike sulphur, it's impossible to 
reduce the nitrogen content of coal 
and oil before combustion.  The 
nitrogen is bound to the organic 
matter that makes up the fuel and so 
can't be removed by physical 
cleaning.  Instead, nitrogen oxides 
can be removed during combustion. 
Advanced low nitrogen oxides burners
can reduce emissions by up to 30%. 
Such burners can be installed either 
on new or existing power plants.  

 

 

 

 

 

  
 

 

 

 

4. A three-way catalytic converter. "Three-way" refers 
to the three gases it helps to reduce -- carbon 
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Nitrogen oxides can also be 
removed from the flue gases of 
power stations.  One method 
involves mixing the flue gases 
with ammonia which converts 
the nitrogen oxides to nitrogen 
gas and water. This process can 
be used on both existing and new 
power stations and can reduce 
emissions by up to 90%. 

  

to the three gases it helps to reduce -- carbon 
monoxide, VOC's and NOx. The converter uses two 
different types of catalysts, a reduction catalyst and an 
oxidation catalyst. Both types consist of a ceramic (or 
metal) structure coated with a metal catalyst, usually 
platinum, rhodium and/or palladium. The idea is to 
create a structure that exposes the maximum surface 
area of catalyst to the exhaust stream, while also 
minimizing the amount of catalyst required (they are 
very expensive). There are two main types of 
structures used in catalytic converters -- honeycomb 
and ceramic beads. Most cars today use a honeycomb 
structure.  Explanations: A - reduction catalyst; B - 
oxidization catalyst; C - honeycomb.  
Source: HowStuffWorks. 

 
International co-operation 

Concern in the late 1970's led to international efforts to identify the causes and 
effects of long-range (transboundary) transport of air pollutants.  During 
the 1980's much research was conducted in Europe and North America. 
International legislation during the 1980's and 1990's has led to huge 
reductions in SO2 emissions in many countries but reductions in NOx emissions 
have, unfortunately, been much less. 
  

 
5. Legislation on long-range and acidifying 
emissions. See text for explanations. 
uthor: Anita Bokwa A 

In 1979, the United Nations Economic 
Commission for Europe (UNECE) 
implemented the Convention on Long-
Range Transboundary Pollution (the so-
called Geneva Convention). In 1985, in 
Helsinki, most UNECE members adopted 
the Protocol on the Reduction of 
Sulphur Emissions, agreeing to reduce 
SO2 emissions by 30% (from 1980 levels) 
by 1993. This was called the 30% club. All 
of the countries that signed the Protocol 
achieved this reduction.  Many other 
countries have now also met these targets. 

  

The Sofia Protocol for reducing NOx emissions was adopted in 1988. 
The protocol is based on 1987 levels.  Many countries are unlikely to meet these
targets, due to increases in road traffic and despite European Union legislation 
requiring cars built after 1993 to be fitted with a catalytic converter. 

In June 1994, a number of European countries signed the Second Protocol for 
sulphur. Its main objective was to reduce acidifying emissions to a level at 
which critical loads are not exceeded, i.e. to reduce sulphur emissions by 70-
80% by the year 2000 (against 1980 levels). Eastern European countries 
generally have a lower target of 40-50% (against 1980 levels). 
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The most recent UNECE Convention on Long Range Transboundary Air 
Pollution was signed by 27 countries in December 1999. The Gothenburg 
Protocol, designed to Abate Acidification, Eutrophication and Ground-level 
Ozone aims to cut emissions of four pollutants: SO2, NOx, VOC's and NH3, by 
setting country-by-country emission ceilings to be achieved by the year 2010.  

  
Neutralising the effects 

  

 
6. Effects of acid rain on natural environment and what 
we can do to counteract them. 
uthor: Anita Bokwa A 

 

 

Once acid rain forms, all we can 
do is neutralise its effects. Action 
has to be taken quickly to have 
any effect at all and the most 
commonly used method is liming. 
This is described below. 

  

Natural and artificial buffers 

The acidity of a water body is greatly influenced by the amount of limestone in 
the surrounding rock formations. River beds and lake beds formed from 
limestone rocks are partially dissolved by the acidic water and this neutralises 
the acid. At present the main way of artificially reversing acidification in 
freshwaters is liming the water body or its surrounding catchment by 
adding sodium hydroxide (NaOH) or slaked lime (calcium hydroxide Ca(OH)2).  
Liming increases the pH of the water, causing aluminum and other metals to 
come out of solution and fall to the bottom of the lake as metal rich sediments.  
This improves the conditions for surface living organisms but causes toxicity 
problems for organisms living on the lake bed. Acidified lakes in Sweden, the 
USA and Canada have all been restored in the short term by liming. Liming on a 
large scale, however, is expensive.  
Liming provides only a temporary solution, it's far better to attack the source of 
the problem by reducing emissions of the acidifying pollutants, sulphur dioxide 
and the nitrogen oxides. 
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The Oceans

Basics 

Unit 1 
Oceans and climate 

Water has amazing properties which help to control our climate and make life 
on Earth possible.  Although we call our planet Earth, only 29% of its area is 
actually land; the rest is covered by water and almost all of this water is in the 
oceans.  Ocean waters continuously move around the globe as if they were on 
a huge conveyor belt, moving from the surface waters to the deep and back 
again.  Wind, the saltiness of the water and temperature all control 
this movement.  This ocean circulation helps to spread the heat from the Sun 
throughout the Earth.   
  
The oceans also take up huge amounts of carbon dioxide 
from the atmosphere. Around a quarter of the carbon 
dioxide we humans produce by burning fossil fuels ends up 
being stored in the oceans. In some ocean areas this 
carbon can be stored for centuries, helping to reduce 
the effects of global warming.  
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Part 1: Properties of water 
 
The special properties of water

71% of the Earth is covered by water and 97% of this water is in the oceans.  
Water is made up of two atoms of hydrogen and one atom of oxygen.  Because 
of water's electronic structure, the oxygen atom has a slight negative charge on 
it and the hydrogen atoms are slightly positive.  When water molecules are close 
together, their positive and negative regions are attracted.  These attractive 
forces are known as hydrogen bonds.  Hydrogen bonds are the reason for water's
very special properties which make life on Earth possible.

  
1. The structure of water showing the slight negative charge on the oxygen atom and the slight 
positive charges on the hydrogen atoms.  The charged nature of the water molecule enables it to form 
hydrogen bonds with other water molecules.  Author: Lucinda Spokes. 

• Water is the only natural substance that is found as a gas (water vapour), a 
liquid and a solid (ice) on Earth.  

• Density is a measure of how compact a substance is.  
It is defined as the mass of a substance divided by its 
volume.  Solids are almost always the most dense 
form of a substance, then liquids and then gases.  
As temperature increases, the density generally 
decreases.  Pure water is an exception to this and 
is the only substance which has its highest density as 
a liquid.  Water is at its most dense at about 4 oC.  
This is because hydrogen bonds between water 
molecules give ice a very stable open ordered 
structure.  At low temperatures, water has a 
higher density than ice and this means that ice 
floats.     

 
2. How the density of 
pure water changes 
with temperature.  
This graph shows that
pure water has its 
highest density at 4 
oC when it is still a 
liquid.  Author: 
ucinda Spokes. L 

  
3. How seawater 
density changes with 
temperature.  At a 
fixed salt 
concentration (in this 
case a salinity of 35), 
the density of 
seawater decreases 
with 
temperature.  Author:
ucinda Spokes. L 

  

• Adding salt to water increases its density.  It also 
prevents the formation of hydrogen bonds.  This 
means seawater, unlike pure water, doesn't have its 
maximum density at 4 oC, but when it freezes into 
ice.  It also means that seawater freezes below 0 oC 
(this is why we put salt onto roads on cold nights to 
lower the risk of ice being formed). 
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• Water has a very high specific heat capacity. This 
means that a lot of energy is needed to increase its 
temperature (energy is needed to overcome the 
hydrogen bonds). As the Earth is 71% water, energy 
from the sun causes only small changes in the planet's 
temperature. This stops the Earth getting too hot or too
cold and makes conditions possible for life. Heat is 
stored by the ocean in summer and released back to 
the atmosphere in winter. Oceans, therefore, moderate 
climate by reducing the temperature differences 
between seasons.  

 
4. It takes four 
times as much 
energy to heat 
water by 1 oC than 
it does to heat air.  
Author: Lucinda 
pokes. S 

• Water also has a high heat of vaporisation.  This means a lot of energy 
from the sun is needed to turn liquid water into vapour. As water vapour 
moves from warm areas to cooler regions it changes back to a liquid and 
may form rain. This releases heat which warms the air. The enormous 
amount of energy involved powers the storms and winds on Earth.  

• Many substances dissolve in water and are stabilised by the hydrogen 
bonds. This allows the transport of oxygen, carbon dioxide, nutrients and 
waste materials in water and makes biological processes possible.  

• Because oil molecules are large and not electrically charged, they can't be 
broken down into smaller charged molecules and be stabilised by water.  
This means that they do not dissolve in water.   

 
5. Photograph of waves breaking over a research ship by Wendy Broadgate.  Other images from NOAA.

 
 
Part 2: Ocean Circulation 
 
Energy from the Sun doesn't fall equally all over the Earth.  Most of the 
Sun's energy enters the Earth at the equator.  This leads to large 
temperature gradients between the equator and the Poles.  Movement of 
both  the air and the oceans is controlled by these temperature 
differences and the result is a transfer of heat from the equator to the 
poles.   About half the heat transport around the planet is by the oceans 
so the oceans are an extremely important part of the Earth's climate 
control system.  If ocean circulation is changed by global warming, 
major changes in climate are therefore likely.  Ocean circulation also 
transports oxygen from the air into the ocean making marine life 
possible.
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Seawater continuously moves around the globe as if it is on a huge conveyor 
belt, moving from the surface to the deep waters and back. Because the distance 
the water has to travel is so large, it takes about 1000 years for seawater to go 
all the way around the Earth.  

The movement of water around the oceans has two parts which are strongly 
linked: 

1. a density driven circulation which is driven by the differences in the 
density of seawater at different locations.  The density of seawater 
depends on its temperature and how salty it is.  As a result, this 
movement is known as the thermohaline circulation (thermo - heat, haline
- salt). 

2. a wind driven circulation which results in huge surface currents like the 
Gulf Stream. 

  

  
1. NASA schematic view of ocean circulation.  The light coloured path shows the general movement of 
the surface waters and the dark coloured path shows the movement of water at depth. The 
numbers show the position of:  1. The Gulf Stream which transports heat from the tropics to northern 
Europe. 2. North Atlantic Deep Water formation which results from strong cooling.  3. Antarctic 
Bottom Water formation due to sea ice production around Antarctica. 

Thermohaline circulation 

In the Northern Hemisphere
Ocean circulation transports surface seawater to the polar region where it cools.  
This cooling releases heat which warms the air and makes the water cold and, 
therefore, dense enough to sink to the bottom of the ocean.  This results in the 
formation of new deep water which displaces existing deep water pushing it 
towards the equator.  The major regions for this deep water formation are the 
Labrador and Greenland Seas in the northern North Atlantic Ocean.  This North 
Atlantic Deep Water then flows south along the ocean floor allowing more 
warm surface water to flow into the region to replace it.  Strong cooling also 
occurs in the Bering Sea in the North Pacific, but the structure of the ocean floor 
here prevents the deep water that forms from entering the ocean circulation. 
Antarctica
Deep water formation also occurs around Antarctica during the production of sea 
ice.  This ice contains very little salt and so, as the ice forms, the surrounding 
water becomes saltier and more dense.  This very dense water slides down the 
edge of the Antarctic continent to form Antarctic Bottom Water.  This water then 
spreads out and moves around most of the ocean floor. 
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2. This NOAA map shows the different 
elevations of the Earth's surface.  Pale 
colours on the ocean floor are the 
mountainous areas.  Mixing of water over 
these areas forces the deep water to rise 
o the surface. t 

For some time we thought that the deep 
waters that formed at the poles moved 
towards the equator, slowly warming and 
rising to the surface over the whole ocean, 
and that this water then returned to the 
poles in warm surface currents to complete 
the cycle.  However, recent studies have 
shown that this gradual up welling process is 
too slow to explain the age of seawater.  

We now think that as deep water circulates 
around the bottom of the ocean, it meets the
mid ocean ridges which are mountainous 
areas on the sea floor.  The roughness of 
these causes strong mixing which forces the 
deep water to rise to the surface.  The wind 
also causes strong mixing in the Southern 
Ocean and this also brings the deep water 
back to the surface. Once at the surface, the 
water returns to the poles in wind driven 
surface currents to complete its cycle. 

  
Wind driven circulation 

The Gulf Stream
The Gulf Stream is one of the most important wind 
driven currents.  It transports very warm tropical 
water from the Caribbean Sea and the Gulf of 
Mexico across the North Atlantic to northern 
Europe.  The warmth of the water heats the air 
above and the movement of this warm air is a very
important way by which heat is transported 
northwards.  As a result of this heat transport, 
northern Europe is very much warmer than 
corresponding latitudes in North America and 
countries around the Pacific Ocean. 
  

 
3. This image clearly shows the 
warm waters of the Gulf Stream 
(in red) travelling across the 
North Atlantic.  You can just about
see the coastline of North America 
in the left hand corner.  It was 
taken by MODIS (the Moderate 
Resolution Imaging 
Spectroradiometer) aboard the 

ASA Terra and Aqua satellites. N 
For example, the yearly average temperature at Iqaluit (64oN, 068oW) in the 
Northwest Territories of Canada is -9.1 oC.  This compares with an average for 
Trondheim (63oN, 010oE) in Norway of +4.8 oC.  Long term records suggest that, 
as a result of the Gulf Stream, average temperatures in Northern Europe are 9 oC 
higher than the average temperatures for the same latitude elsewhere. 

The Gulf Stream is an example of a western boundary current, a current which 
flows along the western side of a major ocean basin.  The corresponding current 
in the Pacific Ocean is the Kuroshio Current, and in the Indian Ocean, the 
Aghulas Current.  They result from an interaction between the shape of the 
ocean basin, the general direction of the wind and the rotation of the earth.  
They all have a high velocity (the Gulf Stream has an average velocity of 1 m s-1, 
thats 3.6 km h-1) they are all quite narrow (between 100 and 200 km wide) and 
all have a very important influence on the climate of the region.  Eastern 
boundary currents also occur; these transport cold surface waters from the poles 
to the equator.  They tend to be weaker than their western counterparts. 
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Part 3: Uptake of carbon dioxide 
 
How oceans take up carbon dioxide 

The most important greenhouse gas, apart from water vapour, is carbon 
dioxide (CO ).  Levels have changed over time both naturally and 
because of humans.  Much of the carbon dioxide produced by humans 
does not stay in the atmosphere but is stored in the oceans or on land in 
plants and soils.  By far the largest carbon store on Earth is in sediments,
both on land and in the oceans, and it is held mainly as calcium 
carbonate (CaCO ).  The second biggest store is the deep ocean where 
carbon occurs mostly as dissolved carbonate (CO ) and hydrogen 
carbonate ions (HCO ).  We think that about a third of the carbon 
dioxide from fossil fuel burning is stored in the oceans and it enters by 
both physical and biological processes.

2

3

3
2-

3
-

  
Physical processes 

Carbon dioxide dissolves more easily in cold water than in warm water.  It also 
dissolves more easily in seawater compared to pure water because seawater 
naturally contains carbonate ions.   

  
 
Reaction of the carbon dioxide with carbonate produces hydrogen carbonate.  
Because of this reaction, only 0.5% of the inorganic carbon in seawater occurs 
as carbon dioxide gas.  Since levels of carbon dioxide are so low in seawater, 
more carbon dioxide can enter the oceans from the atmosphere (the chemists 
will recognise this as an example of Le Chatelier's Principle).  If the water stays 
at the surface and warms up as it moves around the globe, the carbon 
dioxide will relatively quickly escape back to the atmosphere.  However, if the 
water sinks to the deep ocean, the carbon can be stored for more than 1000 
years before ocean circulation returns it to the surface.  Cold waters sink to the 
deep ocean at high latitudes in the Southern Ocean and in the Nordic and 
Labrador Seas in the North Atlantic Ocean.  These regions are therefore the 
major physical carbon dioxide removal areas of the ocean. 
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Biological processes 

As well as physical removal, carbon 
dioxide is also taken up by phytoplankton 
in photosynthesis and converted into plant 
material.  Land plants and marine 
phytoplankton take up about the same 
amounts of carbon dioxide as each other 
but marine phytoplankton grow much 
much faster than land plants.   
Most of the carbon dioxide taken up by 
phytoplankton is returned to the 
atmosphere when the phytoplankton die or 
are eaten but some is lost to the deep sea 
sediments in sinking particles.  The sinking 
of this plant material is known as the 
biological pump because it acts to pump 
carbon dioxide from the atmosphere into 
the deep ocean.  Most of this loss is at high 
latitudes because the phytoplankton which 
live there are large enough to sink out of 
the surface waters into the deep ocean 
when they die.  

 
1. This picture gives a very simple idea of 
how the biological pump operates.  
Phytoplankton take up carbon 
dioxide during photosynthesis. Bacteria eat 
the phytoplankton and, in doing so, release 
nutrients and carbon dioxide back into the 
water.  This process is known as 
remineralisation and we will discuss it more 
in Unit 2 of the Basics Section.  
Remineralisation mostly happens in the 
surface waters and the carbon dioxide is 
either used again by the phytoplankton for 
photosynthesis or released back to the 
atmosphere. If the phytoplankton die and 
sink into the deep waters, the carbon 
dioxide released by remineralisation is 
stored for centuries in the deep 
ocean reducing the impact of global 

arming. Author: Lucinda Spokes. w 

 
2. An electron micrograph of the 
phytoplankton Emiliania Huxleyi 
with its calcium 
carbonate skeleton.  Thanks to 

OAA for the image. N 

Computer models suggest that human activity may 
alter the types of phytoplankton in the ocean.  
Humans, therefore, could change how much carbon 
is stored in the deep ocean.  For instance, some 
phytoplankton produce calcium carbonate 
skeletons, particularly the very abundant Emiliania 
Huxleyi.  In making their skeletons, these 
phytoplankton actually cause the release of carbon 
dioxide and this reduces the overall uptake of 
atmospheric carbon dioxide by seawater. 

  

  

  
 
At the moment, we don't know all the reasons why certain phytoplankton 
species grow in particular ocean regions. This means we can't predict whether 
future human activity will change the abundance of phytoplankton which 
produce calcium carbonate skeletons and, if so, what impact this will have on 
our climate.  

ESPERE Climate Encyclopaedia – www.espere.net - Oceans Basics - page 7 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



  
 

ESPERE Climate Encyclopaedia – www.espere.net - Oceans Basics - page 8 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 
  

The Oceans

Basics 

Unit 2 
Nutrients in the oceans  

On land it's easy to see that different areas have very different amounts of plant 
growth. The tropical rain forests have the most biological growth and the deserts 
have the least. Although it's not so easy to see, it's similar in the oceans. 
Oceanographers call the desert areas of the oceans the OLIGOTROPHIC regions. 
Oligo is the Greek word for small and troph is derived from the Greek for "to 
feed" so the name oligotrophic simply means an area with little food. Low levels 
of the major plant nutrients, nitrogen and phosphorous, in these areas means 
that little grows.  In this unit we will look at where these nutrients come from 
and how phytoplankton grow in the oceans. 
  
Large inputs of nitrogen and 
phosphorous from land make 
coastal waters the most 
biologically active region of the 
ocean. Most of these nutrients 
come from human activities. 
Areas with excess nutrients are 
known as EUTROPHIC regions 
(based on the Greek for "to 
nourish"). Large amounts of 
phytoplankton growth in these 
areas can cause eutrophication 
problems and we will discuss 
these in this Unit. 

 
We use chlorophyll (the photosynthetic pigment in plants) 
as a measure of how much biological growth there is in 
the oceans. The blue areas with little chlorophyll are the 
deserts of the oceans. The red areas, which are generally 
around the coasts, are the most biologically active. Image 
aken by the NASA SeaWiFS satellite. t 
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Part 1: Phytoplankton and nutrients 

Phytoplankton and nutrients in the oceans 

Phytoplankton (phyto = plant, planktos = to wander) are single celled 
plants which live in the surface waters of the oceans.  Most of them 
simply drift around the ocean in the surface currents but some can move 
a tiny bit on their own. 
  
They use sunlight, carbon dioxide (CO ) and 
water, in a process called photosynthesis, to 
produce organic compounds which they use for

2

 
food and to make their cells.  One waste 
product is oxygen and this makes it possible 
for animals to live on earth.  Phytoplankton 
remove almost as much carbon dioxide from 
the air as land plants and, therefore, help 
regulate our climate.

 
1. Image of the marine 
phytoplankton Stephanodiscus 
sp.  There are many different 
groups of phytoplankton, 
Stephanodiscus sp. is a diatom. 
Diatoms all have silicate 
skeletons.   

 Stadt Ingolstadt. © 

 
  

2. In photosynthesis, chlorophyll, the green pigment in plants, 
captures energy from the sun.  Because phytoplankton need energy 
from the sun, photosynthesis can only take place in the surface layer 
of the ocean.  In the open ocean, this layer is about 100 meters in 
depth, above a water column that can be over 3000 meters deep.  
Some of the sun's energy is used to breakdown water into oxygen 
and hydrogen. The oxygen isn't needed so this leaves the cell. The 
hydrogen left when the water breaks down reacts with carbon 
dioxide and, using more of the sun's energy, forms simple organic 
molecules such as glucose. These are the building blocks for bigger 
organic compounds.  Author: Lucinda Spokes. 

Phytoplankton also need nutrients to grow.  They need a wide variety of chemical 
elements but the two critical ones are nitrogen and phosphorous since they are 
needed in quite large amounts but are present in low concentrations in 
seawater.  Nitrogen and phosphorous are like the fertilisers we add to land plants 
and are used to make proteins, nucleic acids and other cell parts the 
phytoplankton need to survive and reproduce. Phytoplankton need nutrients in 
well defined ratios. For every 106 atoms of carbon they make into organic 
matter, they need 16 atoms of nitrogen and 1 atom of phosphorous. Most can't 
use atmospheric nitrogen gas (N2) directly but need chemically reactive forms of 
nitrogen such as nitrate (NO3

-) or ammonium (NH4
+).  There is always plenty 

of carbon dioxide so phytoplankton keep growing until they have used up all of 
the useable nitrogen or all of the phosphorous, which ever runs out first. In most 
of the ocean, nitrogen runs out first and growth is said to be nitrogen limited. 
The Eastern Mediterranean Sea is phosphorous limited, here growth stops when 
phytoplankton have used up all the phosphorous even though there is still 
nitrogen in the water.  
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Nutrient sources 

Nutrients come naturally from the weathering of rocks and from the conversion 
of atmospheric nitrogen gas (N2) into biologically usable forms. Human activity 
has dramatically added to these inputs. 
  

 
3. Main  phosphorous 
sources.  Images by 
Rachel Cave and 
reefoto.com f 

Phosphorous 

The main human sources of 
phosphorous are detergents and 
sewage.  Improved sewage 
treatment and use of phosphate 
free detergents has reduced 
phosphorous inputs to rivers and 
seas. 

Nitrogen 

Nitrogen compounds in rivers are 
mainly the result of intensive 
agricultural activity and come from 
the overuse of nitrate (NO3

-) based 
fertilisers and from ploughing up 
land.  Both nitrate and ammonium 
are found in the atmosphere.  
Nitrate comes from the high 
temperature combustion of nitrogen 
in vehicle engines and during power 
generation.  Ammonium (NH4

+) 
comes from the storage and 
spreading of animal manure.  
Both fall from the atmosphere and 
enter the rivers and oceans in rain 
and as gases and particles. 

 
4. Main nitrogen 
sources.  Images 
y freefoto.com b 

        
Silicon 

Another important nutrient is silicon which comes from the weathering of rocks.  
Lack of silicon prevents the growth of a certain type of phytoplankton, the 
diatoms, who use it to make their shells. 
If nitrogen or phosphorous runs out, phytoplankton stop growing.  If silicon runs 
out, phytoplankton keep growing but the types which grow changes. 

Trace metals 

Phytoplankton also need very small amounts of metals such as iron, copper, zinc 
and cobalt.  There are large areas of the oceans where there isn't enough iron for 
phytoplankton to grow.  This has important implications for climate and we 
discuss this in the Oceanic nutrients Unit of the Read More Section. 
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Remineralisation 

Phytoplankton grow very quickly, only living 
for a day or so.  When they die, they are 
eaten by bacteria or zooplankton (tiny 
animals) which convert their organic matter 
back into carbon dioxide, release the 
nutrients they have used back into the water 
and use up oxygen.  This process is known as 
remineralisation and it takes place mainly in 
surface waters.  The carbon dioxide escapes 
back to the air or is reused, along with the 
re-released nutrients, in photosynthesis.  If 
this happens, there is no change in 
atmospheric carbon dioxide levels. 
However, if the phytoplankton sink out of the 
surface and are remineralised in the deep 
ocean, the nutrients and carbon dioxide are 
stored in the deep ocean and the carbon 
dioxide can't return to the atmosphere.  
This lowers carbon dioxide levels in surface 
waters, allows more carbon dioxide to enter 
from the air and helps reduce 
atmospheric carbon dioxide concentrations.   

 
5. Very simplified cartoon showing the 
process of remineralisation.   
uthor: Lucinda Spokes. A 

The carbon dioxide only returns to the air when ocean circulation brings the deep 
water back to the surface, a process which takes around 1000 years. This is the 
biological pump and is explained more in the Water in the oceans Unit in the 
Basics Section. 

About 15% of the carbon taken up by photosynthesis is stored in the deep 
ocean.  A very small part of this settles out and becomes sediments.  An even 
smaller amount eventually becomes oil and coal.  By burning fossil fuels, we are 
releasing this stored carbon about a million times faster than natural biological 
cycles do.  Forests and phytoplankton can't take up the carbon dioxide fast 
enough to keep up with the increases in emissions and atmospheric carbon 
dioxide levels have, therefore, risen dramatically over the past few decades. 

  
 
 
Part 2: Phytoplankton growth 
 
Seasonal cycle of phytoplankton growth 

There is a well defined seasonal pattern of phytoplankton growth in the 
temperate and polar oceans.  It is controlled by physical, biological and 
chemical processes.  
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1. Seasonal cycle of phytoplankton in Nothern Hemisphere temperate oceans.  Highest phytoplankton 
growth is seen in the spring when there is plenty of light and nutrients. A secondary peak in 
phytoplankton biomass occurs in the autumn. These large growths of phytoplankton are known 
as blooms. Author: Lucinda Spokes. 

The density of seawater is controlled by its temperature and how salty it is.  As 
the temperature of water increases due to heating from the sun, the water 
molecules become more energetic, there is more space between them and the 
density decreases. As temperature lowers, the water molecules have less energy, 
don't move around as much and are closer together. This allows more hydrogen 
bonding to occur and the density increases.  

The salinity of water is a measure of how many salts are dissolved in it. The most
common salt by far in seawater is sodium chloride (common table salt) but there 
are also lots of other chemicals dissolved in seawater which have some effect on 
the salinity of the water. Evaporation of water from the ocean increases its 
density. Inputs of rain and river water decreases the density of the water. The 
result of changes in temperature and salinity around the globe leads to an ocean 
which has a layered structure made up of water bodies of different densities. 
Less dense waters float on top of more dense waters.  

As we are interested in processes which control the growth of phytoplankton, we 
will concentrate on how changes in heating affect the vertical structure of the 
first few hundred meters of the ocean.  

 
2.  Black circles 
represent nutrients, 
green circles are 
hytoplankton. p 

Spring 

In the spring, the sun heats the surface waters of the ocean 
making them less dense.  This warm water effectively floats 
on top of the colder, more dense, waters below and there is 
almost no mixing between them.  This means that the 
growing phytoplankton are kept in the surface waters.  Here 
they have plenty of light and nutrients which were mixed up 
from the deep waters during winter.  These conditions are 
excellent for phytoplankton growth.  Rapid increases in 
phytoplankton numbers are seen and this is called the spring
bloom. 
  

 
3.  phytoplankton 
rowth in summer g 

Summmer 

As the phytoplankton grow, they use up the nutrients in the 
surface waters.  Since there is little mixing with the waters 
below, the phytoplankton stop growing when all the 
available nutrients have been used up.  Remineralisation of 
nutrients in the surface waters and inputs of nutrients from 
the atmosphere do allow some phytoplankton growth but the
summer isn't a very biologically active time in temperate 
latitudes compared to the spring. 
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4.  small 
phytoplankton bloom 
n autumn i 

Autumn 

Less heating from the sun as the day length becomes shorter
means that the surface waters cool down and their density 
increases.  Because there is a smaller density difference 
between the surface waters and the waters below, a little 
mixing between them occurs.  This allows some nutrient rich 
waters to mix into the surface and, as there is still enough 
light for photosynthesis, a small phytoplankton bloom 
sometimes occurs. 
  

 
5.  How seasonal 
heating changes the 
structure and 
functioning of the first
few hundred meters 
of the ocean. Author: 
Lucinda Spokes, 
based on work by 
tephanie Henson. S 

Winter 

In the winter, even less heating from the sun means that the
surface waters cool further, increasing their density.  This 
allows the surface waters to mix with the waters below.  This
mixing brings deep water nutrients back to the surface.  
Although there are plenty of nutrients, there isn't enough 
light for phytoplankton to photosynthesise effectively so not 
much grows. 
  

 
In the tropics this seasonal cycle isn't as pronounced as the strength of the sun 
doesn't vary much through out the year and phytoplankton can grow all the time.
 
 
Part 3: Eutrophication 
 
Nutrients and the problems of eutrophication in coastal waters 

More than 60% of the world's population lives within 100 kilometers of 
the coast and future population growth in the coastal region is predicted 
to be greater than anywhere else on Earth.  We not only use the coast as 
a place to live but also for commercial activities such as mineral 
extraction, disposal of waste products such as sewage and industrial 
waste, fishing and tourism.  Large populations and high levels of 
industrial activity mean that in some coastal areas human activity has 
damaged natural ecosystems. 
  
One of the main problems affecting coastal waters are the high levels of nitrogen 
and phosphorous based pollutants entering the water. These pollutants come 
mainly from human activities and include inputs from agriculture, industry and 
vehicles (see Page 1 of this Unit). Many of these pollutants can be used by 
phytoplankton as nutrients. Overloading coastal waters with nutrients results in 
excessive phytoplankton growth. Large growths of phytoplankton are known as 
blooms and these large blooms can have undesirable effects.  
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Eutrophication is defined simply as 'enhanced phytoplankton growth due 
excess supply of nutrients'. 

So what are the problems associated with eutrophication? 

  

 
   

 1. High concentrations of nutrients may lead to 
large phytoplankton blooms. These blooms occur 
throughout the water  and prevent light reaching 
the waters below.  This stops the growth of 
plants deeper in the water and reduces biological
diversity.  Photograph from NOAA. 

2. When phytoplankton die they are 
remineralised (eaten) by bacteria. This process 
uses up oxygen in the water. When the blooms 
are really large, this bacterial decomposition 
can use up so much oxygen in the deep waters 
that there isn't enough left for fish to breathe 
and they have to swim away or else they die.  
Animals living on the sea floor can't easily move 
away and they also die.  The European Union is 
the third most important fishing power in the 
world so maintaining the health of European 
coastal waters is economically very important. 

  

 
  

 
  

3. Excess nutrients can sometimes encourage the growth of 
phytoplankton species which produce harmful toxins. These 
toxins may cause the death of other species including fish in 
fish farms.  Shellfish become accumulate the toxin when they 
eat the phytoplankton and these toxins can then be passed to 
humans when we eat the shellfish.  Shellfish poisoning 
generally causes upset stomachs but in rare cases it causes 
respiratory arrest and can therefore be life threatening.  
The picture shows a notice on a beach warning people not to 
eat the shellfish because they are contaminated with paralytic 
shellfish toxin.  Click on the NOAA image for a better view (195 
kb). 
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4. Large phytoplankton blooms can cause 
huge ugly foams on beaches.  These 
blooms are not toxic but temporarily ruin 
the beach, reducing its recreational 
value.  The income from tourism in areas 
badly affected by these blooms is low. 
Picture courtesy of the European Union. 

  

 
  

 

Eutrophication can, therefore, be economically very costly and steps are being 
taken to reduce nutrient inputs to coastal waters.  Intergovernmental 
organisations have agreed that we should halve nutrient inputs to waters around 
the North Sea and the Baltic Sea based on 1985 input values.  If we achieve this, 
computer models suggest we should have healthy coastal waters by 2010. 

 
What have we achieved in Europe so far? 

Inputs to rivers
European directives on the treatment of sewage and use of phosphate free 
detergents have led to reductions in the inputs of phosphorous into our rivers 
and seas.  However phosphorous concentrations are still high in coastal waters 
and it appears that phosphorous stored in sediments from earlier inputs is now 
slowly being released back into the water.  Nitrate based fertiliser use has 
declined in Europe since the 1980's but nitrogen inputs to rivers from agricultural 
sources are still high.   
Inputs to the atmosphere
Although there has been a general decline in emissions of air pollutants, levels of 
nitrogen oxides in the atmosphere are still high.  Catalytic converters on new 
cars have reduced nitrogen oxide emissions but there has also been an increase 
in road travel which has partially offset the reductions in emissions per car.  
There has also been a decrease in ammonia emissions due to better 
management of animal wastes but we still have a long way to go to reach the 
targets which have already been set.  One of the major problems with air 
pollution is that many species travel a long way from the place they are emitted 
to the place they are deposited.  This may be in a different country, so we need 
European wide or even global action to reduce atmospheric inputs to coastal 
waters and this is politically difficult to achieve. 
So we still have a way to go to reach the targets set by Intergovernmental 
Organisations such as The OSPAR Commission.  By the time you read this, the 
situation may have changed.  See if you can find the OSPAR web site and that of 
the European Environment Agency and find out how close we are to achieving 
our targets now. 
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The Oceans

Basics 

Unit 3 
Gases from phytoplankton  

It was originally thought that the oceans and the atmosphere acted 
independently but we now know that both have a huge influence on each other.  
In this Unit we look at how phytoplankton living in the oceans affect our climate.  
We think that these tiny single celled plants emit almost as much sulphur into the
air as do all the power stations on Earth put together!  We concentrate on the 
gas dimethyl sulphide (DMS) which is probably the most important gas produced 
biologically.  We look at how and why this gas is produced and why it is so 
important to our climate.  We also look at other climatically important gases 
which are formed in seawater and how these are involved in global warming and 
ozone depletion in the stratosphere. 
  
 
 
Part 1: Sulphur gases 
 
Dimethyl Sulphide DMS (CH3-S-CH3) 

One of the most important trace gases emitted from the oceans to the 
atmosphere is dimethyl sulphide (DMS).  This is the one of the chemical 
compounds which gives the sea its characteristic smell. 
  
DMS is produced by the breakdown of a chemical called dimethyl 
sulphoniopropionate (DMSP for short!!) which is found in the cells of many 
species of phytoplankton. We thought that phytoplankton produced DMSP to help 
them to survive the salty conditions in the oceans but it now looks as though 
they may also use DMSP to get rid of harmful waste products, to allow them to 
live in very cold waters and perhaps even to prevent other animals eating them. 
Not all phytoplankton produce DMSP and we are not sure at the moment why 
only certain species do. One type of phytoplankton, the coccolithophores, 
are important DMSP producers. They have calcium carbonate skeletons.  

  

 
1. The coccolithophore Emiliania 

uxleyiH .  Image from NOAA. 

  

This image shows a very important 
coccolithophore, Emiliania Huxleyi.  This single 
celled marine phytoplankton surrounds itself with 
over 30 plates (or coccoliths) made up of calcium 
carbonate.  Each coccolith is just 0.003 mm in 
diameter.   
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When phytoplankton are infected, die or are eaten, 
DMSP is released into seawater where it breaks 
down to form DMS. Much of the DMS stays in 
seawater and is consumed by bacteria or converted 
to other chemical species. A proportion, however, 
escapes and enters the atmosphere.  

As DMS is the breakdown product of a biologically 
produced chemical compound, DMS emissions 
occur in the spring, summer and autumn when 
phytoplankton are growing.  Emissions come from 
both coastal waters and from the open ocean but 
are larger in regions where particular 
phytoplankton grow.  Lots of DMS is emitted from 
the north east Atlantic Ocean and from the Bering 
Sea in the North Pacific Ocean as there are regular 
blooms of coccolithophores in these areas.  Lots of 
DMS also enters the atmosphere from coastal 
waters around Europe. 

 
2. The calcium carbonate plates 
of the coccolithophore Emiliania 
Huxleyi mean that blooms (large 
numbers of the organism) are 
visible in seawater and can be 
seen by satellites in space.  The 
greeny-turquoise colour is a 
coccolithophore bloom in the 
Bering Sea seen from the 

ASA SeaWiFS Satellite. N 
About the same amount of sulphur is emitted from natural sources as is 
produced during the burning of fossil fuels by humans. So the tiny phytoplankton 
you can see in the image above is as important to our climate as the huge power 
stations that we use to generate our energy. In regions far away from human 
activity, most of the sulphur present in the atmosphere comes originally from 
DMS emitted from seawater. It is thought that between 20 and 50 million tonnes 
of sulphur enters the atmosphere from the oceans each year.  

  
 
 
Part 2: Aerosols and climate 
 
Once dimethyl sulphide (DMS) enters the atmosphere it reacts with 
other chemicals to form sulphate aerosols (aerosols are simply particles 
or liquid droplets floating in the air).  These sulphate aerosols are really 
important to our climate.  They scatter sunlight directly back into space 
and can also start the formation of clouds.  
  
Both sulphur dioxide (SO2) and methane sulphonic acid (MSA - CH3SO3H) are 
formed when DMS is converted into sulphate aerosols.  Sulphur dioxide is formed 
both from DMS and also during the burning of fossil fuels like coal.  MSA is only 
formed from DMS so MSA acts as a good tracer for marine sulphur emissions into 
the atmosphere.  Sulphur dioxide is then converted into sulphuric acid (H2SO4) so
DMS plays a part in controlling how acidic the atmosphere is.   

This sulphuric acid can then react with ammonia (NH3) gas, which is also 
produced naturally by phytoplankton, to form ammonium sulphate aerosols.  
Both sulphuric acid and ammonium sulphate act as cloud condensation nuclei 
(CCN).  These are particles which attract water and provide a surface for the 
water to condense onto.  They are needed to start the formation of clouds. 
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So how does DMS affect climate? 

  
1. Cartoon showing the importance of marine sources of sulphur to our climate.  DMS stands for 
dimethyl sulphide, the most important sulphur containing gas produced by some species of 
phytoplankton, CCN stands for cloud condensation nuclei, the aerosols needed to start cloud 
formation, SO2 is the gas sulphur dioxide, an intermediate species in the conversion of DMS into 
sulphate aerosols.  Author: Lucinda Spokes. 

Direct cooling of the Earth 

Sulphate aerosols can directly absorb or scatter sunlight preventing it reaching 
the surface of the Earth.  By preventing the sun's energy reaching us, sulphate 
aerosols help keep our planet cool.  This cooling effect goes someway to 
counteract the warming effect of carbon dioxide and other greenhouse gases. 
  
Indirect impact of aerosols on climate 

By acting as cloud condensation nuclei and starting the 
formation of clouds, sulphate aerosols also have an 
indirect impact on our climate.  Increasing the amount and 
whiteness of clouds over the Earth increases the albedo of 
our planet.  Albedo is very simply defined as a measure of 
how much sunlight is reflected back into space.  White 
surfaces such as clouds and ice reflect lots of sunlight back 
to space, whereas dark surfaces such as the ocean absorb 
sunlight efficiently.  Since clouds reflect a lot of sunlight 
back into space they can cause cooling of the Earth.  Over 
the oceans, the amount of sulphate aerosol is one of the 
most important factors governing the extent and type of 
clouds.   
Some cloud types can also take up infra-red radiation from 
the Earth (like greenhouse gases).  This effect traps heat 
and these clouds, therefore, cause a warming of our 
climate.  We don't know enough about the types of clouds 
which form over the oceans and so we are not sure yet 
whether this warming effect partially or completely 
counteracts the cooling effect through the increase in 
albedo. 
  

 
2. Photograph of 
clouds from 
reefoto.com f 
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3. Differences in albedo of different natural surfaces. 
Author: Lucinda Spokes, adapted from a photograph 
rom freefoto.com. f 

Clouds, snow and ice have a 
high albedo, they reflect a large 
amount of sunlight back into 
space.  Water surfaces and 
forests have a low albedo, they 
absorb a lot of the sun's energy 
and only reflect a small amount 
back to space.  Over the whole 
Earth, about 30% of incoming 
sunlight is reflected back to 
space, 50% is absorbed by the 
Earth and about 20% is 
absorbed in the atmosphere by 
chemicals, aerosols and clouds. 

  
Phytoplankton are, therefore, not only the main source of acidity in marine air 
but are also an important source of aerosols and cloud condensation nuclei.  As a 
result they affect the radiation budget of the Earth.  At the moment we can't say 
accurately quite how important DMS really is to the cooling of our planet. 

Have a look in the Clouds and Particles Topic for more details on how aerosols 
and clouds influence our climate. 

  
 
 
Part 3: Gases from seawater – 1 
 
Other climatically important gases from seawater - 1 

A whole variety of different gases enter the atmosphere from seawater 
and many affect our climate.  Some, like dimethyl sulphide, are produced 
during phytoplankton growth.  Others are produced when sunlight reacts 
with organic (carbon based) compounds found in the surface waters of 
the oceans.  Many of these organic compounds come originally from 
phytoplankton.  Here we look at some of the gases which affect the 
troposphere, the lower layer of our atmosphere.
  
Halocarbons 

Halocarbons are a group of simple organic (carbon based) compounds which 
contain halogen atoms.  Halogen is the special name for Group VII of the Periodic 
Table of the Elements which includes chlorine, bromine and iodine. Halogens are 
very important constitents of seawater.  In fact the word haline, which is used to 
mean saltiness, comes from the word halogen.  Chlorine as its charged anion, 
chloride (Cl-), is the most abundant chemical species (other than water!!) in 
seawater.   
One of the most important marine derived halocarbons is methyl iodide which 
has the chemical formula CH3I. 

 
 
 

ESPERE Climate Encyclopaedia – www.espere.net - Oceans Basics - page 4 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 
Where do marine halocarbons come from? 

 
1. Photograph of seaweeds.  Image 
rom NOAA. f 

Halocarbons are produced in seawater by 
biological processes and by sunlight.  
Methyl iodide is produced by some 
species of seaweeds and by a few species 
of phytoplankton but we're not really 
sure why they produce the compound.  
There is also evidence that methyl iodide 
is produced by the action of sunlight on 
iodine-containing organic matter and, in 
the open ocean, this may be the most 
important source.  Once produced, a 
small proportion of halocarbons escapes 
from seawater into the air. 

Why are halocarbons important? 

Many iodine and bromine containing halocarbons can be broken down by sunlight 
in the troposphere (the lower layer of the atmosphere) to form very 
reactive halogen radicals.  In this way they differ from chlorofluorocarbons 
(CFC's) which are man-made halogen containing chemical compounds.  CFC's can
only be broken down to halogen radicals by ultra-violet radiation in the 
stratosphere (the upper atmosphere). 
Halogen radicals are extremely reactive and one of their most important 
reactions is the destruction of ozone (O3).  In the troposphere, ozone is harmful 
to human health and also acts as a very strong greenhouse gas (responsible for 
about 15% of the enhanced greenhouse effect).  So the emission of halocarbons 
from the sea may lower tropospheric ozone levels and reduce global warming.  
However lowering ozone amounts also reduces the concentration of hydroxyl 
(OH) radicals in the troposphere.  Because these hydroxyl radicals clean the air 
of harmful chemicals, lower levels of them may reduce air quality. 
  

  
2. Cartoon of the marine iodine cycle showing the major sources of methyl iodide in seawater, the 
transfer of iodine to the air and the role of iodine in ozone removal.  It also shows the very important 
movement of iodine from the ocean to the land which helps prevent human health problems.  Author: 
Lucinda Spokes, based on an idea by Dr. Alex Baker, University of East Anglia, Norwich. 

Transfer of iodine from the oceans to the land is an extremely important part of 
the global iodine cycle.  This source of iodine is critical to human health.  If iodine
wasn't transferred from sea to land, humans would suffer much more widely 
from brain damage and from goitre which causes the thyroid gland to swell up. 
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Methane (CH4) 

Methane (the major component of natural gas) is a major greenhouse gas which 
comes from both natural and man-made sources.  Rice paddies and intensive 
cattle farming are the biggest methane sources to the atmosphere but the ocean 
is a small natural source of the gas. 

What is the source of this marine methane? 
When oxygen concentrations in the 
water or the sediments are zero, 
bacteria produce methane when they eat 
organic matter. Estuaries, 
saltmarshes and coastal waters are 
responsible for about 75% of the total 
oceanic methane emissions.  

Methane can also be produced by the 
action of heat and pressure on buried 
organic matter and there is a huge store 
of methane in ocean sediments which we 
use as our natural gas supply. Most of 
the methane released naturally from 
these sediments is used up by bacteria 
in the water before it reaches the air.  

  

 
3. Saltmarshes are a very important methane 
ource.  Image from NOAA. s 

Why is methane important? 

In the troposphere, methane is a major greenhouse gas (62 time more powerful 
than carbon dioxide over a 20 year timescale) and therefore contributes to global 
warming.  In fact, it is responsible for about 15-20% of the enhanced 
greenhouse effect.  It is also important in controlling the abundance of hydroxyl 
radicals.  These radicals are responsible for cleaning the atmosphere of harmful 
chemicals.  If methane levels rise, the concentration of OH radicals is likely to 
decrease.  This reduces the ability of the atmosphere to clean itself. 
One of the outcomes of eutrophication is lower levels of oxygen in the water.  If 
eutrophication continues to be a problem in coastal waters, it is likely that the 
marine source of methane will rise. 
One possible outcome of global warming is an increase in methane emissions 
from ocean sediments.  If this happens, we're not sure at the moment whether 
bacteria will be able to cope with the rise in levels.  So it's possible that the 
marine methane source will grow further in the future. 
  
Non Methane Hydrocarbons (NMHC) 

Hydrocarbons are a group of organic chemicals which are made up just of carbon 
and hydrogen and are used extensively as fuels.  The simplest hydrocarbon is 
methane and this is discussed above.  However, other hydrocarbons are also 
climatically important.  The ocean is a small source of NMHC's to the atmosphere 
compared to land based sources.  These are both natural and man-made and 
include plants, soils and fossil fuels. 
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Where do NMHC's come from? 

 
4. The chemical structure of isoprene.  
uthor: Lucinda Spokes. A 

In seawater, NMHC's are produced 
biologically and by the action of sunlight 
on organic matter.  One of the most 
important NMHC's is isoprene (2, methyl 
buta-1, 3 diene H2C=C(CH3)CH=CH2).  
This compound is produced by both land 
plants and by all of the marine 
phytoplankton species we have studied 
so far.  At the moment we don't know 
why plants produce isoprene, it may 
simply just be a by-product of 
photosynthesis. 

Why are NMHC's important? 

Once NMHC's escape to the air they are highly reactive with ozone.  In polluted 
air they contribute to ozone production whereas in clean air, such as that over 
the oceans, they destroy ozone.  Reactions of NMHC's in the atmosphere are also 
important in controlling levels of hydroxyl radicals and so play a role in cleaning 
the air of harmful chemicals. 
  
 
 
Part 4: Gases from seawater – 2 
 
Other climatically important gases from seawater - 2 

Some of the gases formed in seawater are not broken down in the 
troposphere, the lower layer of our atmosphere.  This allows them to 
reach the upper layer of our atmosphere, which we call the 
stratosphere.  The stratosphere is very important to our climate.  It 
contains the ozone layer which protects us from harmful ultra-violet 
rays from the Sun.  It also contains a layer of sulphate aerosols which 
prevent some of the energy from the Sun reaching the Earth.  Even 
though the stratosphere starts over 11 km above the surface of the 
Earth, gases from seawater can affect it's chemistry.
  
Nitrous Oxide (N2O) 

Another important biologically produced gas is nitrous oxide.  Because it isn't 
broken down in the troposphere, it has a very long lifetime in the atmosphere, 
lasting around 120 years. 

Where does nitrous oxide come from?  

The largest source of nitrous oxide is soils, particularly in the tropics and 
emissions have risen over time probably due to increased fertiliser use. The 
oceans are also a very important source, particularly estuaries and coastal 
waters. Here nitrous oxide is produced by bacteria converting nitrogen 
compounds into nutrients.  
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Why is nitrous oxide important?  

In the troposphere, nitrous oxide is 
275 times more powerful a 
greenhouse gas than carbon 
dioxide so it contributes greatly to 
global warming. Because it has such a 
long atmospheric lifetime, it can get 
all the way to the stratosphere and 
affect climate there as well. In the 
stratosphere, nitrous oxide is 
destroyed by ultra-violet radiation to 
produce nitrogen oxide (NO) radicals. 
These are involved in the destruction 
of stratospheric ozone. Although a 
problem in the troposphere, we need 
stratospheric ozone to protect us from 
ultra-violet radiation.  

 

 
  

Emissions of nitrous oxide from coastal waters are likely to increase as our 
climate gets warmer and sea levels rise. Further eutrophication may also lead to
enhanced production of nitrous oxide. There is already evidence for increasing 
nitrous oxide emissions along the Indian coast as a result of human activity.  

  
Carbonyl Sulphide (COS) 

Carbonyl sulphide is the dominant sulphur gas in the atmosphere.  It is formed 
mainly in the oceans but also has a small industrial source. 

Where does marine carbonyl sulphide come from? 

Marine derived carbonyl sulphide is formed by the action of sunlight on sulphur-
containing organic matter in the upper layers of the ocean, particularly in 
coastal waters.  Because it doesn't dissolve easily in water, it enters the 
atmosphere easily. 

Why is carbonyl sulphide important? 

Carbonyl sulphide isn't broken down in the troposphere so, like nitrous oxide, it 
can get all the way to the stratosphere.  Here it is converted to sulphate 
aerosols.  Sulphate aerosols reflect incoming sunlight back into space and so 
help cool our planet. 
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The Oceans

Read more 

Unit 1 
Oceans and climate 

We know that the oceans are a really important part of the Earth's climate 
control system.  We don't know, though, how ocean circulation is likely to change 
as a result of global warming.  We don't know either whether natural weather 
patterns such as the North Atlantic Oscillation, which influence wither time 
climate in Europe, will be altered by global warming. 
In this unit we look at the predictions of up-to-date computer models of ocean 
circulation and see how global warming is likely to affect the oceans and 
therefore the climate of our Earth. 
  
 
Part 1: Oceans and climate change 
Consequences of global warming on ocean circulation 

Global warming is likely to have a number of effects on the ocean.  We know that 
carbon dioxide dissolves more easily in cold water than in warm water so warmer 
temperatures will reduce the ability of the oceans to take up carbon dioxide and 
this will further enhance the greenhouse effect.  Higher temperatures are also 
predicted to increase the input of freshwater into the high latitude oceans.  
Computer models suggest that this additional freshwater comes from increased 
rain at mid and high latitudes and from the melting of ice sheets.  Warmer 
temperatures also cause expansion of water and, along with the additional water 
from ice melt, will result in a rise in sea level and may cause flooding.
  
Ocean circulation is very sensitive to the amount of freshwater entering the 
system. Freshwater controls the density of seawater and therefore the ability of 
seawater to sink when it is cooled. If the water is too fresh, cooling won't make it 
dense enough to sink into the deep ocean. If water doesn't sink at high latitudes 
there is only wind driven forcing for the Gulf Stream and therefore reduced water 
circulation around the oceans.  

We have some geological evidence that the thermohaline circulation has shut 
down in the past. Warming at the end of the last ice age ~15,000 years ago 
melted the ice sheets over North America and increased the freshwater input to 
the North Atlantic. This reduced the saltiness of seawater, preventing it sinking, 
and therefore decreased deep water formation. There is evidence that this caused 
the shutdown of the thermohaline circulation, caused the Gulf Stream to move 
south and reduced heat transport to Northern Europe. This interupted the 
warming seen at the end of the last Ice Age. Ice core and deep sea sediment 
records show that temperatures in north west Europe fell by 5 oC in just a few 
decades returning the North Atlantic region to Ice Age conditions. This era of the 
Earth's history is known as the Younger Dryas Cold Period. We also have some 
evidence that ocean circulation is changing now as a result of global warming. 
Observations show that the North Atlantic has become steadily less salty over the 
past 40 years.  
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 1. Around 13,000 years ago the last Ice Age ended and the Earth became warmer.  This warming 
increased the amounts of freshwater entering the North Atlantic Ocean as the ice sheets melted.  
Ocean circulation shut down and the North Atlantic region became colder again.  Freshwater inputs 
stopped once all the ice had melted and ocean circulation was able to start up again.  This caused a 
rapid (on geological timescales!) increase in temperature as warm water from the tropics was able to 
flow again into the North Atlantic.  Figure courtesy of R. Alley and the CLIVAR project. 

  

Trying to predict the impact of 
global warming requires use of 
complex computer models 
which all include assumptions 
about future conditions that 
cannot be tested properly.  As a 
result, different models predict 
differing outcomes of global 
warming.  Some 
models suggest that global 
warming will lead to a 
weakening of the thermohaline 
circulation during this century 
but that ocean circulation will 
not shut down completely, 
others show a complete 
breakdown of ocean circulation 
as a result of increased inputs 
of freshwater.  It is difficult, 
therefore, to estimate how our 
climate would be if ocean 
circulation changed.   

  

 
2. Nine different computer models all predict very 
different changes to ocean circulation as a result of global 
warming.  Some models suggest little or no change in the 
amount of deep water formed in the North Atlantic and 
therefore little change to the thermohaline circulation.  
Others, however, suggest that global warming will 
reduce deep water formation by a huge amount.  The 
unit used is the Sverdrup (Sv) which gives the volume of 
water moving over time.  1 Sv is a million cubic meters of 
water moving every second!  The worst case scenario is 
that global warming will reduce the flow of water from 
the surface to the deep in the North Atlantic by 15 Sv by 
the year 2100, greatly reducing the 
thermohaline circulation.  Figure courtesy of the CLIVAR 
roject. P 

Complex models suggest a cooling of around 2 oC over most of Europe as a 
result of the reduced transport of heat from the Caribbean as the Gulf Stream 
weakens.  

ESPERE Climate Encyclopaedia – www.espere.net - Oceans More - page 2 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



  
3. This figure shows how air temperatures are predicted to change if the thermohaline circulation 
simply stopped.  Most computer models suggest that temperatures in Europe would become colder as 
the Gulf Stream slowed down and less heat was brought from the Tropics to northern 
Europe.  Courtesy of Michael Vellinga and Richard Wood and the CLIVAR Project. 

The impact of greenhouse gas induced warming has to be superimposed on this 
to give an overall prediction of climate. Over the world as a whole, 
temperatures are predicted to increase. Over Europe, however, most models 
suggest that temperatures would change little or that there would be a slight 
warming if the thermohaline circulation collapsed. Along with this slight 
warming, the climate is suggested to become wetter and more stormy. 
Predicting where and when these storms occur is really difficult. So we still need 
better observations and more realistic computer models to reduce our 
uncertainty about what will happen to our climate in the future.  

  
 
 
Part 2: North Atlantic Oscillation 
 
The North Atlantic Oscillation is one of the oldest recognised weather 
patterns.  It governs whether winters in northern Europe will be wet 
and warm or cold and dry.  We don't really know what controls the 
North Atlantic Oscillation and we don't know whether it is likely to be 
influenced by climate change.
  
Atmospheric Pressure 

Air pressure at the Earth's surface is different in different places and this is 
partially due to the different amounts of heat they receive from the sun.  When 
the Sun heats up the earth, the air above warms, becomes less dense, expands 
and rises.  The air above is pushed upwards and then spreads out horizontally 
at height in the troposphere.  Because of this horizontal air movement there is 
less air above the ground where the heating took place and this leads to an area
of low pressure.  As the air rises, it cools.  As it cools, the air becomes more 
dense and sinks.  This sinking means that there is more air above the ground in 
this area and a region of high pressure is formed.  Air moves from high pressure
areas to low pressure regions to even out the pressure differences, generating 
winds and atmospheric circulation as a result. 
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1. This figure shows the atmospheric circulation patterns 
which give rise to the major bands high and low pressure 
around the Earth.  The pressure cells between the equator
and 30oN and 30oS are known as Hadley Cells after 
George Hadley who suggested their existence way back in 
1735.  These cells transport heat from the equator to the 
older temperate and polar regions. c 

 Around the Earth there are 
several major bands where high 
or low pressure dominate.  At 
the equator, heating from the 
Sun causes the air to rise 
leaving an area of low 
pressure.  This air sinks back 
down to earth at ~30oN and 
~30oS resulting in bands of high
pressure.  At around 60oN and 
60oS, cold dense air moving 
away from the poles meets the 
warmer air from nearer the 
equator.  The warm air is less 
dense so is forced to rise, 
leading to areas of low 
pressure.  This air cools and 
sinks forming a high pressure 
zone around the poles. 

  
The North Atlantic Oscillation 

Pressure differences between the Azores at ~30oN and Iceland at ~60oN result in 
one of the oldest known natural weather patterns, the North Atlantic Oscillation 
(NAO).  The NAO is most important in winter and has two phases.  Each causes 
distinct weather conditions around the North Atlantic.  Agricultural harvests, 
water management, energy supply and fisheries are all directly affected by the 
phase of the NAO.  It even governs where new deep water is formed and 
therefore influences the thermohaline circulation. 
  

  
2. This figure shows the North Atlantic Oscillation Index over the past 200 years.  Up until around 
1900, the NAO index seemed to change almost every year but since then it appears that the NAO 
index has been predominantly positive leading to warm wet winters in Northern Europe.  We don't 
know whether this change is simply natural climate variability or whether numan influence through 
global warming has changed how this natural climate phenomenon operates.   Thanks to Dr. Tim 
Osborn at the Climatic Research Unit, University of East Anglia, Norwich, U.K. for use of this figure.   

Positive NAO conditions 

Positive NAO winters occur when there 
is a very large pressure difference 
between the Azores and Iceland.  This 
results in more and stronger winter 
storms crossing the Atlantic travelling 

Negative NAO conditions 

Negative NAO winters occur when 
there is only a small pressure 
difference between the Azores and 
Iceland.  This leads to fewer and 
weaker winter storms.  These storms 

ESPERE Climate Encyclopaedia – www.espere.net - Oceans More - page 4 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



in a northeasterly direction.  These 
bring heat from the ocean to 
northwestern Europe leading to warm 
and wet winters here but cold and dry 
winters in the Mediterranean region.  
Strong northwesterly winds travel over 
the Labrador Sea causing cooling, 
resulting in the formation of new deep 
water and cold dry winters in Canada 
and Greenland.  These winds don't 
make it over the Greenland Sea so this 
region doesn't cool so much, 
reducing deep water formation here. 
  

follow a more southerly track than 
those associated with positive NAO 
conditions and bring warm moist air to 
the Mediterranean.  They also allow 
cold air from the north and the east to 
blow into northern Europe.  This cold 
northerly wind travels from the North 
Pole over the Greenland Sea cooling 
the water enough for it to sink and 
form new deep water here. 

 
 
3a. In positive NAO winters it's very stormy 
over the North Atlantic Ocean.  These storms 
bring warm air containing lots of water vapour 
to Northern Europe making the winters wet and 
warm here.  Further south, winds bring cold dry 
air from the land into the Mediterranean area 

aking the winters sunny but cold here.  m 

 
 
3b. In negative NAO winters, its much less 
stormy over the North Atlantic.  Any storms 
which do occur bring warm wet air from the 
ocean into the Mediterranean region.  The small 
pressure difference allows northerly air to blow 
into Northern Europe making the winters dry 
nd sunny but very cold here. a 

What controls the NAO? 

We still really don't know what controls the phase of the NAO.  Processes which 
are controlled just by the atmosphere occur over time periods of seconds to 
weeks.  The phase of the NAO, however, changes over years to decades.  This 
suggests that the ocean as well as the atmosphere is an important control.  
Computer models suggest that the NAO responds to slow changes in global 
temperatures with changes around the equator appearing to be most 
important.  Winds high up in the stratosphere may also affect the climate of the 
North Atlantic. 

Climate change 

The NAO is an important topic in climate change.  The phase of the NAO has 
been consistently more positive recently leading to mild winters in northern 
Europe and we really don't know why.  It may be that this is simply natural 
climate variability or that global warming is changing how the NAO and other 
natural climate variations work. 
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Part 3: Sea level rise 
 
Changes in sea level have occurred throughout the history of the Earth.  
During the most recent ice age, sea level was much lower than it is now 
because so much of the water was frozen and stored on land.  At the 
moment our sea level is rising and the main culprit is global warming.  
  
Sea levels vary either because the amount of water in the oceans changes or 
the land moves.  Because it takes a long time for the Earth to adjust to changes 
in the weight of ice and water on it, land movements today are often the result 
of processes which occurred many thousands of years ago.  Changes to the 
amount of water held in the oceans can happen faster. 

What processes affect sea level and how much is the sea rising? 

Geological data shows that, over the last 6000 years, sea level has risen on 
average between 0.5 and 1.0 mm every year.  The extent of the sea level rise 
varies with the location because the land can be either rising or falling in 
response to ice loss at the end of the last ice age.  Over the 3000 years, sea 
level has risen slower, averaging 0.1 to 0.2 mm per year.  During the 20th 
Century, the rate of sea level rise has increased again and is now about 10 
times faster than this, between 1.0 and 2.0 mm every year.  For every 
centimetre the sea rises, around one metre of coastal land is lost to the sea. 
Although most people think sea level rise is just due to the melting of ice on 
land, the most important factor is simply that the density of water decreases as 
it gets warmer.  This leads to an increase in the water volume, a process known 
as thermal expansion.  As the oceans are like basins, a rise in sea level is the 
only way the oceans can cope with the increase in volume. 
  

  
1. Rising temperatures decrease the density of seawater.  This leads to an increase in its volume.  As 
the oceans are like basins, a rise in sea level is the only way the oceans can adjust to this change in 
volume.  The end result is flooding.  Author: Lucinda Spokes. 

Melting of ice on land is the second most important part of sea level rise 
(melting of floating icebergs doesn't affect sea level, an example of Archimedes' 
Principle).  If all the ice sheets in Antarctica and Greenland melted, sea level 
would rise by 70 metres!  This means that small changes in their volume can 
have big effects on sea level.  Even the much smaller ice caps and glaciers on 
the rest of the Earth contain enough water to raise sea level by half a metre. 

Archimedes' Principle says "An object totally or partially immersed in water is lifted up by a force 
which is equal to the weight of water it displaces". 
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Although the big ice sheets on Antarctica 
contain huge amounts of water, we don't 
think they have actually contributed much to 
sea level rise over the last century.  Even 
with global warming, its still not warm 
enough in summer for much of the ice to 
melt.  Global warming seems rather to make 
it snow more, cause more ice to form and sea 
level to fall here.  Thre have been lots of 
studies on the Western Antarctic Ice Sheet as 
this, on its own, contains enough water to 
raise sea level by six metres.  Recently large 
bits of the floating Larsen Ice Sheet have 
broken off.  Our worries are than this will 
make the big ice sheets actually on Antarctica 
less stable, allowing them to slip into the sea 
and cause huge rises in sea level. Summer 
temperatures in Greenland are warm enough 
to allow parts of the ice caps here to melt so 
this region is likely to contribute more than 
Antarctica to sea level rise. 

 

  
2. True colour NASA satellite image 
of the Larsen B Ice Sheet at the top 
of the Antarctic Penninsula.  The 
blue colour shows melt ponds on the 
ice surface.  In February 2002, an 
area of 3250 km2 disintegrated.  The 
amount of ice released was around 
20 billion tonnes! 7 

Changing the amount of water we store on land in resevoirs and in 
groundwater is also likely to alter sea level but at the moment we're not sure 
how much. 

Computer models predict that sea level will continue to rise in the next 
century.  There are still huge uncertainties mostly because we don't 
have enough long term data from around the world to test our models.  
However, the best predictions are that sea level will rise between 11 
and 77 centimetres by the end of the 21st Century.  Although there are 
great variations in these estimates, all the studies show that the rise in 
sea level will not be the same all over the world.
What are the consequences of sea level rise? 

For every centimetre the sea rises, about one metre of land is lost to the sea.  
The consequences of this are huge. 

• Most of the human population lives close to the sea.  In Bangladesh, for 
example, about 17 million people live less than one metre above sea 
level.  

• Extensive flooding is a threat to human health.  Many people will die and 
moving huge numbers of people away from flooded regions, particularly 
in the developing world, will increase the risk of diseases spreading.  
There is also likely to be a reduction in the quantity and quality of 
freshwater, further affecting human health.  

• Important biological communities are likely to be lost because some 
species will not be able to adapt quickly enough to changes in salinity or 
loss of ice cover.  

• Coastal regions are important for ports, fisheries, agriculture and 
tourism.  Flood defences prevent natural variations in the coastline and 
protect these economically important activities.  However, they can also 
lead to increases in water levels in coastal areas by isolating the sea 
from its natural coastal flood plain.  This can lead to catastrophic flooding
if the sea defences fail. 
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The Oceans

Read more 

Unit 2 
Oceanic nutrients - Iron 

In large areas of the ocean there are plenty of the nutrients nitrogen and 
phosphorous but not many phytoplankton.  One of the biggest discoveries in 
oceanography over the past few decades has been that concentrations of iron in 
some ocean waters are lower than the levels that phytoplankton need to grow.  
In this unit we look at the importance of iron in the oceans and why iron is 
important to our climate.  We also look at the pros and cons of deliberate large 
scale open ocean iron fertilisation and whether this could solve our global 
warming problems. 
 
 
Part 1: Iron in the oceans 
 
Iron is the fourth most abundant chemical element in the Earth's crust, 
making up around 4% of the total mass.  It is an essential micronutrient 
for all living species.  The most important source of iron to the oceans is 
dust and this comes almost entirely from the desert areas of the Earth.  
There are large regions of the oceans where there are plenty of nitrogen 
and phosphorous containing nutrients but not many phytoplankton.  
These areas are far away from the deserts and it is assumed that lack of 
iron prevents phytoplankton growing here.
  
Where does the iron in the oceans come from? 

 
1. NASA SeaWiFS satellite image of a dust 
storm off Africa, 26th February 2000.  This
massive storm enabled Saharan dust to 
be transported over 1000 miles into the 
Atlantic Ocean.  This image was produced 
by the SeaWiFS project, NASA/GSFC and 
ORBIMAGE.  

   

  

The atmosphere is probably the largest 
source of iron to the oceans and this iron 
comes mainly from the wind erosion of soils 
to form dust.  The dust mainly comes from 
arid and semi-arid desert regions, most of 
which are in the mid-latitudes of the 
Northern Hemisphere.  The amount of dust 
produced by the deserts depends on how 
much it rains and on how strong the winds 
are.  Highest dust concentrations are seen 
near the deserts and lowest amounts are 
seen in in the air above the Southern Ocean 
near Antarctica as this is as far away from 
the dusty deserts as is possible. 
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Dust inputs to the oceans 

Large dust particles rapidly settle out of the 
atmosphere but particles with a diameter of less 
than 10 µm (thats 0.00001 m) can travel great 
distances.  Winds rapidly carry the particles 
hight in to the air, up to 5 km over the Atlantic 
and 8 km over the Pacific.  It takes about one 
week for African dust from the Sahara to cross 
the Atlantic Ocean and two weeks for dust to 
travel from the Chinese deserts to the Central 
Pacific Ocean.  The dust particles then either fall 
out of the air as dry particles or are scavenged 
by water drops and enter the oceans in rain. 

 
2. Advanced Very High Resolution 
Radiometer (AVHRR) images of 
particle transport in the atmosphere 
between June and August.  These 
images show the major dust 
transport routes across the Atlantic 
and Indian Oceans.  As they measure 
all particles in the air, they also show 
particles coming off southwest Africa 
from biomass burning and pollutants 
coming off the eastern coast of North 
America.  Copyright American 

eophysical Union. G 
Even though iron is very abundant in dust and lots of dust enters the oceans, 
iron concentrations are extremely low in seawater (generally less than 1 nmol L-

1, thats <0.000000001 mol L-1!).  We now know that the iron in dust occurs 
mainly as oxidised iron(III) complexes which are not very soluble in water.  As 
dust is transported through clouds it encounters very acidic conditions which 
increase the solubility of the iron a bit.  However, we still think that less than 2% 
of the iron entering seawater from the atmosphere is soluble and can be taken 
up by phytoplankton and used as a nutrient. 
High Nitrate, Low Chlorophyll (HNLC) regions of the oceans 

The major nutrients which control phytoplankton growth in the oceans are nitrate 
and phosphate and, to a lesser extent, silicate. In most oceans, phytoplankton 
grow until they have used up all of the nitrate or all of the phosphate, which ever 
runs out first. The subarctic Pacific, the equatorial Pacific and the Southern 
Ocean, however, all have plenty of these nutrients all year round but have low 
phytoplankton growth and corresponding low levels of chlorophyll, the 
photosynthetic pigment in plants. These regions are known as the HNLC regions 
of the oceans and make up about 20% of the total area of the ocean.  

  
3.  Map of annual average nitrate concentrations in the surface waters of the oceans. This image 
clearly shows the high levels of nitrate in the subarctic Pacific, the equatorial Pacific and the Southern 
Ocean. Data from the Levitus World Ocean Atlas 1994. 
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The scientist John Martin first suggested that it was a lack of iron in these HNLC 
ocean areas which prevented phytoplankton growing and scientific experiments 
conducted at sea confirmed this.  Oceanographically these HNLC regions are all 
sites where the ocean circulation brings large amounts of deep water to the 
surface in a process known as upwelling.  These deep waters contain high 
concentrations of the major nutrients and the waters should, in theory, be very 
biologically active.  However, these regions are all far from the large deserts so 
not much dust (and therefore iron) enters the surface waters.  Similar upwelling 
is seen north of 40 oN in the North Atlantic, but this ocean area isn't a HNLC 
region as it has large inputs of iron from Saharan dust. 
  
 
Part 2: Iron, dust and climate 
 
The effect of iron and dust on climate 

The presence of iron both in the atmosphere and in seawater affects our 
climate.  In the atmosphere, iron containing particles scatter sunlight 
back into space and cause cooling.  The iron in these particles helps to 
form sulphate aerosols.  These sulphate aerosols scatter sunlight back 
into space and also start the formation of clouds.  By influencing 
phytoplankton growth, iron in seawater affects the ability of the oceans 
to take up the very important greenhouse gas, carbon dioxide.
In the atmosphere 

Before dust even enters seawater it influences climate.  Dust particles in the 
atmosphere scatter sunlight back into space and cause a cooling at the Earth's 
surface by preventing the Sun's energy from reaching the ground.  Chemical 
reaction of the iron in the dust with certain sulphur containing species in the air, 
forms sulphate aerosols (the word aerosol just means a particle or a liquid 
droplet in air).  These aerosols cool the planet both by scattering solar radiation 
back into space and also by acting as cloud condensation nuclei (CCN).  Cloud 
condensation nuclei are very small aerosols which are needed to start the 
formation of clouds.  Clouds over the oceans also cool the planet, again by 
scattering sunlight back into space.  This is discussed more in Unit 3 in the Basics
Section and in the Topic on Clouds and Particles. 

  
1. Cartoon of the importance of dust and sulphate aerosols in climate.  CCN stands for Cloud 
Condensation Nuclei, the tiny aerosols which are needed to start the formation of clouds.  DMS stands 
for dimethyl sulphide, a sulphur containing gas which is produced by some species of phytoplankton.  
This gas is converted to sulphate aerosols in the air and these aerosols affect climate.  Author: 
Lucinda Spokes. 
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Once in seawater 

As iron is an essential micronutrient, inputs of iron from the atmosphere are 
necessary for phytoplankton to grow.  We know that phytoplankton take up 
carbon dioxide (CO2) during photosynthesis and that carbon dioxide is an 
extremely important greenhouse gas which contributes to global warming.  We 
also know that if the phytoplankton sink out of the surface waters into the deep 
ocean, they take their carbon with them and, to make up for this carbon 
removal, carbon dioxide enters the ocean from the atmosphere.  This, along with 
physical carbon dioxide removal processes (see Unit 1 in the Basics 
Section), reduces atmospheric carbon dioxide levels and, as a consequence, 
reduces global warming.  Some phytoplankton species also produce the gas 
dimethyl sulphide (DMS) as they grow.  This gas is also climatically very 
important.  When it enters the air, it is oxidised to sulphate aerosols which affect 
climate both by scattering sunlight back into space and also by acting as cloud 
condenstation nuclei and starting the formation of clouds (see again Unit 3 in the 
Basics Section and the Topic on Clouds and Particles). 
  

 
2. Electron micrographs of 
diatoms, phytoplankton with 
silicate shells.  Thanks to Ivo 
Grigorov at SOC, Southampton 
University, U.K. for use of 
hese images. t 

The High Nitrate, Low Chlorophyll (HNLC) regions of 
the oceans have much less phytoplankton growth 
than we would predict based on the levels of the 
major nutrients (nitrate and phosphate) which are 
present.  So low phytoplankton growth in these large 
areas of the ocean means that, overall, the ocean is 
a smaller carbon dioxide sink than we initially 
thought.  Lack of iron appears to limit the growth of a
particular group of phytoplankton known as the 
diatoms which are large with a shell made of silicate 
material.  Because of their size, these phytoplankton 
can sink out of the surface waters in to the deep 
ocean when they die. 

So lack of iron limits the total amount of 
phytoplankton which grow in the oceans and 
therefore means that less than expected amounts of 
carbon dioxide are removed from the atmosphere.  It 
also prevents the growth of diatoms, in particular, 
and therefore reduces biological removal and storage 
of carbon in the deep ocean. 

Because a ready supply of iron is 
critical for phytoplankton growth and 
phytoplankton are so important to our 
climate, John Martin suggested that 
the deliberate addition of iron to the 
HNLC ocean areas would increase 
carbon storage in the deep sea and 
would reduce the impact of global 
warming. His most famous quote was 
"give me a tanker load of iron and I 
will give you the next ice age". 

  

 
3 . NOAA image of a ship in ice. 

In the next section, we look at the pros and cons of deliberately adding iron to 
the oceans as a way to control our climate. 
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Part 3: Iron and climate change 
Can large scale open ocean iron fertilisation help stop global warming? 

Humans are responsible for the current rapid increases in levels of carbon 
dioxide (CO ) and other greenhouse gases in the atmosphere and the build up 
of these gases is causing global warming.  We have two possible ways of 
slowing the rising levels of greenhouse gases in the atmosphere.  We can either 
reduce our emissions of greenhouse gases in line with the Kyoto Protocol or we 
can remove carbon dioxide from the atmosphere by increasing the ability of the 
Earth to store carbon over the long term.

2

Land plants are important carbon stores and many of the suggestions on how to 
increase carbon storage on land have concentrated on reducing the rate at 
which forests are being lost and by planting new trees.  Storing more carbon in 
the oceans has also been considered.  People have suggested that adding iron 
to large areas of the oceans would increase phytoplankton growth and the 
resulting increase in photosynthesis would cause a decrease in the levels 
of carbon dioxide in the atmosphere.  We now have the technical capacity to do 
large scale open ocean iron fertilisation, but do we have the knowledge and 
wisdom to determine whether it is acceptable to use the oceans in this way? 
Reasons for large scale iron fertilisation 

Supporters of iron fertilisation suggest that: 

1. increased photosynthesis from higher phytoplankton growth will 
reduce carbon dioxide levels in the atmosphere and decrease global 
warming.   

2. once the phytoplankton die, they will sink out of the surface waters 
taking the carbon with them and this carbon will be stored in the deep 
ocean for centuries.   

3. more phytoplankton means more food for other species, more fish and 
more food for the growing human population.  

Supporters also state that deliberate ocean iron fertilisation is simply using the 
oceans in the same way as we used the land for agriculture and is a very cheap 
option for carbon removal compared to other current alternatives.  They also 
believe that it will not harm the environment and is a long term solution to 
global warming.  They suggest that the carbon stored in the deep ocean could 
be sold as credits in the global carbon marketplace. 
Reasons against large scale iron fertilisation 

Scientific iron fertilisation experiments show that adding iron to the High Nitrate 
Low Chlorophyll (HNLC) regions of the oceans does lead to and increase in 
phytoplankton growth.  However these experiments have also show that: 

1. adding iron completely changes the marine biological community.  
2. decay of huge phytoplankton blooms reduces oxygen levels in the water. 
3. microbial activity associated with low oxygen levels may produce potent 

greenhouse gases such as methane (62 times more powerful a 
greenhouse gas than carbon dioxide) and nitrous oxide (275 times more 
powerful than carbon dioxide).   

4. to have any benefit as a way to store carbon, iron fertilisation needs to 
be done in the Southern Ocean as this is the only HNLC region where the 
water sinks to the deep ocean taking carbon with it.  
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1. Two possible outcomes of deliberate ocean iron fertilisation.  Supporters claim that adding iron 
would increase carbon dioxide uptake by the ocean and would encourage a healthy marine biological 
community.  Those against iron fertilisation suggest that it would not significantly change the ability of 
the ocean to take up carbon dioxide and would fundamentally damage the marine ecosystem.  Thank 
you to Ken Buesseler at Woods Hole Oceanographic Institution for allowing us use this image. 

What should we do? 

People have already suggested that large scale ocean iron fertilisation could be 
used to reduce carbon dioxide levels in the atmosphere and it is currently 
possible for anyone to try to do this.  However scientific studies show that adding 
iron would only reduce carbon dioxide levels by 16% at best.  It would also 
change the ecology of the oceans and we don't know the long term consequences
of this.   
We all need to think about the implications of iron fertilisation as the ocean is so 
important to us and to our climate.  Should individuals be able to add iron to the 
oceans or do we need international agreements between countries?  Should 
scientists decide what to do or should the views of industry also be considered?  
Are there better ways to tackle the problems of global warming? 
What do you think we should do? 
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The Oceans

Read more 

Unit 3 
Gases from phytoplankton 

The impact of carbon dioxide on our climate depends on how much of the gas is 
in our atmosphere.  About a third of the carbon dioxide we produce from fossil 
fuel buring is stored in the oceans, greatly reducing the impact of global 
warming.  In this unit we look at how the carbon dioxide enters seawater.  We 
also look at how climatically important gases such as dimethyl sulphide, which 
are formed in the oceans, leave seawater and enter the air.  We also look at the 
suggestion made by Jim Lovelock in the 1960's that the Earth is a self regulating 
system that acts to keep our planet a fit place for life and show one example of 
how this may happen.  He called this system GAIA after the Greek Goddess of 
the Earth.   
 
 
Part 1: Air-sea gas exchange 
 
Movement of gases occurs both from the atmosphere into the oceans 
and from the oceans into the atmosphere.  The most important factors 
which influence gas exchange are the difference in the concentration of 
the gas between the air and the water and the speed of the wind.  At the 
moment, we don't know all the factors which control the movement of 
gases across the sea surface.  Once we know more, we will be better 
able to determine how important air-sea gas exchange is to our climate 
and the quality of the air we breathe.
The impact of carbon dioxide (CO2) on our climate depends on how much carbon 
dioxide there is in the atmosphere.  Around a third of the carbon dioxide 
produced when we burn fossil fuels is transferred acros the sea surface into the 
oceans.  By removing carbon dioxide from the atmosphere, this transfer greatly 
reduces the potential impact of global warming.  Over most of the ocean the 
movement of man-made carbon dioxide is from the air to the sea.  Why is the 
movement generally in this direction?  Both physical and biological processes 
occur in seawater which allow the oceans to efficiently take up carbon dioxide. 
Have a look in the Basics Section at the Page on Carbon dioxide in the Unit on 
Water in the oceans for more details.   

Very briefly, once carbon dioxide enters seawater it reacts with the carbonate 
ions (CO3

2-) which are present to from hydrogen carbonate (HCO3
-).  This moves 

the reaction to the right and allows more carbon dioxide to enter from the 
atmosphere. 

  
 
In addition to this physical removal, carbon dioxide is also taken up biologically 
through photosynthesis during phytoplankton growth and converted to plant 
material.   
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As well as the transfer of gases from the air to the sea, there is also a movement 
of gases from the oceans to the atmosphere.  Climatically important gases such 
as dimethyl sulphide (DMS) and methyl iodide (CH3I) are produced in the oceans 
but they only influence climate once they get into the atmosphere.  Because their 
concentrations in air are almost always really low compared to their levels in 
seawater, they tend to move from the water to the air. 

  

 
1. Image of breaking waves from 
reefoto.com f 

We know that gas exchange depends very 
strongly on the wind speed.  Generally the faster 
the wind, the more gas exchange occurs.  One of 
the reasons why  high winds encourage gas 
exchange is that these high winds produce big 
waves, make the surface of the sea rough and 
mix up the waters below.  

  

  
As the waves break they introduce billions of bubbles into the surface waters.  
These bubbles transfer gases from the atmosphere into the water.  As well as 
moving gases from the air to the sea, the bubbles mix up the water.  This extra 
mixing helps gases escape from the water and enter the air. 

When the bubbles rise up through the water and reach the surface, they burst 
and a jet of seawater enters the air.   As this jet rises, it breaks up into droplets.  
The water evaporates and leaves aerosol particles made up of seasalt.  Billions of 
tonnes of salt enter the atmosphere this way.  A lot falls straight back into the 
sea but a significant amount of salt is transported to land.  Seasalt aerosol 
particles are very important in the atmosphere.  Not only do they scatter sunlight 
back into space and so cause a direct cooling of our planet but they also act as 
very efficient cloud condensation nuclei and start the formation of clouds.  In this 
way they cause indirect cooling of the Earth. 

  
2. Cartoon of a bubble rising through the sea and bursting, releasing seasalt aerosol into the air. 
Author: Lucinda Spokes. 

Wind speed isn't the only factor which influences gas exchange.  We know that 
the temperature of the water is important, that rainfall can also increase the 
emission of gases from the ocean and that the presence of sea ice alters gas 
exchange rates. 
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3. Image from NOAA of work at sea under rough 
onditions. c 

Because gas exchange depends on 
such a variety of environmental 
factors, we are still not very good at 
working out what controls the transfer 
of gases across the sea surface.  One 
piece of information we really lack is 
what happens when it's really windy.  
This is because it's very difficult and 
not very safe to do field 
measurements when the ship you are 
sampling from is rocking and rolling all
over the place! 

 
 
Part 2: GAIA and CLAW 
 
GAIA - The Greek Goddess of the Earth 

In the 1960's the scientist Jim Lovelock suggested that all living matter 
on Earth acts together to keep our planet a fit place for life.  He, and his 
co-worker Lynn Margulis, proposed that the Earth has the ability to 
react to changes in conditions in such a way as to correct itself and 
keep conditions on Earth suitable for life.  Lovelock named this control 
system, Gaia, after the Greek Goddess of the Earth. 
  
Is there evidence for this whole Earth control system? 

The CLAW Hypothesis 

R. Charlson, J. Lovelock, M. Andreae and S. Warren (1987). Oceanic 
phytoplankton, atmospheric sulphur, cloud albedo and climate. Nature, 326, 
655-661.  
In 1987, Robert Charlson and his colleagues suggested that phytoplankton don't
just simply affect climate by producing the gas dimethyl sulphide (DMS) but 
actually play a role in regulating the climate of the Earth. The CLAW hypothesis 
(named after the authors of the paper) says that if a change in the temperature 
of the Earth occurs, for example due to global warming, phytoplankton respond 
to reduce this change. The authors idea was that if temperature increases, 
phytoplankton will grow more and produce more DMS.  The increase in 
DMS concentrations would subsequently lead to an increase in the amounts of 
sulphate aerosol in the atmosphere and these aerosols would both directly and 
indirectly cool the planet, reducing the initial temperature rise.   

The CLAW hypothesis is an example of a negative feedback loop where 
some mechanism acts to counteract the initial change in such a way to 
maintain the status quo.  Positive feedback occurs when the initial 
change is amplified by subsequent processes. 
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1. A simplified representation of the CLAW Hypothesis, an example of a negative climate feedback 
loop. DMS stands for dimethyl sulphide and CCN for cloud condensation nuclei.  Author: Lucinda 
Spokes. 

Do we have evidence to confirm the CLAW Hypothesis? 

All scientific studies conducted so far show that sulphate aerosols are important 
in climate control and models suggest that they do cause cooling.  Ice cores, 
which give a record of the Earth's past, show that sulphate aerosol levels in the 
atmosphere have changed in phase with climate cycles over glacial and 
interglacial time scales.  Recent studies have also shown that there is a link 
between DMS emissions and the number of cloud condensation nuclei (CCN) 
present in the atmosphere and that increases in the temperature of surface 
seawater do lead to increases in DMS concentrations in the air. 
So we now have evidence that some of the steps within the CLAW hypothesis 
are correct but we still don't know whether the system really operates as a 
negative feedback loop.  This makes it very difficult to represent the process in 
climate models and so we are still unsure quite how important DMS is to the 
cooling of our planet. 
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Food & Climate 

Basics 

 
Unit 1: 
Plants and climate 

Why is climate change of concern in agriculture? 

Agricultural success is dependent on climate because heat, light, and water are 
the main drivers of crop growth.  Plant diseases and pest infestations, as well as 
the water needed for irrigation, are also governed by climate. 
  
The total amount of food produced in the 
world varies from year to year, largely as 
a result of weather conditions.  Some 
agricultural regions are more sensitive to 
changes in weather than others.  The 
most sensitive regions are often in the 
developing countries where less advanced 
technology is available to prevent floods 
and to minimise the impact of droughts 
and where soils, terrain and climate are 
less suited to agriculture. 

What is the main task nowadays? 

The main task today is to identify the 
regions which are most likely to be 
vulnerable to climate change.  This will, 
hopefully, allow regions to adapt so that 
the impact of climate change is 
minimised. 
  
  

 
1. Farmland landscape in North America. 
hoto by USDA NRCS P 

 
 
 
Part 1: Plants and the environment 
 
As plants interact with the environment directly by exchanging water 
and energy, they are very sensitive to storms, droughts and floods.  
These weather events can severely damage crop yield.  In this unit we 
look at how plants are affected by changes in temperature, humidity 
and rainfall.
  

ESPERE Climate Encyclopaedia – www.espere.net - Food and Climate Basics - page 1 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 
1. How do plants interact with their environment? 
Picture from Heat Island Group. 
 

   

Probably the most important 
role of plants in the environment
is the production of oxygen (O2) 
and the absorption of carbon 
dioxide (CO2) from the 
atmosphere during the process 
of photosynthesis.  
Photosynthesis is the basic 
process for plant life. 

Plants also affect and change 
their surroundings to make 
them more suitable for growth. 

This picture shows some of the 
more minor ways in which 
plants interact with their 
environment.  Environmental 
conditions, such as light 
intensity, temperature, water 
availability and wind strength, 
affect plant growth.  Plants also 
modify the environment around 
them, they release water which 
cools the air, breakdown the soil 
to make it suitable for their 
roots and for other plants and 
animals and decrease the speed 
of the wind. 

As you know, plants need water to live and grow.  High temperatures reduce 
the availability of water and decrease crop yields.  Young plants are especially 
vulnerable to extreme weather conditions. 

Let´s now look at some of the mechanisms plants use to cope with extreme 
weather events such as high temperatures, floods or droughts.  
High temperatures 
High temperatures affect crops 
directly by increasing the rate at 
which they loose water (their 
evaporation rate), in the same way 
that high temperatures make us 
sweat.  Plants have very small 
pores, called stomata, spread over 
their leaves.  These stomata help 
the plants control how much water 
they contain.  In the picture you 
can see that the stomata are made 
up of two guard cells which open or 
close the pore depending on how 
much water the plant needs. During
dry periods, the guard cells are 
closed so that the plants do not 
loose too much water.  Under 
normal weather conditions, 
the stomata are open. 

 
2. How do stomata work?  
Picture adapted from from Paific Union College 
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Each plant type has different structural characteristics and so all plants don't 
grow well at the same temperature.  When the optimal temperature value for a 
particular plant is exceeded, the plant tends not to grow as well leading to a drop 
in yield.  Most plants are very sensitive to high temperatures,  although the 
extent varies depending on the age of the plant and its ability to withstand poor 
situations.  High temperatures also increase the amount of water lost from the 
soil by evaporation.  This also affects plant growth as the soil is their main source
of water. 

 
3. Plant roots. 
Adapted from Online botany module. 
Oregon State University. 

This picture shows the typical structure of 
plant roots.  It shows how the roots 
expand through the soil in search of 

ater.   w 

Precipitation  

Precipitation (rainfall) is the primary source 
of soil moisture, and rainfall amount is 
probably the most important factor 
determining the crop yield.  A change in 
climate can cause an increase or a decrease 
in the amount of precipitation which falls. 
  
  

Roots are one of the main ways plants get water from the environment.  In many 
parts of the world, plants have much longer roots than trunks or branches.  
Sometimes a bush that is only around 30 cm high can have roots that go as deep 
as two meters into the soil. This happens in places where there is not much rain 
during the year, like the deserts or the very arid dry regions of the world. 

As you can see in this picture, plant roots spread throughout the soil so that 
water can be taken up in different places at the same time.  The main roots have 
fine root hairs on them to allow water to be absorbed easily. 
Dry periods can badly affect plant growth but the amount of damage depends on 
the ability of the plant to expand its root system and how much water the soil 
can hold onto.  High humidity, frost and hail may also damage certain crops. 
High temperatures are normally accompanied by dry 
periods and both the warmth and the lack of water can 
have negative effects on plant growth.  Roots are unable 
to find water in the soil and stomata have to close to 
prevent water loss from the plant.  This causes the 
temperature of the plant to rise and this can damage the 
plant.  When plants struggle to grow because of high 
temperatures or lack of water, they are said to be under 
stress. 

Excessively wet years, on the other hand, may cause crop 
yields to fall.  The soil becomes waterlogged and the plant
roots rot in the excess water.  Intense bursts of rainfall 
may also damage young plants, both because of the hard 
impact of the rain drops on the tender plants and 
because heavy rain can cause soil erosion.  

  

 
4. Corn in the rain.  
Photo by USDA NRCS. 
Plants cannot live without 
water but storms, frost 
and hail may damage 
hem. t 
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Part 1: Distribution 
 
The distribution of crops over the world  

Humans have probably always recognised just how important climate is 
to life and to plant growth.  The earliest recorded documents which talk 
about plant development and distribution are more than 2000 years old.
Light intensity, temperature and water all affect where natural 
vegetation and crops grow on the Earth.
  
 

Growing characteristics of the world's main crops 

 

Characteristics Wheat Rice
Maize 
and 

Soyabean
Potatoes Apples Fibre 

crops

Main 
Producers

China 
India 

Europe 

Russia 

Asia 

China and 
India 

N. America 

S. America 

Asia 

  

China 

N. 
America 

Russia 

China 

Europe 

China 

India 

N. America 

Growing Areas Cold to 
temperate 

Temperate 
to hot 

Temperate 
to warm 

Cold to 
temperate 

Cold to 
temperate 

Temperate 
to warm 

Growing 
Season

Winter 
and/or 
spring 

All year Spring All year Summer Summer 

Water needs Low Very High High Medium to 
High Medium Low 

Use

Flour 

Bread 

  

Human 
food 

Human and 
animal food 

Human 
food 

Human 
food 

Clothes 
and other 
textiles 

Potential 
climate change 
impacts

Moderate: 
Shift 

northward 
growing 
areas 

Moderate: 
Shift 

northward 
growing 
areas 

Moderate 
to high: 

decrease in 
productivity 
from heat 

stress 

Low: shift 
the crop 
growing 
season 

and 
varieties 

Low: Shift 
northward 
growing 
areas 

Moderate 
to high: 

decrease 
in 

productivity 
from heat 

stress  
 

The table above shows the conditions needed for successful growth of different 
crop types.  Some crops are adapted to grow at very low temperatures, while 
others only grow in warm climates.  Compare this table with the next graph 
which shows the main growing areas for some of the most important crops in the 
world; wheat, corn, rice and soyabeans as well as apples, potatoes and fibre 
crops.  
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1. World production of the main crops in different regions. 
By Marta Moneo, data obtained from FAO. 
  
Now compare the first table with two 
maps of average temperature and 
average rainfall.  The table shows 
that rice will only grow in temperate 
areas with high rainfall and that 
China and India are the main 
cultivation areas.  The maps confirm 
that these areas have moderate 
temperatures and relatively high 
rainfall throughout the year. 

  

 
2. Annual average rainfall amounts around the 
world.  Obtained from FAO. 

From this picture gives a rough idea how rainfall 
amounts vary around the world nowadays.  Areas 
with highest average rainfall amounts are shown 
n green.  i 

 
3. Annual average temperatures around the world.
Obtained from FAO. 

This map shows the distribution of mean
temperatures around the globe.  Areas 
in blue are the coldest ones,  while the 
red colour marks the areas with warmer 
limates.   c 

Another example is wheat, which is 
also one of the main crops in the 
world.  It has very different 
growing characteristics to rice. Wheat 
doesn't need alot of water and can 
survive at fairly low temperatures.  
Look at the maps and figures and find 
out where most wheat is grown. 
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Distribution of rice production 

 

  
4. Rice production throughout the world (tons/year).  By Marta Moneo. 

This map shows rice production throughout the world. It confirms that most 
rice is grown in China and India, areas with moderate temperatures and 
relatively high rainfall amounts. 
  
Distribution of wheat production 

 

  
5. Wheat production throughout the world (tons/year).  By Marta Moneo. 

This map shows wheat production throughout the world.  The map shows that 
wheat is more adapted to different environmental conditions and can grow over 
much larger areas of the world compared to rice.  So, even though it grows best 
when it is warm with plenty of light and water, wheat can be grown successfully 
under less favourable conditions. 
 
Part 3: Diseases 
 
Weeds, Diseases, and Pests  

Climate also affects the growth of pests and the spread of diseases.  Since 
warmth, light and water are the main drivers for growth and development of 
insects and weeds, their distribution is influenced by climate.
  
Climate also affects the pesticides we use to control or prevent pest outbreaks. 
In a changing climate, pests are likely to become even more active than they 
are currently.  Even though there are alternative ways to control pests, it is 
likely that farmers will use more and more harmful agricultural chemicals in the 
future.  Increased use of these chemicals will be both ecologically and 
economically expensive. 
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1. Using pesticides to protect crops. 
hoto by USDA NRCS. P 

Response to climate variables  

In general, most pest species prefer warm
and humid conditions.  However a weak 
crop during a drought is more likely to 
become infected by a fungal infection 
than when it has enough water to be 
strong and healthy.  

  

Rainfall, whether optimal, excessive, or 
insufficient, is probably the most 
important variable that affects the way in 
which plants are affected by pests or 
diseases.  When there is too much or too 
little rain, it is really difficult to determine 
whether a drop in crop yield is due to the 
change in amount of water or due to pest 
infestation.  

Pink rot, sometimes also called water rot, 
occurs occasionally wherever potatoes 
are grown. This disease is most serious 
when warm, wet soil conditions occur 
during tuber formation and at 
harvest, especially when the crop is 
grown in poorly drained soil.  

 

 
2. Potato pink rot.   From The Ohio State 
University Extension Fact Sheet. 

Pink rot is one of the most common diseases 
affecting potatoes.  The name comes from the 
characteristic color the potato becomes when 
suffering from this disease. 

   

 
3. Locust pest.  Picture from 
FAO. 

   

Insects 

Insects flourish in all climates.  Their habitats and 
survival strategies are dependent on the local 
weather conditions, and, because they are cold 
blooded, insects are particularly sensitive 
to temperature changes. 
Insects respond to higher temperatures by 
increasing the rate at which they reproduce.  Warm 
winters reduce the number of insects which die 
over winter and, as a result, insect populations are 
higher in spring and summer. Abnormally cool, wet 
conditions can also bring on severe insect and plant 
infestations, although excessive soil moisture may 
drown insects which live in the soil.   

The Desert Locust causes international problems.  Frequent swarms of the 
locust travel huge distances from country to country destroying crops.  Since 
the earliest records, this pest has been considered a serious threat to 
agricultural production in Africa, the Near East and Southwest Asia and often 
requires large-scale control operations. 
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Weeds  

Weeds compete with crops for soil 
nutrients, light, and space. Drought 
conditions increase competition for soil 
moisture between crops and weeds, while
humid conditions increase the 
proliferation of weeds. 
High temperatures and humidity result in 
the spread of diseases and influence the 
lifecycle of soil worms called nematodes. 
Some disease causing agents survive in 
hot, dry conditions as long as there is 
dew formation at night.  
As autumn approaches and corn begins 
to mature and dry ready for harvest, 
weeds take advantage of the available 
sunlight and grow at full speed.  The 
Horsenettle is one of the most common 
weeds in corn in Mississippi and is 
extremely hard to eliminate.  
  

 
4. The Horsenettle weed which is commonly 
found in corn fields in the USA.  Photograph 
from the Mississippi agricultural and forestry 
experiment station. 
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Food & Climate 

Basics 

Unit 2: 
The climate change issue  

Climate change is an important environmental issue today.  Our actions now will 
affect the future of our planet.  We have to decide today what we want our future
to be like and how we go about achieving this aim. 
  

 
1. Sectors that would be seriously affected 
y climate change. b 

Changes in climate affect:  

Ecosystems. Both plants and animals are 
affected by the temperature and 
precipitation regimes where they live.  
For example, birds from Northern Africa 
migrate to Southern Europe in the the 
early summer to avoid the high summer 
heat in Northern Africa.  If Africa becomes 
hotter, the birds will have to migrate 
earlier in the season and will have to face 
a different environment in Europe and 
will have to compete with other species for
food.  These changes may result in habitat 
reduction and even the disappearance of 
some species.  

  
Food Production. The food we eat comes directly or indirectly from 
plant production. We eat plants directly (e.g. wheat, rice, potatoes, vegetables 
and fruits) or indirectly (by eating meat that comes from animals that have eaten
corn, soyabeans or grass). All plants are affected by the temperature and 
precipitation regimes where they are grown. For example, rice is the staple food 
for the Asian population. If southern Asia becomes too hot for rice cultivation, 
many people will be at risk of malnutrition.  

Water Resources. Rainfall directly affects the amount of water in rivers and 
lakes and temperature affects how the water evaporates and how it is used. 
Humans and ecosystems rely on the availability of water and many regions of the 
globe suffer severe water shortages now.  The health issues related to potential 
reductions in water quantity and quality are enormous.  
  
Economy. Almost all sectors of the economy are affected directly or indirectly by 
climate. A few examples include:  Insurance companies may not insure buildings 
in areas where flood risk increases.  Energy requirements for air conditioning will 
increase with great implications for the energy sector.  Tourism will also be 
affected.  Many winter sports resorts will close as less snow is predicted in the 
Alps. 
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Part 1: Climate change effects on plants 
 
What are the effects of climate change on plants? 

Increased carbon dioxide levels in the atmosphere as a result of climate 
change will alter global temperatures and rainfall amounts.  These 
factors will influence how well plants grow and affect food production.
  
Increases in temperature  

Higher temperatures cause heat stress in plants. This means they grow less 
and produce less crops. In some cases, the plants do not reproduce at all since 
excessive heat causes sterility of the pollen (the masculine reproductive part of 
the flowers).  
A temperature increase may be beneficial in areas which are very cold at 
present.  For example, in Siberia or Northern Europe it may, in the future, be 
possible to grow crops for longer periods of the year. 
Changes to our climate are happening more quickly now than they have ever 
done before in the geological past.  Plants will have to adapt to new climate 
conditions more rapidly than they have ever had to do so before.   
  

  
1. Maize fields.  Picture by Ana Iglesias. 

Images of corn fields in Zimbabwe during normal weather and during a drought period.  Compare 
these first two photographs with the third picture of a corn field in the USA.   Its really easy to see 
just how dependant the crop yield is on geographical location. 

Reduced rainfall - Drought  

Water availability directly affects the growth of plants and how much crop they 
produce. The pictures above show corn fields in Africa under normal weather 
conditions and during drought when nothing grows.  In most parts of Africa there 
is not enough water even in normal conditions for high crop yields.  In contrast, 
in the USA, corn is grown with enough water and difference in crop growth 
between the continents can be clearly seen. 
  

 
2. Flooded fields.  PIcture from Ana Iglesias. 

This photograph shows a clear line between land which 
was and wasn't flooded.  Until the soil dries out, 
othing will grow in the area which was flooded. n 

Increased rainfall 

Excessive rainfall results in floods.
Waterlogged soil causes plant 
roots to rot and heavy rainfall 
damages tender young plants.   
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Increased rainfall without flooding may be beneficial in very dry areas and allow 
limited crop growth. 

So changes in temperature and precipitation patterns as a result of climate 
change are likely to be bad for large areas of the world but may increase crop 
production in other regions.  However, one of the likely outcomes of climate 
change is also an increase in the severity of rain storms and droughts and both 
of these are likely to have large and devastating effects on agriculture. 

  
Increases in carbon dioxide levels in the air  

The increase in atmospheric carbon dioxide (CO2) levels resulting from fossil 
fuel combustion has a fertilising effect on most plants since CO2 is needed for 
photosynthesis (the biochemical mechanism of plant growth).  Photosynthesis 
converts carbon dioxide and water into the simple sugar glucose and emits 
oxygen, making it possible for animals to live on Earth.  Sunlight is the energy 
that powers this reaction. The basic equation of the process of photosynthesis 
is:  

6H O + 6CO  + light -----> C H O  + 6O  2 2 6 12 6 2

O2 is oxygen  CO2 is carbon dioxide  C H O6 12 6 is glucose  

  
Scientific experiments have shown 
that increasing atmospheric CO2 
levels leads to an increase in plant 
growth.  The photograph shows 
scientists investigating the effect of 
increased CO2 levels on 
wheat growth. 
  
You might think, therefore, that 
increases in CO2 emissions from 
fossil fuel combustion are a good 
thing for crop growth.  However, the 
negative effects of climate change 
are usually much larger than the 
positive ones. 
  

 
3. Scientists measuring the effect of CO2 on crops.  
From The Free-Air CO2 Enrichment Project (FACE).  
USDA. 

   
 
Part 2: Contribution of agriculture 
 
Contribution of agriculture to greenhouse gas levels  

There has been great intensification in agriculture in the last century.  
In most parts of the world, fields are huge and crop yields are high 
and agriculture relies on the use of machinery and pesticides.
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1. Contributions of different human activities 
to atmospheric greenhouse gas levels.  By 

arta Moneo.  Data obtained from FAO. M 

Although carbon dioxide 
(CO2), nitrous oxide (N2O) 
and methane (CH4) occur 
naturally in the atmosphere,
their recent increases 
in concentration are largely 
a result of human activities. 
The contribution of CO2 
released to the atmosphere 
by agriculture is between 15
and 20% of the total 
amount released by 
humans.  

Carbon dioxide, nitrous 
oxide and methane are 
all greenhouse gases and all 
contribute to the 
enhanced greenhouse 
effect. 

Use of fossil fuels  

Since modern intensive agriculture relies 
on machinery for most operations 
(ploughing, irrigation, harvesting, crop 
transport  and pesticide spraying), it 
uses much more energy than traditional 
farming methods.  17% of the total 
energy consumed in the USA is used to 
produce food (6% agricultural 
production, 6% processing and 
packaging and 5% for distribution and 
preparation).  This means that 
around 1500 litres of fuel are used per 
person each year just to supply their 
food. 
  

 
2. Use of fossil fuels for agricultural 

achinery. Picture from USDA. NRCS. m 

Carbon dioxide in soils and forests  

It's not only fossil fuel use that emits greenhouse gases into the atmosphere.  
Intensive ploughing of agricultural land and deforestation are also very effective 
ways to increase CO2 emissions.  
Forests take up huge amounts of CO2. Vegetation needs to absorb CO2 in order 
to grow (through photosynthesis) and trees need much larger amounts than 
simple crops as they have to develop much bigger structures.  Forests also keep 
moisture levels quite high and his helps water storage.  So loss of forested areas 
means that less CO2 is taken out of the air and stored in plant tissues and it also 
means less water is stored.  In addition, decomposition of the trees and other 
plants once they have been cut down releases large amounts of CO2 back into 
the air.  Almost 15% of all greenhouse gases emissions are thought to come 
from the destruction of forests. 
Soil contains a large amount of organic matter and is, therefore, also an 
important carbon store.  When the soil is intensively ploughed, more oxygen can 
get into it.  This extra oxygen increases the rate at which the organic matter is 
broken down into CO2. 
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Changes in the size of tropical forests between 1990 and 1995  

Annual change       (millions of ha)         [%]  
 

Tropical Africa           -18.5                -0.7  
Tropical Asia              -15.3                -1.1  
Tropical America        -28.5                -1.3  

Reduction in forest area over the world between 1990 and 1995 (Font: FAO 
1997).  To get a better idea quite how large these annual losses of forest area 
are; 30 million hectares is approximately the size of Italy, Poland or Norway! 
  
Nitrous oxide and methane from farming wastes  

Nitrous oxide (N2O) is produced biologically in soils, water and animal wastes. 
Over the last two centuries, human activities have increased N2O concentrations 
by 13%. The main sources of N2O are fossil fuel combustion, agricultural soil 
management, industry and the use of nitrogen based fertilizers. 
The main sources of methane (CH4) are ruminant livestock (cows and sheep) and 
rice cultivation. Fluxes of greenhouse gases from animals are very different from 
place to place depending on the species, their diet, whether they are kept outside
or in barns and on other environmental conditions.  We are not really sure at the 
moment which factors are the most important in governing methane emissions 
from livestock. 
  

 
3 . Rice cultivation in Philippines 

Rice and methane production  

Why is rice production such a big source of 
methane? Methane (CH4) is produced by 
microscopical organisms which grow in 
anaerobic conditions.  Anaerobic means that 
there is no oxygen present.  Anaerobic 
conditions occur in waterlogged soils.  Rice is 
grown in flooded fields so rice paddies are an 
ideal environment for these methane producing 
organisms to grow.  About a third of the total 
amount of methane in the atmosphere comes 
from agricultural sources. 
  

What can agriculture can do about greenhouse gas emissions? 

As we have just seen, agriculture is a large producer of greenhouse gases.  With
a little effort this could be changed.  Agriculture can help to reduced greenhouse
gas emissions by adopting practices that allow more CO2 to be stored in soils, 
crops and trees by ploughing less and slowing the rate of deforestation.   
Further reductions in greenhouse gas emissions could be achieved by using less 
fossil fuels.  More effective use of chemicals would lead to "cleaner" agriculture. 
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Dry cultivation of rice would reduce methane emissions but rice yield would 
decrease dramatically so this isn't a very viable solution given our growing 
world population.  However, development of rice varieties which need less water
and better water management may reduce methane emissions in the future.   
Changing agricultural practices could reduce overall agricultural related 
emissions of greenhouse gases by up to 35% by the year 2020.  
 
Part 3: Future food production 
 
What could happen to food production in the future? 

Food production in the future will be affected by changes in biophysical 
conditions (temperature, precipitation and atmospheric carbon dioxide 
levels) and changes in socio-economic factors such as population 
growth and technological advances. 

 
1. Results of models showing possible crop 
yields in the future. 
ource Rosenzweig and Iglesias, 2002. S 

Biophysical effects of climate change on 
food production will be positive in some 
regions and negative in others, and these 
effects will vary through time.  

Socio-economic factors influencing food 
production include changes in population 
size, changes in food prices, changes in 
trade agreements and the possibility of 
adaptation.  

Scientists combine different mathematical 
models (climate, agricultural, and 
economic models) to predict the possible 
impacts of global climate change on 
regional food production.  The figure 
shows the results obtained using the 
Hadley climate model for the years 2020, 
2050 and 2080 (for further explanation on 
how this model works, see the "read 
more" section). 

To interpret the maps we have to 
remember that the results obtained 
depend on climate, the effect of CO2 levels
on crop growth and changes in 
socioeconomic conditions.  For example, 
in developed countries lower rainfall levels 
can be overcome through irrigation but 
these technological solutions are not 
necessarily possible in less developed 
countries. 

The maps show that increased temperatures in many parts of Africa will reduce 
food production.  The decrease in rainfall in Australia will reduce crop yields but 
this decline can be overcome by irrigation in some cases.  The increase in rainfall 
combined with a moderate increase in temperatures in North America may 
benefit food production there. The maps show that the burden of climate change 
is likely to fall disproportionately on the poorer countries of the world. 
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Factors influencing future food production: 

Scientists always stress that predicting the future is very difficult and its even 
more difficult to predict changes in food production than it is climate.  Click on 
the pictures below to help you understand what factors have to be taken into 
account when we try to predict how climate change will affect food production. 
a) in developing countries

      
 
b) in the developed industrialised world

      
 

1. Demography - How will the population on our planet develop? How many 
people have to be fed? Compare the numbers and projections for two 
industrialised and two developing countries [source: US census].  

2. Technical state - Is engineering know-how, financial backing and technical 
equipment available to mitigate the impacts of climate change? Compare 
countries where people get the water from public wells to modern drip 
irrigation using carefully each drop of water!  

3. Infrastructure - What means are available to overcome local or regional 
food scarcity of food? Compare, for example the transport sector.  

4. Trade - How fair is trade?  Compare what producers, traders and sellers 
earn.  Look at how the price of coffee changes from production to sale in 
western shops.  

5. Markets - How do markets develop and what happens when goods 
become temporally scarce due to floods or droughts?  Think 
about the distance an item of food travels to a local market in Niger and 
to a big grocery store in the USA. 

  
Image sources for the figure series: 
1. Data from US census population statistics, graph by Elmar Uherek. 
2., 3., 5. Images from or near Agadez / Niger by Peter Hilty. 
2. Photograph of a drop irrigation system by Alison Clayson for UNESCO. 
4. Data from Oxfam 2003, graph by Elmar Uherek. 
5. Photograph of a US grocery store by Denise Daughtry. 
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Food & Climate 

Basics 

Unit 3: 
Drought in the Mediterranean  

Drought is a severe problem in the Mediterranean due to the huge growth 
in population in the region and the resultant increased need for water for 
agriculture and life.  It has also proved very hard to change people's habits in 
order to reduce water consumption.  
  

  
1. Limits of the Mediterranean basin.  Source FAO. 

What is exactly the Mediterranean basin?  

This map shows all the countries which make up the Mediterranean basin.  They 
include countries in Southern Europe, in  Northern Africa and countries on 
then east coast of the Mediterranean Sea, including Turkey, Lebanon, Syria, 
Israel and Jordan.  
Although these countries are very different from one another culturally and 
politically, they share a similar climate with very particular characteristics.  The 
impact of climate change on agriculture in all of these countries will be similar 
and a common solution would be to improve water use in this very important 
sector of the economy.  
One major problem we have a the moment is forecasting exactly when a drought 
or flood will occur.  This makes it very difficult to decide how to use water 
sensibly. 
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This satellite image shows the Mediterranean basin from 
space and gives a good idea how water is distributed in this 
region.  Its easy to see the green areas with high plant 
growth in Northern Europe, turning into brown areas with 
low plant growth in Southern Europe and the desert areas in 
North Africa.   

  

 
2. Normalized Difference Vegetation 
Index (NDVI).  G. Begni, MEDIAS-
rance. F 

 
 
Part 1: What is Drought?  

Drought is a normal feature of our climate.  Droughts happen nearly 
every year in many areas of the world.
  
It is important to differentiate between aridity and drought.  Arid areas, such as 
the deserts, have permanently low rainfall amounts, while droughts are 
temporary dry periods.  It's possible to have a drought event in the Amazon 
Rain Forest and this certainly isn't an arid area! 

  

  
1. Comparison between an arid zone (left) and a humid area suffering from drought (right).  
Pictures by Ana Iglesias. 

It is hard to define drought because it means something different in different 
areas of the world.  In a very arid region there has to be a really long period 
without rain for it to be considered a drought event.  However, in tropical areas 
six days without rain is a period of drought.   

The definition of drought, therefore, depends on the place on Earth where we 
are.  Is this definition good enough?  Not really!  The definition of drought also 
depends on the demand that people living in the area place on the water 
resources.  This, of course, depends on the number of people living in the 
region.  Think about it.  If there is a period of reduced rainfall, but nobody lives 
in the area, can we really say this is a drought?  It is, because rainfall amounts 
are less than normal but no one has been affected by the reduction.  On the 
other hand, there might be a reduction in rainfall in a very populated area 
where local agriculture is a very important food source.  We would, of course, 
consider this a drought and the consequences of this would be large both 
because water is needed for human life and for animals and crops. 
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Whatever the definition, it is clear that drought cannot be viewed solely as a 
physical phenomenon since it's impact depends on how much water is needed 
by society.  The presence of humans often exacerbates the impact of drought.  
Recent droughts have brought home the vulnerability of all societies to this 
“natural” hazard.   How vulnerable a part of the world is to drought depends on 
it's climate, it's type of agriculture, how developed it is and how it manages it's 
water resources. 

 
Drought in the Mediterranean  

Drought is a severe problem in the Mediterranean.  International conventions 
and Institutions such as the World Bank and the International Water Forum all 
consider the area in need of special attention due to problems resulting from its 
vulnerability to drought and its requirements for better water management. 
Although countries in the Mediterranean region are very different from one 
another, a common solution to all of them would be to improve the use of water 
in agriculture, which is the most important economic activity in these countries. 
Many possible solutions are being studied, the use of groundwater resources in 
times of drought, the construction of surface water reservoirs and economical 
solutions.  These include increasing the price of water or creating "water 
markets" so that large water users can sell unused water credits.  
 
Part 2: Causes and types of drought? 
 

Types of drought  

We can define drought in three main ways:

· Meteorological drought: related to rainfall amounts  
· Hydrological drought: determined by water levels in reservoirs  
· Agricultural drought: related to the availability of water for 
crops  

Meteorological Drought 
  
Meteorological drought is 
generally defined by comparing 
the rainfall in a particular place 
and at a particular time with the 
average rainfall for that place.  
The definition is, therefore, 
specific to a particular location.  
Meteorological drought leads to a 
depletion of soil moisture and 
this almost always has an impact 
on crop production. 
  
When we define drought this 
way, we only consider the 
reduction in rainfall amounts and 
don't take into account the 
effects of the lack of water on 
water resevoirs, human needs or 
on agriculture. 

  
1. Yearly averages of precipitation in Spain.   
Adapted from "Libro Blanco del Agua" Spain. 

From this graph it's easy to see the years with very low 
rainfall in Spain.  During the 1990's, the whole country 
suffered one of the worst droughts in many years.  The 
lowest rainfall was seen in 1995. 
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Over the last three decades, spring rainfall has decreased in many Mediterranean 
areas causing severe drought related problems.  From 1951 to 2001 rainfall 
amounts decreased in most areas of Spain, particularly in the Central and 
Southern regions.  Drought affected more people than any other natural disaster 
over the same period.  The worst year was in 1995 and over six million people 
were affected by the drought in that year alone. 

  

 
2. Reservoir levels. From CEDEX. 
 
In this picture you can see how the drought that affected Spain 
during the first half of the nineties also affected the water level in 
reservoirs.  In 1995 the volume of water held in the reservoirs 
was only about 10% of their total capacity.  

   

Hydrological Drought 
  
Hydrological drought is 
associated with the effect
of low rainfall on water 
levels in 
rivers, reservoirs, lakes 
and aquifers. 
Hydrological droughts 
usually are noticed some 
time after meteorological 
droughts. First 
precipitation decreases 
and, some time after 
that, water levels in 
rivers and lakes drops. 
  
Hydrological drought 
affects uses which 
depend on the water 
levels.  Changes in water 
levels affect ecosystems, 
hydroelectrical power 
production and 
recreational, industrial 
and urban water use. 
  
  

Agricultural drought.  

Agricultural drought occurs when there is not enough water available for a 
particular crop to grow at a particular time. This drought doesn’t depend only in 
the amount of rainfall, but also on the correct use of that water. Imagine a 
period of low rainfall where water is used carelessly for irrigation and other 
purposes.  Under these circumstances, the effect of the drought becomes more 
pronounced than it was before.  
Agricultural drought is typically seen after meteorological drought (when rainfall 
decreases) but before a hydrological drought (when the water level in rivers, 
lakes and reservoirs decreases).  
It is important to mention that the effects of droughts are different in irrigated 
and non-irrigated agriculture. In regions which rely on irrigation, the impacts of 
short lived agricultural droughts are usually lower than in regions where crops 
are not irrigated.  Irrigated agriculture relies on stocks of water so if it doesn't 
rain, these crops still get the water they need (until the resevoirs run dry).  
However, in non-irrigated agriculture crops depend directly on the rain as their 
water source.  If it doesn't rain, the crops don't get the water they need 
to survive. 
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3. Rainfall and agricultural production.  Adapted from “Libro blanco del Agua” Spain. 

This graph shows the total rainfall for different years in Spain and the total agricultural production 
(irrigated and non irrigated agriculture).   The year 1995 saw the lowest rainfall in Spain in the 1990's 
and this graph shows how agricultural production suffered from the lack of water. 

  
 

Part 3: Drought and fire  

Many scientists agree that one of the consequences of climate change 
will be an increase in the number and severity of forest fires and that 
this increase will be related to changes in rainfall amounts and increased 
temperatures.

  

In humid tropical areas during the 1990's, major fires 
occurred in the Brazilian Amazon, in Mexico and in 
Indonesia.  These fires were particularly severe during El 
Niño episodes and were associated with significant 
droughts in these countries.  

So what are the main factors required for fire? 

· The presence of fuels.  
· Low moisture levels.  
· Winds. 

 
1. Forest fire in 
Portugal,  2003.  
EUROPA-PRESS. 
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In a world affected by climate change, computer models predict an increase 
in extreme weather events and larger differences between dry and wet 
seasons.  It is likely that more plants will grow during the wet season as water 
levels increase and that rates of evaporation will become higher during the dry 
seasons.  These high rates of water loss will dry out the increased amounts of 
plant material, generating large amounts of flammable material.   

  
These conditions already occur in some areas of the world.  For example, the 
Mediterranean has rainy winters while the summers are very hot and dry. 

The maps below show that the summer of 2003 had just half the normal 
amount of rainfall and higher than average temperatures.  Forests became very 
dry and fires covered huge areas of Spain and Portugal (here around 325000 
hectares burnt, an area larger than the whole of Luxemburg!). 

  

  
2. Changes in temperature and precipitation in Europe during the summer of 2003. 
Source. NOAA. 

Predictions are that climate change will increase the risk of forest fires.  However 
most forest fires (around 95%) are started by human activity, some 
intentionally.  All fires cause a reduction in the ecological diversity of the land. 
  
Fires are part of the natural seasonal cycle of forest growth, but the IPCC has 
listed a number of places where fire activity has significantly increased over the 
last decade, exceeding the expected number of natural fires.  
  
Fire frequency is expected to increase with human-induced climate change, 
especially in places where rainfall is reduced or remains the same. The use of 
models has also suggested the increase in risk, frequency and severity of fires in 
Europe.  
  
The most direct consequence of this change in fire pattern will be the changes in 
structure and composition of forests, changes in land use patterns and increased 
emissions to the atmosphere.  Have a look in the Lower Atmosphere Unit for 
more about emissions to the air from biomass burning. 
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3. a) Fire in the South of Spain, 2003-08-28. 
Source: MODIS satellite image. 
   

 

 
b) Fire in the South of Portugal 2003-09-13. 
ource: MODIS satellite. S 
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Food & Climate 

Read more 

Unit 1: 
Past and Present 

Why is climate change of concern in agriculture? 

While agriculture is a complex sector, the system is still strongly dependent on 
climate, because heat, light, and water are the main drivers of crop growth.  
Plant diseases and pest infestations, as well as the availability of water for 
irrigation, are also governed by climate. 
  
World food production varies by several percent 
from year to year, largely as a result of 
weather conditions.  Some agricultural regions 
are more sensitive to changes in climate than 
others.  The most sensitive regions are often in 
the developing countries where less advanced 
technology is available to minimise the impact 
of droughts and floods and where soils, terrain 
and climate are less suited to agriculture.   
  
A key task facing those concerned with 
conducting climate impact assessments is to 
identify those regions most likely to be 
vulnerable to climate change.  This will, 
hopefully, allow countries to adapt so that the 
impact of climate change is minimised. 
  
  
Additional reading 
  
Rosenzweig, C., A. Iglesias, X.B. Yang, E. 
Chivian, and P. Epstein. 2000. Climate Change 
and US Agriculture: The impacts or warming and 
extreme weather events on productivity, plant 
diseases, and pests. Center for Health and the 
Global Environment, Harvard Medical School, 
Cambridge, MA.  
 
  

 
1. Farmland landscape in North 
America. 
Photo by USDA. NRCS 
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Part 1: Crops 

Extreme meteorological events, whether related to the El Niño 
phenomenon, other large-scale forcing factors or simply the result of 
the chaotic nature of the climate system can have strongly detrimental 
effects on crop yields. 
  
Higher temperatures increase the demand for water by crops directly: 
1. by increasing rate at which water evaporates from soil 
2. by increasing the rate at which plants loose water by evapotranspiration. 
Higher temperatures also means that the air can hold more water. 

  
1. Energy exchange between vegetation and the atmosphere.   From Piker et al.  This diagram 
shows that plants interact with the surrounding air by absorbing energy and by emitting part of this 
energy as latent heat or through evapotranspiration. 

Higher temperatures also affect crops indirectly.  As temperatures increase, the 
rate at which organic matter is broken down in soils also increases.  This leads 
to lower soil organic matter levels and results in lower soil moisture retention, 
both factors leading to reduced crop growth.   

Both direct and indirect temperature effects threaten crop yields. Plants in the 
early stages of development are especially vulnerable to extreme weather 
events. 

  
High temperatures 

When the optimum range of temperature values for a crop in a particular region 
is exceeded, crops tend to respond negatively, resulting in a drop in yield. The 
optimum temperature varies for different crops.  
Most crops are sensitive to episodes of high temperature. If air temperatures 
between 45 and 55oC persist for at least 30 minutes, direct damage to leaves 
almost always occurs.  Even lower temperatures (35 to 40oC) can be damaging 
if they persist for longer periods of time. Temperatures greater than 36oC cause 
corn pollen to lose viability, whilst temperatures around 20oC depress tuber 
initiation and bulking in potatoes.  
The vulnerability of crops to damage caused by high temperatures varies with 
the plant developmental stage. High temperatures during reproductive 
development are particularly injurious - for example, to corn at tasseling, to 
soyabeans at flowering, and to wheat at grain filling. Soyabean is one crop 
which seem to be able to recover from heat stress, perhaps because it grows 
continuously.  
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Rainfall 

Rain is the main source of soil 
moisture and the amount of 
rain is probably the most important 
factor determining the productivity of 
crops. While global climate models 
predict an overall increase in 
average global rainfall, their results 
also show the potential for changed 
hydrological regimes (either drier or 
wetter) in most places.  
A change in climate can cause 
changes in total seasonal rainfall 
amounts. The water regime of crops is 
also vulnerable to a rise in the daily 
rate and seasonal pattern of 
evapotranspiration.  This can come 
about as as result of warmer 
temperatures, dryer air, or windier 
conditions.  

 

  
2.Corn affected by excessive humidity.  Harold 
aufman, TAEX, 1996. K 

Droughts not only result from low rainfall but can also occur if less than average 
amounts of snow falls in the winter and higher temperatures cause the snow to 
melt early.  In arid regions these effects may reduce the amount of water in 
the rivers and therefore the amount of water available for irrigation during the 
growing season.  Periods of high relative humidity, frost, and hail can also affect 
the yield and quality of fruits and vegetables (especially corn and other grains).  

Crop yields are most likely to suffer if dry periods occur during critical 
developmental stages such as reproduction. In most grain crops, flowering, 
pollination and grain-filling are especially sensitive to water stress. For example, 
the effects of drought can be minimised by early planting of cultivars with rapid 
rates of development and weed control can help to conserve moisture in the soil. 

  

 
3. Measurement of soil moisture by 
comparing the soil colour with a test 
paper. 
Photo by USDA NRCS. 

  
   

Temperature stress and water stress often occur 
simultaneously, with one contributing to the 
other. These stresses are often accompanied by 
high light intensities and strong winds.  When 
crops are subjected to drought, they close their 
stomata to minimise water loss by 
transpiration.  This increases their internal 
temperature and this temperature rise can 
cause damage to the plant.   

Excessively wet years, on the other hand, may 
cause crop yields to fall.  Waterlogged soils 
cause plant roots to rot and encourage pests.  
Intense rain storms damage young plants and 
cause soil erosion.  The extent of crop damage 
depends on the length of time it rains, how long 
the fields are flooded, the developmental stage 
of the crop and the air and soil temperatures.  
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Table1. Effect of high temperatures and soil moisture on major crops. 
Corn 
- Temperature higher than 36ºC causes pollen to lose viability. 
- Extremely sensitive to soil moisture loss.  
- Very intolerant to flooding at nearly every stage of growth; the effect of 
flooding depends on temperature. When the crop is less than 6 inches high, 
24 hours of flooding reduces the yield by 18% at any temperature. 
- Continuous presence of excessive water in the soil causes long-term 
problems related to rot and increased damage by diseases (e.g., crazy top 
and common smut). 
Soyabean 
- Soil temperature higher than 35ºC at planting cause seedling death. Very 
sensitive to temperatures above 35ºC during the first three weeks after 
bloom. Great ability to recover from temperature stress at other times. 
- Sensitive to soil moisture deficits and drought at planting and other stages. 
- Relatively tolerant to excess soil humidity, but saturated soils increase the 
risk of seedling diseases especially at temperatures above 32ºC. 
Wheat 
- Flowering, pollination, and grain-filling stages sensitive to water stress. 
- Excess soil moisture causes lodging, and increases risk of fungal 
infestations. 
Cotton 
- Temperatures above 40ºC for more that 6 hours causes bolls to abort. 
- Relatively tolerant to temperatures under 40ºC. 
- Sensitive to soil moisture deficits and drought at planting and flowering. 
Requires at least 20 inches of rain per growing season. 
- Excess rainfall at maturity reduces the quality of crop.  

 
 
Part 2: Diseases 
 
Weeds, diseases and pests  

Climate affects not just agricultural crops but their associated pests as 
well. The spatial and temporal distribution and proliferation of insects, 
weeds and disease causing agents is determined to a large extent by 
climate, because temperature, light, and water are major drivers for 
their growth and development. 
  
Climate also affects the pesticides we use to control or prevent pest 
outbreaks.  For example, the intensity and timing of rainfall events influences 
how long a pesticide remains active and temperature and light affect how quickly 
a pesticide is broken down.  Most studies agree that, in a changing climate, pests 
are likely to become more active than they are currently and their geographical 
ranges are likely to expand.  It is likely, therefore, that more and more 
agricultural chemicals will be used in the future.  Increased use of these 
chemicals will be potentially damaging to our health and be ecologically and 
economically expensive. 
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1. A multi-colored Asian lady 
beetle searches for prey on a 
blooming pear tree.  Michigan 
State University.  
www.imp.msu.edu/asian 
ladybettle.htm 

   

Response to climate variables  

Because different pests respond differently to 
changes in weather, it's hard to make any overall 
conclusions about the effect of climate change on 
pest growth. In general, however, most pest 
species prefer warm and humid conditions and a 
weak crop during a drought is more likely to 
become infected by a pest than when the plant is 
growing well.  
Crop damage by pests is usually a consequence 
of complex ecological dynamics between two or 
more organisms.  An example of this complexity 
is the multi-coloured Asian lady beetle.  This 
beetle is native to Asia but has adapted to 
climates and habitats in many different 
countries.   On one hand, Asian lady beetles are 
an important natural defence against aphids and 
other pests but large numbers cause damage 
to fruit crops late in the season.   So to benefit 
from the natural defence against aphids provided 
by the Asian lady beetle, it is important to 
carefully target pesticide use or employ other 
management tactics. 

Rainfall, whether optimal, excessive, or insufficient, is probably the most 
important variable that affects the way in which plants are affected by pests or 
diseases.   Both direct and indirect effects of moisture on crops make the 
crops vulnerable to pest damage and this is particularly true in the early stages 
of plant development.  

Pest infestations often coincide with changes in climate, such as early or late 
rains, droughts, or increases in humidity and all of these factors can, in 
themselves, reduce crop yields.  Under these circumstances, attributing specific 
losses to pests can be difficult. Table 1. shows key weather conditions that 
critically influence major pest epidemics and gives examples of the crop damage 
which can result.  
Insects 

Insects flourish in all climates.  Their habitats and 
survival strategies are strongly dependent on 
local weather patterns and they are particularly 
sensitive to temperature because they are cold-
blooded.  Insects respond to higher temperatures 
with increased rates of reproduction. Warmer 
winters reduce winterkill, and, as a result, 
increase insect populations in subsequent growing
seasons.  
Drought changes the growth and development of 
the host species from which insects feed and can 
reduce populations of friendly insects and spiders 
and birds.  This increases the impact of pest 
infestation. Abnormally cool, wet conditions can 
also bring about severe insect and plant pathogen 
infestations, although excessive soil moisture 
may drown soil-residing insects.  

 
2. Typical cereal aphid.  The 
damage caused by the aphid to the 
cereal plant lowers the plant's 
defences against other diseases or 
even against adverse weather 
ituations (20 x magnification). s 
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Weeds  

Weeds compete with crops for soil nutrients, light, and space. Drought conditions 
increase competition for soil moisture between crops and weeds, while humid 
conditions increase the proliferation of weeds. Warmer temperature regimes have
been shown to increase the amount of grass weeds. Increased temperatures and 
humidity increase the spread of diseases, as wet vegetation promotes the 
germination of spores, the proliferation of fungi and bacteria and influences the 
lifecycle of soil nematodes. Some pathogens (e.g., powdery mildews) thrive in 
hot, dry conditions as long as there is dew formation at night.  
Most of the species classified as weeds are plants that can also be classified 
as pioneer species.  These pioneer species have a great ability to adapt to a wide 
variety of environmental conditions, are the first plants to colonize new areas and
can survive in tougher conditions than many commercial species. 
  
Table 1: Effect of weather on pest damage and examples 
1. Floods and heavy rains
1.1. Increased moisture encourages epidemics and prevalence of pathogens. 
 - Rice leaf blight caused great famine in Bengal (1942), 2 million people died.   
- Wheat stripe rust outbreak contriubuted to the 1960's famine in China. 

1.2. Water induced soil transport increases spread of pathogens to non-
infected areas. 
- Outbreak of soyabean sudden death syndrome in the north central U.S.A. 
(1993). 
1.3. Continuous presence of excessive water in soil causes long-term problems 
related to rot and increases damage by pathogens. 
2. Drought
Water stress reduces plant growth and alters the relationship of nutrients 
carbon and nitrogen lowering plant resistance to nematodes and insects. 
Attack of stems and roots by fungal pathogens favored by weakened plants. 
Dry and warm conditions promote growth of insect populations, increasing viral 
epidemics. 
- Summer locust outbreak correlated to drought in Mexico (1999). 
3. Air currents
Air currents provide large-scale transportation for disease agents (e.g., spores 
of fungi) or insects from overwintering areas to attacking areas. 
- Spread of the southern leaf blight of corn from Mississippi to the Midwest by 
a tropical storm in the Gulf of Mexico during 1970.  
4. Warm winters
Increase of over wintering populations of all pests and insect vectors. 
- Increased populations and number of generations of Mexican bean beetles 
and bean leaf beetles in the U.S.A. 

 

 
3. Locust plague.  Photo by 

eraldo de Aragon. H 

Recent expansion of weeds, diseases and pests 

Increases in pest-induced losses have been 
seen throughout the world since the 1940's.  Over 
this period there has also been a huge increase in 
both the amount and toxicity of pesticides used.  
Increased pest damage results from changes in 
production systems, enhanced resistance of some 
pests to pesticides and the increased growth of crops 
in warmer and more humid regions where crops are 
more susceptible to pest infestations.  
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The ranges of several important insects, weeds and pathogens have extended 
and expanded northwards. Recent climate trends and extreme weather events 
may directly and indirectly contribute to increased pest damage. Whether the 
change in global climate has contributed to these observations remains unclear.  

Even without climate change, pest management faces some serious challenges 
over the coming decades. The most striking of these are the increasingly high 
dependence on chemical treatments and rising costs due to environmental 
protection and public health policies. Improved climate forecasts can help 
farmers prepare for changing seasonal-to-interannual conditions, and optimize 
pesticide management while minimizing environmental damage. 

  
 
 
Part 3: History 
 
Effect of major historical climate events on food production  

Changes to our climate can have severe impacts on society. 
  
The Irish Potato Famine (1846-
1850)  

Late blight (black rot) of potatoes by 
the fungus Phytophthora infestans 
destroyed Irish potato crops in the 
1840's.  This led to one of the worst 
famines in Irish history.  In the 19th 
Century most people in Ireland worked 
on the land and their diet was almost 
entirely potato based. As the 
epidemics increased and destroyed the 
potato crop, the price of food soared and 
many people starved. 
Late blight is still one of the most 
important potato diseases today and 
epidemics continue to be highly 
correlated to weather conditions. 
  

 
1. Many people left Ireland to start new lives 
abroad, particularly in America.  London 

ews, July 6, 1850. N 

As well as being their staple diet, people also used potatoes to pay their rent to 
their landlords.  Landlords evicted hundreds of thousands of people from their 
homes and many of these people emigrated to America and other English-
speaking countries.  

People who ate the rotten produce became ill and entire villages were infected 
with cholera and typhus.  Many of the people who emigrated died on the 
crowded ships.  Around one million people died during the Irish Potato Famine 
of 1846-1850 from hunger and disease.  The famine profoundly changed the 
social and cultural structures of Ireland, Britain, and the United States of 
America. 
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The 1943 Famine in Bengal  

Almost 100 years after the potato famine in Ireland another fungus, 
Helminthosporium oryzae, caused famine in British ruled Bengal (now part 
of Northeast India and Bangladesh). This fungus causes brown spot in rice.  In 
1942-1943 weather conditions were exactly right to encourage an epidemic of 
the disease and the fungus caused almost complete destruction of the rice 
crop.  Malnutrition and starvation resulted in the death of over two million 
people.  
Severe food shortages were not only the result of fungal infestation of rice crops
but also the ending of rice imports from Burma following the Japanese 
occupation of the country.  Many economic factors also contributed to the 
Bengal famine. The economy was undergoing wartime inflation. Farmers and 
rural people were at a disadvantage because they made most of their money 
at harvest time, before rice prices began to soar.  Since their wages did not 
increase as rice prices increased, they were less able to purchase food.  
  
Recent events in USA  

Extreme weather events happen in every agricultural region of the US and occur
somewhere in the country almost yearly.  Over the past three decades, 
significant decreases in crop production as a result of unfavourable or extreme 
climate events have occurred in the United States of America.  Droughts were 
most common during the early part of the period, with floods dominating in the 
1990's. The most severe weather related events for US agriculture were a 
drought event in 1988 and a large flood in 1993.  
Because the US is highly developed and its agricultural industry is highly 
diversified, the government has been able to prevent great human suffering as 
a result of these extreme weather events. 
 
  

 
2. Soil under drought conditions.  Photo by USDA 

RCS. N 

The drought of 1988 

The severe drought which occurred 
in 1988 in the U.S. Midwest started 
early in the spring, continued 
throughout most of the summer and
was accompanied by higher than 
average temperatures.  It spread 
to the Central and Southeastern 
parts of the nation and 
affected agriculture, water 
resources, transportation, tourism, 
and the environment. Crop yields 
dropped by approximately 37% and 
required a $3-billion bailout by 
Congress to affected farmers.  
  

Crop pests increased as well, resulting in spotted spider mite (T. urticae) 
infestations of soyabeans throughout the entire Midwest region.  The damage 
occurred during the critical growth stages and an estimated 3.2 million hectares 
were sprayed with insecticides to control the mites across the region.  Losses to 
Ohio farmers were estimated to be between $15 and 20 million.  

ESPERE Climate Encyclopaedia – www.espere.net - Food and Climate More - page 8 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 

 

The drought conditions led to decreased river flows in the Ohio River and the 
lower half of the Mississippi River by the end of May.  Mid-summer barge 
movements were restricted on the major rivers that drain the central U.S.  The 
depth of the river near Cairo, Illinois fell to less than 8 feet in mid-June. The 
reduced river flows caused a decrease of 25% in hydroelectric power generation 
and a decrease of 15% in the recreational use of rivers and lakes.  Salty water 
from the Gulf of Mexico, reached 105 miles up the Mississippi River all the 
way past New Orleans. 

  
The Flood of 1993  

Flooding in the summer months of 1993 affected 
16,000 square miles of farmland in the US, with 
Nebraska, Iowa, and Michigan hardest hit.  Over 
11 million acres of crops were damaged.  Losses 
were estimated to be over $3 billion 
and emergency measures cost over $222 
million.   
  

 

  
3. River during the floods in North 
merica. Photo by USDA NRCS. A 
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Food & Climate 

Read more 

Unit 2: 
Predicting the Future   

More than 500 million people today suffer from malnutrition and are at risk of 
starvation.  One of the great challenges for all of us in the 21st Century is to 
reduce poverty and produce enough food for our growing  global population. 
  
This challenge becomes harder to achieve as the world population exceeds six 
billion and as land, water and genetic resources are damaged through overuse.  

There is great concern that climate change will have negative impacts on 
agricultural production and will increase the number of people at risk of 
starvation.   These concerns are especially important in areas which are 
vulnerable to droughts and famines.  These areas tend to be those where 
population numbers are still rising so the impact of climate change will be 
particularly acute. 

  
We can get some 
idea of the impact 
of future climate 
change when we 
look how extreme 
weather 
events have 
affected different 
countries.   
Developed 
countries are 
much better able 
to cope with 
extreme weather 
events than less 
developed 
nations.  This 
photograph shows 
the devastating 
effects of a 
hurricane on the 
very poor 
country, Honduras,
in Central America.

  

 
1. Picture of the effects of Hurricane Mitch in Honduras, Central America. 
ource S www.laprensahn.com 

 
 
 
 

ESPERE Climate Encyclopaedia – www.espere.net - Food and Climate More - page 1 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 

http://www.laprensahn.com/


Part 1: Realities and uncertainties 
 
Present realities and future uncertainties  

Even though there are still many unknowns, the climate change issue has 
emerged as the major environmental challenge of our time.  We now 
know that current and future levels of fossil fuel combustion for energy 
production and forest clearing for cultivation have profound effects 
on our global environment and on key economic sectors.  
We need to understand the impacts of global warming today so we can 
manage future development wisely. 
  

 
1 . People in Africa. 

The consequences of disastrous climatic events 
are regularly seen in the Media.  Famines caused 
by droughts or torrential rains and the amounts 
of money spent on international relief efforts to 
prevent them, are a concern to all of us. 

  

Just about everyone realises that food production is linked to weather and 
climate. In 1987, weak monsoon rains in India and Pakistan were responsible for 
low crop yields and forced these countries import wheat to feed their people.  
The 1980's also saw the continuing deterioration of food production in Africa, 
caused in part by persistent drought.  The 1991-1992 drought in southern Africa 
is generally regarded as the worst drought of the century.  It affected nearly 100 
million people living in the 10 Southern African Development Community estates 
and 11.6 million tonnes of drought related commodities had to be imported into 
the region over 13 month period.  

  

  
2. This graph shows how rainfall varied over South Africa between 1960 and 1993. There was a great 
decrease in rainfall amounts between 1990 and 1992.  From Sustainable Development Department, 
FAO.  
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If the build-up of carbon dioxide and other greenhouse gases in the atmosphere 
continues without limit, the surface of the Earth is bound to warm up.  Such a 
warming trend must affect water supply, agriculture, and food production.  The 
impact of future warming is uncertain at present.  However scientists point out 
that, although computer models which predict the future are full of uncertainties, 
the effects of climate change are not unpredictable.  The uncertainties argue in 
favour of further research and knowing the benefits and disadvantages of 
alternative responses to global warming are crucial, even if they are far from 
perfect.   
Predicting the future leads to great uncertainties:  

• What will future levels of carbon dioxide be?   
• How much warming will occur?   
• When will this warming occur and at what rate?  
• Which geographical regions and seasons will be most affected?   
• What are the likely consequences for agricultural productivity in different 

countries and regions?   
• Will some areas benefit while other areas suffer, and who might the 

winners and losers be?   
• What can be done to mitigate these changes?   
• What can be done to adapt our practices to minimize or overcome the 

impacts of climate change?   

  

Part 2: Global change 
 
From industrial development to global change  

By burning fossil fuels and cutting down forests, human activity has 
caused carbon dioxide (CO ) concentrations in the atmosphere to 
increase by around 25% since the industrial revolution. This increase 
continues today.

2

  
CO2 and other greenhouse gases such as water vapour, methane and nitrous 
oxide trap infra-red radiation coming from the surface of the Earth and reduce 
the amount of heat lost into space.  This process occurs naturally and without 
it our planet would be freezing.  This greenhouse effect warms the Earth to its 
current average temperature of about 15ºC.  

  
1. Measurements made on Mauna Loa in Hawaii since 1956 reveal the recent CO2 trend.  Source IPCC. 
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The enhanced greenhouse effect  

The concern now is that human activities are causing the natural greenhouse 
effect to be augmented, leading to significant increases in average temperatures 
and related changes in the entire climate system. Has global warming actual 
begun? When we look at the Earth’s global average temperature over the last 
century, we see that temperatures have risen about 0.5ºC. The 1990's is the 
warmest decade on record. Whilst it is difficult to prove conclusively that rising 
CO2 concentrations are causing the Earth to warm, scientists believe that 
the trends of increasing carbon dioxide and temperature are linked (IPCC, 
1996a).  

 
2. Model results.  This picture shows 
different the projections of global 
temperature obtained using different 
climate models. It is hard to predict 
the behaviour of a specific element 
in the future and even harder to 
predict the consequences of such 
ehaviour. b 

Climate Change Scenarios  

Because the Earth’s climate system is too large 
to allow us to undertake controlled experiments, 
scientists use mathematical models, known as 
Global Circulation Models (GCMs) to forecast 
climate trends over the coming decades. Their 
results are still tentative and should not be 
accepted uncritically.  However, we 
should consider the implications of their 
predictions, while continuing to look for empirical
evidence of changing climate.  
  

At least ten GCMs have been developed by atmospheric scientists and have been 
used to predict the effects of increased greenhouse gas concentrations on global 
climate.  Results from these simulations show a mean global warming between 
1.4 and 5.8 ºC by the end of the next century.   

If the models include sulphate aerosols, the models estimate a temperature rise 
of between 1.0 and 3.5 ºC by 2100.  Sulphate aerosols both reflect incoming 
solar radiation back into space and also help to form clouds.  Both processes 
reduce the amount of sunlight reaching the Earth and therefore cool our planet.  
Global climate models also predict an increase in average global rainfall ranging 
from about 5 to 20% because a warmer atmosphere can hold more water 
vapour.  
GCM's further predict that:  

• High latitude regions (particularly the polar regions) and high elevations are 
likely to experience greater warming than the global mean warming, especially in 
winter.  

• Winter time and night time minimum temperatures will continue to rise faster 
than average temperatures.  

• The hydrological cycle is likely to further intensify, bringing more floods and 
more droughts.  

• More winter precipitation is predicted fall as rain, rather than snow.  This 
will decrease snow pack and spring runoff, potentially worsening spring and 
summer droughts.  
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3. Changes in temperature and precipitation.  Source: NASA/GISS.  This figure shows future changes 
in temperature (left) and precipitation (right) simulated with the Hadley Model for the year 2050. The 
changes are more severe in the later part of the century.  

  
Sea level rise scenarios  

Global warming will also affect sea 
level.  There have been a range of 
estimates for sea level rise based on 
greenhouse gas emissions and 
temperature projections that affect 
the expansion of the water in the 
oceans and glacial melting.  Recent 
estimates suggest that average sea 
levels will rise by around half a metre 
by 2100.  
If you would like to know more about 
the causes and consequences of sea 
level rise have a look in the 'read 
more' section of the Oceans Topic. 
  

 
4. Risks from sea level rise, 2080.  Source: R. 
Nicholls, Middlesex University in the U.K. 
Meteorological Office. 1997.  This picture shows 
the areas at risk of flooding and numbers of people

ho will be affected if sea level rises by 44 cm.  w 

 

Socio-economic Scenarios 

Climate is not the only factor that will change as the 21st Century unfolds. 
Population growth and changing economic and technological conditions are 
likely to affect world society and the environment even more than changes in 
climate.  
It is important to take such changes into account when we conduct climate 
change impact assessments.  However predicting population growth rates and 
future economic conditions are equally, if not more, uncertain than predictions 
of future climate. 
A useful approach is to contrast "optimistic" and "pessimistic" views of the 
future. In the optimistic scenario, population growth rates are low, economic 
growth rates and incomes rise, environmental pollution decreases and land 
degradation abates. In the pessimistic scenario, population growth rates are 
high, economic growth rates and incomes are low, environmental pollution 
increases and land degradation accelerates. A scenario where nothing 
changes (i.e., present conditions remain) should also be included. The different 
effects of climate change on current conditions, and on these two alternative 
scenarios of the future can then be evaluated.  
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Related pages

For more information on sea level rise have a look at: 
Oceans - More - Oceans and climate - Sea level rise 
To see what the consequences of climate change are for humans go to: 
People Changing Climate - More - What will the future be like? 
 
Part 3: Case study, Egypt 
 
Case studies in developing countries  

Egypt  

Agriculture in Egypt is restricted to the fertile lands of the narrow Nile 
valley from Aswan to Cairo and the flat Nile Delta north of Cairo. 
Together these areas comprise only three per cent of the country’s land 
area. Egypt’s entire agricultural water supply comes from irrigation, 
and this water comes solely from the Nile River.  In 1990, agriculture 
(crops and livestock) accounted for 17 per cent of Egypt’s gross 
domestic product. 
  

 
1 . Map of Egypt. 

Problem: The amount of water available for 
irrigation varies both because of changes in the 
availability of freshwater and because of 
competition amongst water users. Crop prices 
and markets also fluctuate. This case study aims 
to look at the combined effects of water 
availability and markets on the adaptability of 
the agricultural system.  

Methods: A physically-based water balance 
model of the Nile Basin is used to evaluate river 
runoff and enable inferences to be drawn 
concerning water supply for agriculture. Process-
based agronomic models are then used to 
estimate crop yields and crop water 
requirements. Finally, farm based decision 
support systems are used to look at the 
economic advantages of different water 
management options. 

Scenarios: Climate is not the only factor which varies from year to year. 
Population dynamics and changing economic and technological conditions are 
likely to affect agriculture even more than changes in climate. It is important to 
take such changes into account in scenario impact assessments.  

However, predicting population dynamics and economic conditions are equally, if 
not more, uncertain than predicting climate. Therefore scenarios need to be 
designed carefully to address a range of possible conditions. A useful approach is 
to contrast "optimistic" and "pessimistic" views. A scenario of no change (i.e., 
present conditions) should also be included. The differential effects of climate 
management change on current conditions, and on these two alternative 
scenarios can then be evaluated.  
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Impacts: An agricultural water productivity index is used to measure impacts on 
agriculture where total agricultural production in tonnes is divided by total 
agricultural water use in cubic metres.  

The agricultural water productivity index declined by 13 percent when an 
optimistic view of future change was considered.  It declined by 45 percent when 
the pessimistic scenario was used.  

  
2. Irrigation alternatives.  Possible adaptation measures for irrigation systems in Egypt.  Many crops 
are still irrigated by simply spraying water onto the fields and letting it infiltrate into the soils.  
These pictures show much more efficient "localised irrigation" where much smaller amounts of water 
are used very close to each plant. 

Adaptive responses: The impacts of adapting water resources by diverting 
major rivers, more efficient irrigation through improved water delivery systems, 
changing crop varieties grown and better crop management and coastal 
protection against sea level rise were all studied.  They achieve a modest seven 
to eight percent increase in agricultural performance compared to no adaptation, 
but together would be extremely expensive to implement.  However, investment 
in improving irrigation efficiency appears to be a robust, ‘no regrets’, policy that 
would be beneficial whether or not the climate changes.  
 
Part 4: Case study, Spain 
 
Case studies in developed countries 

Spain  

Agriculture in Spain is both the main use of the land in terms of area (over 50% 
of total land area) and the principal water-consuming sector of the economy 
(over 60% of total water consumption). 
  

 

Agriculture in Spain is more sensitive to 
interannual variations in weather than many 
other European regions. This is because the 
physical factors affecting production in Spain 
(soils, terrain, and climate) are generally 
less suited to farming than in other 
countries. Crop production in Spain varies by 
up to 20 percent from year to year, largely 
as a result of the highly variable weather 
conditions.  
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1. Irrigated land in Spain.  Source. Plan 
Nacional de Regadíos.  In the picture you 
can see the total surface area used for 
irrigated agriculture in Spain. The green 
spots are those areas irrigated with 
surface water, the red ones are the areas 
irrigated with groundwater resources and 
the pink ones are those that use a 
mixture of both resources. 
  

There is now concern that changes in climate 
resulting from anthropogenic emissions of 
greenhouse gases may have negative effects 
on crop production in Spain. The aim of this 
case study is to look at the potential impacts 
of different climate change scenarios on 
Spanish crop production at both the national 
and regional level.  

  
Problem: Spain is undergoing rapid changes in the structure of its agricultural 
sector and increased demands on land and water resources have exacerbated 
pressures on the environment. Projecting the impact of climate change on 
national agriculture should help to prepare the sector for the future. The aim of 
this case study is to examine the regional competitive advantage of dry land 
agricultural production in Spain in order to project future land use.  

Methods: Crop models integrated with Decision Support Systems are be used to 
evaluate crop productivity and test the relative economic advantages of 
different agricultural management options.  

  
Scenarios: Climate change 
scenarios for 2050 were 
developed using the U.K. 
Hadley Centre Global 
Circulation Model (GCM) . In 
the GCM, simulations of future 
climate are conducted where  
greenhouse gas forcing is 
gradually increased over 
time (1% increase per year 
increase, compounded, in 
equivalent CO2). 

   
2. Results of the model. These four maps are the results of 
models of climate change and show how climate 
change would affect both irrigated and non irrigated 
griculture in Spain. a 

The scenario which just considers predicted rises in greenhouse gases is 
designated GG. A second simulation which includes the effects of greenhouse 
gases and sulphate aerosols is designated GS.  Sulphate aerosols tend to reflect 
and scatter solar radiation back into space and thus introduce a cooling factor 
into the GCM simulations.  

Results: Despite the uncertainties associated with the use of GCM's it is clear 
that, even in the best case scenario (GS), agricultural production is likely to 
decline in the central regions of Spain which are currently the most productive 
regions of the country.  Considering the current high production costs and the 
variability in the water available for irrigation, crop growth may have to be 
abandoned in some areas, particularly these central regions, unless major 
changes in crop management are implemented.  
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Food & Climate 

Read more 

Unit 3: 
Drought in the Mediterranean  

The social and economic impacts of drought in the Mediterranean are increasing.  
The impact of drought is likely to get worse with time.  The population is growing 
and cities are getting larger.  More food is needed and, as a result, more land 
needs irrigating for agriculture.  There are inadequate controls on water use and 
a lack of political will to change how people use the water resources they already 
have. 
  
This satellite picture shows 
the Normalised Difference Vegetation 
Index for the Mediterranean region. This 
index is used to distinguish areas with 
different densities of vegetation.  The 
image shows that areas in Northern 
Europe have more dense vegetation than 
those close to the Mediterranean Sea.  
The difference is caused simply 
by climate and water availability. 

  

 
1. Normalized Difference Vegetation Index 

. Begni, MEDIAS-France  G 
Successful water management aims to prevent water shortages in times of 
drought so that agricultural production does not suffer.  Many of the risks 
involved with water management are caused by the unpredictability of our future 
weather.  The greatest risk is that of drought. 
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Part 1: Importance of drought 
 
Why is drought an important issue in Mediterranean countries?  

Mediterranean climates, with hot dry summers and wet winters, are 
amongst the most variable in the world. Recurrent drought problems 
often affect entire countries for several years in a row and can result in 
serious social problems. 
  
In general, rainfall is concentrated between October and March (southern 
countries like Algeria or Morocco) or April (northern countries like Portugal or 
Italy). Average temperatures in these areas decrease with increasing altitude and
latitude. The weather is characterised by large inter-annual variability. Summer 
rainfall (June, July and August) is well below 100 mm in all regions, except in the 
north of Spain and Portugal.   

  

 
1. Climate diagrams for Lérida and Almería.  
rom: CEDEX. F 

In each season, water supply must be 
matched with water demands. During 
drought periods, the lack of available 
water leads to conflicts among water 
users and disputes between countries. 

  

These figures show the distribution of rainfall, 
temperature and solar radiation for two different 
regions in Spain.  

Lerida is a region in the northeast of the country 
and is characterised by large temperature 
differences between summer and winter.  Rainfall 
is fairly evenly distributed throughout the year 
with slightly higher amounts in spring and autumn 
than in the summer and winter.  

The region of Almeria is around 500 km south of  
Lerida.  Temperature differences are less extreme 
throughout the year but rainfall is very low, 
particularly in the summer when it is close to 
zero. 

  

 
Agriculture  
  
Over 50% of the land area in the Mediterranean region is used for agriculture 
and agriculture is the main user of water.  Agriculture consumes over 80% of 
the total water demand in Mediterranean African countries and around 60% of 
the total water demand in northern Mediterranean European countries.  As a 
result, drought has a huge impact on agricultural activities.  
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Drought affects food production and 
food security. Mediterranean cultures 
have been farming for several 
millennia and farmers are well aware 
of the negative impacts of drought. 
Irrigated agriculture in the region has 
greatly expanded to ensure food 
production targets and these targets 
have increased the problems 
experienced during drought periods. 
Connections between current and 
predicted future water availability in 
the region and food production are 
receiving increasing attention. 

These figures show the different distribution 
of  water use for two European countries, one 
in the North of Europe and the other one in the
Mediterranean basin.   Countries like Spain use 
most of their water for agricultural purposes 
while industry uses most of the water in 
Norway.  Note that the total amount of water 
used in Spain is around 18 times more than 
that used in Norway.  

 
2. Water use in the different sectors in Spain and 

orway.  Adapted from AQUASTAT, FAO. N 

 
3. Water use in Norway and Spain 
dapted from AQUASTAT, FAO A 

This figure clearly shows 
that Spain has access to just 
a quarter of the total water 
available in Norway.  It also 
clearly shows that Spain requires 
much larger amounts of water 
than Norway.  As water 
availability decreases further, this 
imbalance between supply and 
demand will get worse. 

  

Social and policy issues 

In the Mediterranean, climate is an essential component of the natural capital 
and an important element of sustainable development. Water is not only a major 
socio-economic element but an essential cultural element as well. As a result, the 
policy debates related to water have been, and will continue to be, vigorous.  

Effective measures to cope with water scarcity are known, but are difficult to 
implement due to the variety of stakeholders and inadequate means to negotiate 
new policies. Any efforts made to improve communication among the scientific 
and decision-making communities will have great benefits for the future of water 
management in the region.  

The social impacts of water scarcity in the Mediterranean are increasing and will 
likely be worsen. Cultural impediments to limiting water use are an additional 
source of concern.  
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Part 2: Drought driving factors 
 
Drought driving factors in the world and the Mediterranean  

There are three main factors that we know affect the appearance and 
severity of droughts in different regions of the world.
These factors are explained in more detail in other units and here we show how 
they are interlinked and how they influence the world in general and the 
Mediterranean in particular. These factors are:  

· El Niño episodes (ENSO)  
· The North Atlantic Oscillation (NAO)  
· Other possible influences. The Mediterranean Oscillation  
El Niño Southern Oscillation 
(ENSO)  

The Southern Ocean Oscillation is 
made up of two phases, El Niño 
and La Niña, and has affected 
climate for many 
centuries, primarily in the Southern 
Hemisphere.  Recent research 
shows that it may also have some 
impact on the climate of the 
Northern Hemisphere. 
Different temperature and 
rainfall conditions are seen during El 
Niño and La Niña events, not only in 
the Tropical Pacific but also in 
distant regions of the world 
including the Northern latitudes. 
These variations can sometimes 
bring about extraordinary episodes 
of dangerous floods and droughts.  
During El Niño events,  
temperatures in the East Pacific 
increase along with evaporation 
rates and rainfall amounts, while 
lower than average rainfall amounts 
are seen on the West side of the 
Ocean.  The opposite conditions are 
seen during the La Niña phase. 
  

 
1. Sea surface temperature anomalies during El niño
and La Niña  episodes.  Source: NOAA NCEP EMC 
CMB GLOBAL monthly Sea Surface Temperature 
Anomaly Dec 1997 and Dec 1999) (degree Celsius). 

These two maps show the differences in surface 
ocean temperatures during El Niño episodes (top 
icture) and La Niña episodes (bottom picture).  p 

In order to know if El Niño, La Niña or a Neutral stage are occurring and what 
their magnitude is, different indices are used. One measures the differences in 
sea surface temperatures across the Tropical Pacific 
Ocean (SST), another measures the differences in pressure between the east 
and west coasts of the Southern continents (SOI). These indices are used to 
make climate forecasts to enable us to predict the possible impacts of extreme 
events on our Environment and Society.  

This complex system is explained fully in the Weather Unit, take a look if you're 
interested!  
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2. The Positive North Atlantic 
Oscillation Index. 
http://www.ldeo.columbia.edu/NAO/  

North Atlantic Oscillation (NAO) 
  
Just like the Southern Oscillation, there is also a 
similar weather cycle in the Northern 
Hemisphere.  The North Atlantic Oscillation is 
one of the main natural factors which influences 
climate in the North Atlantic and Mediterranean 
regions, particularly in the winter.  You can find 
out more about the NAO in both the Oceans Unit 
and in the Weather Unit. 
  
  

The NAO index varies from year to year, but over the past few decades 
has remained in one phase for intervals lasting several years. In the picture you 
can see a representation of what a positive NAO Index means.  
 
A high-pressure cell is established over the North Atlantic Ocean creating long 
periods of very stable and quite dry conditions during the winter for the 
Mediterranean basin.  During negative NAO conditions, Mediterranean winters are
much wetter.   
Other influences over the Mediterranean basin.  
  
Scientists have shown that the NAO is the main factor which influences winter 
rainfall patterns and temperature over the Mediterranean region.  But not all the 
variations we see in the Mediterranean climate can be explained by NAO and 
ENSO.  Other global climate phenomena may also be responsible. 
It's also possible that the extent of the 
monsoon in Asia and the amount of rainfall in 
the African Sahel region may also influence 
the Mediterranean climate.   

Differences in atmospheric pressure between 
the Eastern and Western Mediterranean 
basins sets up the Mediterranean Oscillation.  
In a similar way to the NAO, this may affect 
wind and rainfall patterns in the region.   

  

 
3. Atmospheric pressure differences 
between Eastern and Western 
Mediterranean Basins may influence the 
c limate of the region. 

Part 3: Drought Management 
 
Use of climate information for drought management and early warning 
systems  

The response to drought is rapid in most areas of the world.  So far, 
however, these responses have focused on emergency measures 
designed to minimise the impact of drought once it has occurred rather 
than anticipating and solving the problems before they actually happen.  
In general, these emergency efforts have not been used subsequently to provide 
the knowledge needed to deal with similar situations in the future.  Information 
from climate forecasts and/or development of plausible scenarios have not yet 
been incorporated into any specific drought action plans. 

ESPERE Climate Encyclopaedia – www.espere.net - Food and Climate More - page 5 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



Use of climate information  

Water management in the Mediterranean is primarily aimed at minimising the 
risks of water shortage on agricultural production.    Most of the risks are 
associated with the unpredictability of future weather patterns. The impacts vary 
between users and regions in the Mediterranean.  
There has been remarkable progress in the field of climate science and climate 
prediction over the last few decades. We now need to include this information 
into development planning and implementation processes. This requires an 
understanding of how climate variability affects Societies in different countries, 
regions and communities.  

 
1. Drought prediction in Africa.  
ource: NOAA. S 

To enable more effective drought adaptation 
measures to be developed, we need better 
communication between scientists and 
stakeholders regarding climate, water use, food 
production and social responses and 
interactions in the region.  

This map shows the prediction of a drought in 
Morocco and other parts of Africa made by the 
Climate Prediction Center at NOAA.  The 
prediction was made six months in advance and 
was correct.  This shows how climate 
information can be used to prepare for, and 
minimise the negative impacts of extreme 
weather events.   

 

Drought early warning systems  

Countries are generally unprepared to cope effectively with drought.  Local and 
National policymakers typically react to a drought event through “crisis 
management” rather than through the formulation and implementation of 
anticipatory measures commonly referred to as “risk management”. A typical 
reason mentioned by decision makers for the lack of such risk management 
policies has been the lack of means to predict climate conditions with sufficient 
skill and lead-time.  
Major advances in our understanding of the Mediterranean climate have been 
made in recent years. Atmospheric scientists can now predict some of the 
medium-term features (one or two seasons ahead) of our climate reasonably 
well. This allows forecast information to be incorporated into water management 
strategies, especially those related to irrigation. The regional studies focus on 
optimising traditional production systems as these dominate agricultural 
production in the Mediterranean, but the research also has benefits for large-
scale commercial systems.  
The adoption of mechanisms to effectively communicate climate information will 
allow regional planners to reduce the devastating effects of drought and the 
uncertain effects of climate and weather. Integrated climate monitoring 
(incorporating information about climate, soil, water supply and potential 
crop yields) is an important element of adaptation strategies. Information should 
be in the public domain so that the level of risk can be assessed and 
informed decisions about the future can be made.  
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How are  
people changing
the climate? 

Basics 

 

 
Unit 1: 

Man-made climate change? 

 
For the first time in human history, people are changing the Earth’s climate by 
emitting so-called greenhouse gases into the atmosphere. The main cause is the 
dramatic increase in the use of fossil fuels (coal, oil and natural gas) since the 
Industrial Revolution. 
  
   
Past climate change  

The Earth’s climate is always changing. Only 20,000 years ago, much of 
Northern Europe was covered in an enormous glacier that was up to three 
kilometers thick! The Alps and the Pyrenees mountains were covered with 
smaller ice caps. Sudden climate shifts happened quite frequently during the Ice
Age, and made the ice expand or contract. In the cold climate south of the ice-
covered areas, small groups of people hunted reindeer, wild horses, and bison.  
  
People living in the Ice Age left 
behind stone tools and fantastic 
cave paintings but their way of 
life was about to disappear. Over 
thousands of years, the Earth’s 
orbit around the sun 
changed, summers became 
warmer and the ice began to 
melt. The Ice Age ended around 
10,000 years ago. Since then, the 
climate in Northern Hemisphere 
has been warmer and far more 
stable. Over the last 10,000 years 
the climate has 
been milder and people have 
developed agriculture, cities, and 
civilization – which would have 
been far more difficult during the 
Ice Age.  

  

 
1. CAVE PAINTING: Painting of a wild horse from the 
Lascaux cave in France, painted about 12,000-17,000 
years ago. When the Ice Age ended, people’s way of 
life changed and they stopped making cave paintings.  
hoto: Artchive.com  P 
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We will always be at risk of unexpected and unpleasant climate changes resulting 
from natural causes. For example, around 400 years ago Europe experienced a 
relatively cold period called the Little Ice Age (but not as cold as a real ice age). 
What is different about the situation today is that we risk rapid changes in 
climate caused by people. Because of our increasing emissions of CO2 and other 
greenhouse gases, we expect that over the next hundred years we will see the 
fastest warming of the Earth since the end of the Ice Age. 
 
From local to global problems 

As long as we humans have existed on Earth, we have affected the environment 
around us. In the past, the effects of our hunting or agricultural activities on the 
environment were local.  This changed with the Industrial Revolution which 
began round 1750 and accelerated in the 1800s and 1900s. A revolution is a 
dramatic social change. 
   

 
2. FOSSIL FUELS: Before the industrial revolution, all 
ships were powered by oars or sail. The first ships with 
an engine were powered by steam produced from coal. 
hoto: The NOAA Photo Library. P 

The Industrial Revolution took 
place when people began to mass 
produce goods in large factories 
using machines that ran on 
energy from coal, and later 
using oil, natural gas, and 
electricity.  This made it much 
easier for people to produce 
goods and helped the 
development of modern 
technology.  In pre-industrial 
times – that is, the time before 
the Industrial Revolution – there 
were no trains, cars, planes, 
electric lights, factories, 
telephones, or televisions. 

The more we produce and 
consume, the more we affect the 
environment around us. Over the 
last 50 years we have seen clear 
signs that humans affect the 
environment of the entire planet.  
We are creating environmental 
problems that are not only local 
but also global. One of these 
global environmental problems 
is man-made climate change, also 
known as global warming. 

Global climate change 

Man-made climate change occurs because we emit greenhouse gases into the 
atmosphere. These emissions come from many sources, including factories and 
agriculture that supply us with food and other material goods, power 
plants which provide us with electricity and cars and planes that take us where 
we need to go.  
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Greenhouse gases affect the 
Earth’s climate by increasing the 
greenhouse effect.  This is a 
natural phenomenon where water 
vapor, carbon dioxide and other 
gases in the atmosphere allow 
sunlight to pass reach the Earth's 
surface, but then absorb much of 
the reflected heat from the Earth 
that otherwise would have 
escaped to outer space. Without 
the natural greenhouse effect, 
the average temperature would 
be about minus 18°C, and the 
Earth would be uninhabitable 
(choose the topic Lower 
atmosphere if you want to read 
more about the greenhouse 
effect). 

Emitting greenhouse gases in 
large amounts increases the 
concentration of these gases in 
the atmosphere.  This increases 
the greenhouse effect so that 
more heat is trapped by the 
atmosphere. This increases the 
temperature of the atmosphere 
and changes the Earth's climate. 

 
3. THE GREENHOUSE EFFECT: Sunshine (visible light) 
enters the atmosphere freely (yellow radiation in the 
left side of the figure). Some of it is immediately 
reflected by clouds, dust in the atmosphere and shiny 
surfaces (yellow radiation in the middle of the figure). 
The rest heats the Earth. Greenhouse gases in the 
atmosphere slow down the escape of heat back to 
uter space (red radiation in the figure). o 

 
Part 1: What is happening? 
 
 

What is happening to the climate? 

Temperature readings taken around the world show that the 
Earth’s average temperature has increased by 0.6°C over the last 100 
years. 

  

Some of this warming, especially that which took place early in the 1900s, may 
be due to natural causes – such as changes in the amount of sunlight (solar 
radiation) that reaches the Earth. However, evidence suggests that most of the 
temperature increase over the last 30 to 50 years has been caused by man-made
emissions of greenhouse gases. 
   

ESPERE Climate Encyclopaedia – www.espere.net - People changing the Climate Basics - page 3 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 
  

1. TEMPERATURE CHANGES: The red line 
shows how scientists believe the average 
temperature on Earth has changed over 
the last thousand years – measured in 
degrees Celsius below or above the 
temperature in 1990.  The gray area 
shows how much higher or lower scientists 
think the real temperatures may have 
been. (You can see that they are more 
uncertain about the temperatures the 
further back in history they go.)  For the 
years 1000-1860, scientists have tried to 
reconstruct the temperature in the 
Northern Hemisphere by studying tree 
rings, corals, ice samples and written 
documents. (They have too little 
information about temperatures in the 
Southern Hemisphere before 1860.) From 
1860-2000, the temperature has been 
measured using thermometers all over the 
world. The curves for 2000-2100 show 
how scientists believe the climate could 
change in the future due to 
changing emissions of greenhouse 
gases (see next unit). Source: IPCC  

  
There are many different kinds of greenhouse gases. Most of the manmade 
contribution to the greenhouse effect is due to emissions of carbon dioxide (CO2).
Carbon dioxide occurs naturally in the atmosphere but the concentration of CO2 
has increased dramatically since the Industrial Revolution. This increase is 
mostly, if not completely, caused by people. Other greenhouse gases such as 
methane (CH4) have also increased.  The atmosphere now also contains several 
greenhouse gases that do not occur naturally in the atmosphere and can only 
have come from human activity (read more about observed changes in the 
atmosphere’s concentrations of greenhouse gases here).  The concentration of 
the important greenhouse gas, water vapor, has also increased.  Increased water 
vapor in the air is not a direct result of emissions of water.  Instead it occurs as 
the indirectly through emissions of other greenhouse gases. Higher temperatures 
in the atmosphere lead to greater evaporation from the Earth's surface and a 
greater capacity of the atmosphere to retain moisture.  

  

 
  

2. MORE AND MORE CO2: Concentrations 
of CO2 in the atmosphere from the year 
1000 to the year 2000 (ppm means parts 
per million, or liters CO2 per million liters 
of air).  Scientists analyze old ice from 
glaciers to find out how much CO2 there 
was in the atmosphere.  Over recent years 
they have also analyzed air samples taken 
directly from the 
atmosphere.  Concentrations after 2000 
are estimates which depend on how much 
CO2 people emit (see next unit).  Source: 
IPCC  
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Human activities also increase the amount of particles in the atmosphere. Some 
of these have a cooling effect which counteracts the greenhouse effect. For 
example, when sulphur dioxide (SO2) is emitted into the air, it is converted into 
particles which reflect sunlight and therefore reduce the amount of solar radiation 
which reaches the Earth. Contrary to most greenhouse gases which stay in the 
atmosphere for many, sometimes thousands, of years, particles remain airborne 
only for a few days. Thus, the cooling effect of particles is short-lived and limited 
to certain areas. 

Human influence comes in addition to all the natural factors that have always 
affected the Earth’s climate. The climate is affected by conditions outside the 
Earth’s atmosphere (for example, the intensity of the Sun and small variations in 
the shape of the Earth’s orbit around the Sun). The climate is also affected by 
natural processes in the Earth’s atmosphere, the oceans, vegetation, and snow 
and ice cover. These factors combine with human influence to shape the Earth’s 
climate. 

A warmer climate will change the planet in many different ways. As the Earth 
warms, sea levels rise. An even warmer atmosphere will lead to further sea-level 
rise. This is mainly because higher temperatures in the oceans cause the water to 
expand, which means it takes up more room. This increased need for space 
pushes the surface of the ocean upwards. In addition, higher temperatures in the 
atmosphere cause many glaciers to melt. Parts of the huge ice caps covering 
Antarctica and Greenland could start melting. The runoff flows into the ocean 
adding to the rising sea level. Ice floating in the ocean in the Artic regions near 
the North Pole will also melt, but since the ice is already floating in the ocean, this
will not have any effect on the sea level. 

Higher air temperatures will also cause more water to evaporate. This may 
increase drought in some places and increase rainfall in others – if the water 
vapor creates rain clouds. A warmer atmosphere can also change prevailing wind 
directions and ocean currents. The warming will not be evenly distributed 
throughout the planet; some places may become much warmer, while other place 
may even become colder (read more about some observed changes in physical 
climate here). In Unit 2 you can read about how we expect climate to 
change over the next hundred years and what the consequences will be for 
people, animals and plants. In Unit 3 you can read about what we can do to slow 
down climate change.   

 
Part 2: How do we know? 
 
 
How do we know that people have affected the climate?  

Scientists have seriously discussed the risk of human-induced climate 
change for at least three decades. Many governments and non-scientists 
started worrying in the late 1980s, when the problem made headlines in 
newspapers and on TV around the world. Since that time, scientists have 
discovered much more about the causes of climate change. 
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In 2001, the Intergovernmental Panel on Climate Change (IPCC) (you can read 
more about IPCC in Unit 2), which is made up of experts from around the world, 
concluded that it was virtually certain that man-made emissions of greenhouse 
gases had contributed significantly to the observed climate change over the last 
30 to 50 years. 
   
What is this conclusion based on? 
It is founded on accurate and 
more comprehensive observations 
of climate change. Since the 
1800's, weather stations around 
the world have measured 
air temperature using 
thermometers. Since the mid 
1900's, the CO2 content of the 
atmosphere has also been 
measured. Since the 1970's, 
satellites have measured the 
intensity of the Sun entering the 
atmosphere and the amount of 
heat radiated back into outer 
space. By analyzing samples of 
ice taken from deep down in 
glaciers and samples of mud 
taken from lake bottoms, 
scientists can also map climate 
change far back in time. 

These observations have 
led scientists to try to find the 
causes of changes in the Earth’s 
climate and to predict how the 
climate will change in the future. 
Because the climate system is so 
large and complex, scientists 
have relied heavily on computer 
based climate models.

  

 

 

 

 

 

 

 
1. DRILLING FOR INFORMATION: Outside it is colder 
than -40°C, so it is best to build a shelter when drilling 
for ice in Antarctica! Scientists from several European 
countries have been drilling for years and have gone 
more than 3 kilometers down into the ice. The oldest 
ice they have sampled is more than 900,000 years old. 
hoto: Marzena Kaczmarska/NPI P 
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Climate models 

 
2. MODELS: A model is a simplified representation of 
reality. What all models have in common is that they 
simplify what they are supposed to represent or 
describe. Here you see a model of a molecule (DNA, 
which contains our genes), and a model of a building 
the Knossos temple on Crete). ( 

A climate model is usually a 
computer program where 
scientists enter what they know 
about how sunlight, greenhouse 
gases, the atmosphere and the 
oceans interact and how they 
shape the climate throughout the 
world. The model can be used to 
study what the causes of an 
observed change in the climate 
might be. When scientists include 
both the impact of natural factors 
and man-made emissions of 
greenhouse gases and particles 
over the last hundred years, the 
model calculates a change in 
climate that closely resembles the
change that has been actually 
observed. 

Climate models can also predict how the climate will change in the future. For 
example, they can estimate future changes in temperature on the basis of 
assumed concentrations of greenhouse gases, particle concentrations, solar 
intensity and other conditions that affect the climate. The most complicated 
climate models require enormous computers and often take months to complete a
single simulation. 

The model estimates always carry some degree of uncertainty. Not only do 
models simplify reality, but there are also some mechanisms in the climate 
system that we currently do not understand well enough to put into models 
accurately. For example, scientists are still uncertain of the roles that particles, 
cloud cover and the oceans play in global warming. This is one reason why the 
climate models are unable to predict the future climate with full certainty. 
Another important reason is that we can only guess what future emissions of 
greenhouse gases and particles will be. 

Below are some links that describe some of the reasons why model estimates are 
uncertain: 

• The inertia of the climate system  
• Feedback effects  
• Abrupt changes  

The more specific a forecast we make, the more uncertain it is. For example, it is 
much more difficult to make predictions about climate change in a specific 
country than it is to predict general developments for the planet as a whole. 
Likewise, a model may not be able to predict the exact year changes will take 
place, but it can state with more certainty a time period over which these 
changes are likely. Although we have a hard time knowing just how serious 
human-induced climate changes will be, exactly where and when the changes will 
take place, or what the consequences will be, we can be virtually certain that 
people have changed the climate and will continue to do so in the years ahead.  
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Part 3: Where do emissions come from? 
 
Of all the greenhouse gases we emit, CO  is the greatest contributor to 
the man-made increase in the greenhouse effect. Not only do we emit 
huge amounts of CO , but it also takes a very long time to disappear 
from the atmosphere after it has been emitted. Since the Industrial 
Revolution, people have emitted large amounts of CO  through the 
consumption of fossil fuels such as coal, oil, gasoline, and natural gas.

2

2

2

  

  

Fossil fuels are the most 
important  

Almost all of the man-made CO2 
emissions come from the 
consumption of fossil fuels – coal, 
oil, and natural gas. Fossil fuels 
are created from plants and 
animals that died millions of years
ago, and lie far underground or 
under the ocean floor. When we 
burn these fuels, we release not 
only energy, but also CO2.  

 
1. SOURCES OF CO2 EMISSIONS FROM FOSSIL FUELS: 
Figures for all European countries, except states that 
belonged to the former Soviet Union, in 1995. Source: 
dgar database. E 

Although most emissions of CO2 come from natural sources, such as rotting 
vegetation, it is the emissions from human activity that tip the scales and create 
the imbalance that leads to global warming. This is because nature’s own 
emissions are part of a cycle whereby carbon rotates between the atmosphere, 
the oceans and land-based vegetation. For example, both rotting trees and the 
respiration of animals and people emit CO2, while living plants and trees absorb 
equivalent amounts of CO2 through photosynthesis. 

  

 
2. FOSSIL FUELS: A power plant that produces 
lectricity from coal. e 

When we burn fossil fuels, we add 
carbon to the atmosphere.  This 
carbon is in addition to 
the natural carbon cycle and 
comes from deposits far 
underground or under the ocean 
floor that otherwise would have 
remained stored for the 
foreseeable future. This creates a 
surplus of CO2 that remains in the 
atmosphere for a long time. 
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Deforestation also contributes  

Burning wood or other types of biomass (dead 
organisms) also gives off considerable amounts of CO2. 
If new trees or plants are allowed to grow in place of the 
forest or vegetation that was burned, then the new 
plants will absorb just as much CO2 as was released 
from the burning. Thus the cycle can come into balance 
again. 
On the other hand, permanent deforestation creates an 
imbalance and can increase the greenhouse effect in a 
number of ways. Deforestation means cutting down 
forests – by logging, using the wood for fuel, or 
converting the forested area to farmland or grazing 
areas – without replacing the lost trees with new ones. 
Regardless of whether the cut trees are burnt or allowed 
to decompose naturally, they will emit CO2.  If new trees 
are not planted then there is nothing to absorb the 
carbon released from the trees that were cut down and 
this increases the amount of the CO2 in the atmosphere. 

 

 
3. FORESTS: Living 
trees trap CO2 from 
the atmosphere, 
while wood burning or
rotting releases the 
CO2 again. So cutting 
down trees without 
planting new ones will
increase the CO2 
concentration in the 
atmosphere. If wood 
is used as a building 
material, the release 
of CO2 may be 
delayed for as long as 
the house stands. 
Photo: The NOAA 
hoto Library P 

Methane is also a culprit 

While CO2 is the most important greenhouse gas – mainly because there is so 
much of it – it is not the only greenhouse gas we need to worry about. Methane 
(CH4) is also a very powerful greenhouse gas, although it has a much shorter 
lifetime in the atmosphere than CO2. Like CO2, methane comes from both 
natural and man-made sources. Natural sources include rotting wood and 
wetlands, while human activities that emit methane include agriculture and 
waste deposits.  Other greenhouse gases also contribute to man made climate 
change. They include nitrous oxide (N2O) and several synthetic compounds from
industry containing fluorine. 
Rich countries emit the most  

The biggest emitters of greenhouse 
gases are rich, industrialised, countries 
like the United States of America and 
those in the European Union. The 
emissions per person in a rich country 
are several times greater than 
the emissions per person in a poor 
country (see Figure 4). However, as 
the poorest countries develop and 
people's standard of living 
increases, emissions of greenhouse 
gases are likely to increase greatly.  
China already has the second highest 
emissions per person and emissions 
from India have increased by over 50% 
since 1990. There is nevertheless far to 
go before the emissions from 
developing countries catch up with 
those from the rich countries. 

  
4. EMISSIONS:  The bars show how many tons 
of CO2 that are emitted per person (per 
apita) in some countries. Source: IEA c 
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How are  
people changing
the climate? 

Basics 
 

Unit 2: 
What will  
a warmer world be like? 

 
A warmer global climate will definitely mean more than just more sweat! It may, for 
example, change wind and rain patterns and it may lead to rising sea levels. These 
changes will affect plant and animal life as well as human health – not to mention our 
homes, agriculture, businesses and economies.  
  
Climate change 

The future climate will be determined partly by how much greenhouse gases we 
emit, which is in turn determined by future population size, fossil fuel 
consumption, etc. The Intergovernmental Panel on Climate Change (IPCC) (read 
more about IPCC here) has identified how much we can expect the climate to 
change (read more about future emissions here). If nothing we do not take action 
to limit emissions of greenhouse gases, the IPCC says that by 2100 we can 
expect:  
   

 
1. Thunder and lightning:  Climate change may lead to 
more extreme weather, such as more frequent 
hunderstorms. Photo: The NOAA Photo Library. t 

• the mean surface 
temperature to increase b
1.4–5.8 °C compared to 
1990  

y

o

• the sea-level to rise 
between 9 and 88 cm  

• 5–20% more rain and 
snow  

• more extreme weather, 
such as cloudbursts and 
heat waves, which in turn 
will cause flooding, 
landslides, drought, and 
forest fires, and   

• wind and ocean currents t
change direction, which 
can cause local climate 
changes. 

     Find out more about  
     IPCC's future scenarios here. 
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The reason that scientists do not know whether the temperature will increase by
a little more than one degree or up to six degrees is that, first, they do not 
know how much we will emit in the future, and second, it is still uncertain how 
sensitive the climate on Earth is to emissions of greenhouse gases. 

Moreover, the above figures are averages for the entire planet. This means that 
some places may become much warmer, while others may change little, or even
become cooler. But the degree of climate change a particular country faces has 
little to do with how much it has emitted. Greenhouse gases are well mixed with 
the other gases in the air. After they are emitted, they do not stay in the same 
place, but rather spread out throughout the atmosphere. Once they are there, 
they stay a long time. This is why it is not true that the biggest emitters will 
suffer the biggest climate changes. The most serious consequences of an 
increased greenhouse effect are just as likely to show up in places far away 
from where the emissions originated. 

 
What are the consequences of global warming? 

The impacts of global warming will vary from place to place. The weather can be
drier or wetter, warmer or colder, or more or less windy. Europe will generally 
become warmer, particularly in the winter. In Northern, Eastern, and Central 
Europe, increased rainfall and heavier showers will make flooding a bigger 
problem, at the same time as we can expect more frequent drought in the 
southern parts of the continent because of less rainfall and more evaporation. 
The maps show how the climate may change in Europe. 

  
2. HOTTER ALL OVER:  How temperatures could change in Europe during this century because of 
global warming. The left map shows mean temperatures throughout the year, measured with 
thermometers, during the period 1961-1990. The right map shows what the mean temperatures 
could be during the years 2071-2100, according to one climate model. The numbers are uncertain 
and another model might get somewhat different results. Also, the results depend on how much 
greenhouse gases will be emitted to the atmosphere. Source: Sweclim/Naturvardsverket 
http://www.naturvardsverket.se/index.php3?main=/dokument/fororen/klimat/klimat/varmare.html  
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3. BOTH WET AND DRY: How precipitation (rain and snow) could change in Europe during this 
century because of global warming. The left map shows changes in winter precipitation. The right 
map shows changes in summer precipitation. These maps are made by a climate model. The 
numbers are uncertain and another model might get somewhat different results. Also, the results 
depend on how much greenhouse gases will be emitted to the atmosphere. Source: 
Sweclim/Naturvardsverket 
http://www.naturvardsverket.se/index.php3?main=/dokument/fororen/klimat/klimat/varmare.ht

l m 
 
Animals and plants must find new places to live 

Changes in climate also affect the living conditions of animals and plants – both 
for individual species and for entire ecosystems. Many species will not thrive if 
their habitats become drier, colder, wetter, or warmer. Some will migrate to new 
habitats, others may die out. The most vulnerable species are those that are 
specially adapted to particular areas. A warmer climate will cause species and 
ecosystems to move towards the poles and up the mountains. Species that 
already live in northern or alpine regions are particularly vulnerable, since their 
habitats will be encroached upon and they will have no place to go: species that 
live in the mountains cannot move higher up once they reach the top. In the 
polar regions, the sea ice will melt earlier in the spring and form later in the fall, 
with serious consequences for species that live on or around the sea ice (for 
example, the polar bear and some seal species).  

 
4. HIGHER GROUND: When 
the climate is warming, 
mountain-living species move 
to higher ground. This is a 
North American mountain goat 
Oreamnos americanus) ( 

Observations have shown that the warming over the 
last 30 years has already affected animal and plant 
life in Europe. For example, some bird and butterfly 
species have expanded their habitats; a study of the 
spring growth of several plant species shows that 
budding and flowering started 2–5 days earlier per 
decade over the last 50 years; the spring migration 
of birds and egg laying has started 2–5 days earlier 
for each decade; and species that are specially 
adapted to a particular climate have moved an 
average of 6 km toward the poles, or 6 meters higher
in altitude, per decade. 

A crucial factor for how animal and plant life will 
survive is how fast the warming actually occurs – 
since the longer time they have to adapt, the greater 
the chance that they will be successful. Rapid global 
warming and sudden climate changes give the 
species less time than if the changes occur slowly 
and gradually. 
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 5. THINNER BEARS: The polar bear is threatened 
by climate change. It specializes in catching seal on
the edges of the sea ice around the North Pole, and 
shorter seasons with ice cover will give the polar 
bear a shorter hunting season. Studies show that 
polar bears have a lower body weight than before. 
Photo: NOAA Photo Library. 

  

  

   

 

 

 
  

Part 1: Example 1 – Europe 
 
How the climate affects people:  
Example 1. 

Europe is flooding! 
   
July 2002: Soldiers, police, firefighters and volunteers hoist sandbags 
to build dams in Prague (the capital of the Czech Republic), and the 
German city Dresden. The water is rising dangerously in the Vltava river 
in Czechoslovakia and downstream in Germany’s Elbe after heavy rains. 
The Danube and several tributaries are also swelling over their banks. 
Hundreds of thousands of people must be evacuated from their homes 
before they are flooded.
Meanwhile the debate rages in 
newspapers, TV and radio: Is this a 
sign of man-made climate change? 
No one can know for sure if this 
particular event can be ascribed to 
human emissions of CO  and other 
greenhouse gases because we have 
always had floods and extreme 
weather. But when the world 
becomes warmer, warn experts, 
some extreme weather events like 
this will become more commonplace.

2

 
1. Flooding: Streets become rivers. Photo: Corel 

allery. G 
Packing up  

The rescue team care little about the causes of the flood; they are more 
concerned about coping with it. In some places the water is rising by one meter 
per hour, so they have to hurry! Trucks with sand bags are driven into the cities. 
Sheets of iron several meters high are also being used to hold the water back. 
Water pumps are being set up to pump the water back into the river. In the 
museums, the basements are being emptied of valuable artwork before they are 
flooded. Military helicopters transport patients to safer hospitals. 
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      In both large and small cities along the rivers, people are packing their bags 
and cars and trying to secure their homes as well as they can before they escape 
from the rising water. Some go to relatives and friends. Others are gathered in 
large tent camps to wait for the water levels to drop again. In one village, people 
are clinging to their rooftops. They waited too long to evacuate. Some are trying 
to save themselves using a raft, but the raft capsizes.  
      Meanwhile, the rescue team has a difficult job where the flooding is worst. 
Radio and TV signals as well as electricity are lost in large areas; roads and 
bridges are washed away by the water and boats must be used instead for 
transportation. In some places, it is dangerous to cross the river even in a boat. 

 
2. Flooding: Satellite image of the Elbe 
August 2000 and August 2002 (after flooding). 
hoto: NASA P 

The authorities recommend that 
people save food and water, since 
many stores must remain closed. 
Boats and barges that had come loose 
from their moorings must be blown up 
so they do not destroy bridges further 
downstream. 
      Europe’s major rivers have always 
overflowed from time to time. But the 
water levels of the Vltava and Elbe 
rivers reached record heights in 2002. 
In some places, the water level 
increased by over ten meters. Flood-
related accidents killed twelve people 
in Germany and nine in 
Czechoslovakia. The material 
damages were in the order of billions 
of Euros.

Underinsured 

The impacts of such an event can be felt for a long time. It takes time before 
people can move back to their homes and even though the river has returned to 
normal levels, there is still water in the walls, floors and ground. People cannot 
move back into the buildings until they can be sure that the electricity and walls 
in the ground floor are undamaged. Farmers living along the river complain that 
the water has washed away soil and crops. And as the water dries up, another 
problem presents itself: Many flood victims did not carry insurance and thus 
cannot afford to repair their homes and businesses. This was the case for many in 
eastern Germany, and the German government promised federal aid to help 
those in need. 
     Scenes like this – the flood of summer 2002 – may become more common in 
the future. With continued global warming, we can expect more intense and more 
frequent floods in large rivers such as the Vltava, Elbe, Rhine, and Danube and 
their tributaries because of the increased rainfall that is expected over large parts 
of Europe (although in the far south it may become even drier). Continual 
flooding can cause billions of Euros worth of damage. To adapt, it may be 
necessary to move residential and business areas, change agricultural practices 
and build new canals, dams and drainage systems.  In addition, irreplaceable 
cultural heritage in the form of historical buildings are at risk when the water 
rages through the city streets. If you look at a map of Europe, you can see that 
many of Europe’s capitals and major cities lie alongside large rivers.  
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Part 2: Example 2 – India 
 
How the climate affects people:  
Example 2. 
Waiting for the rain in India 

January 2003: The state of Andhra Pradesh in India faces drought for the 
fourth year in a row.  "We used to be able to rely on the rains", says 
peasant Middi Muthialappa.
  
With help from his wife Sumkama and four 
children, he grows peanuts. For the last few 
years, the rains have been completely 
unpredictable. 
      “Last year all the rain came at once, 
and it flooded. After that, everything was 
dry, and the peanut plants wilted away.” 
      So far, no one knows whether the 
peasants and farmers in Andhra Pradesh 
can place the blame on permanent climate 
changes or simply random variations in the 
weather. But the signs point toward more 
unpredictable rainfall in large areas of India 
in the future. This will create problems for 
the country’s 680 million peasants and 
farmers – only a small minority of whom 
have access to irrigation (water in canals or 
pipes) to keep their crops alive. Most 
depend on the rain. 

Poor peasants 
We are sitting in a small house made of 
mud – a material that is well-suited for 
keeping out the blazing heat. A dim light 
bulb swings from the ceiling. Some villagers 
own large farms and can afford bicycles, 
cars, and TVs. 
      The Muthialappa family has only ten 
decares of farmland, which is roughly 
equivalent to one and a half soccer fields. 
The income from the small crops does not 
leave them with any money to spare. 

 
1. Poor: Peasant women in Andhra 
Pradesh outside their mud house. Photo: 

uro Aandahl/CICERO. G 

      The parents, Middi and Sumkama, never learned to read or write. Their 
eldest son who is 15 attended school but dropped out after the fifth grade and 
now helps his father in the fields. Their 13-year-old daughter does not attend 
school either; she helps her mother in the home. 
      “I have to stand in line for several hours by the water pump in the village to 
get water,” she says. “In the summer there is drought and then the line gets 
even longer.” 
      Her 11-year-old little brother and 8-year-old little sister both attend school. 
But after school they must help out at home. Middi’s elderly father is sick and 
stays inside all day. 
      “He needs medicine and the children need food,” despairs Sumkama. “But we 
do not have enough money.” 
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Hungry when the rains fail 
When the rains fail, the Muthialappa family risks starvation. They normally 
harvest about 20 sacks of peanuts, selling 14 of them and keeping the rest as 
seed. With this money, the family can buy food and other things they need. Last 
year they harvested only four sacks.  
      “It’s not even enough for seed,” says Middi. 
      Middi and Sumkama do not have any savings in the bank. They grow a little 
food for their own consumption, and own one cow and one bull. The cow provides 
milk, and the ox is needed to plow, so Middi wants to put off selling the animals 
as long as he can. But the family needs the money to buy food, seed, fertilizer 
and insecticides. It is also difficult to find food for the animals when there is a 
drought. 

 

      In the dry seasons, 
Middi, Sumkama and their 
eldest son take on work on 
farms that have access to 
well-water for irrigation 
and can thus raise crops 
throughout the year. The 
pay is poor: about 20–25 
Rupi (0.4 Euros) per day 
for Middi, and 15–20 Rupi 
(0.3 Euros) per day for 
Sumkama and their son. 
This does not go far, even 
though prices in India are 
far cheaper than in 
European countries. It is 
also difficult to find 
employment since many 
people are affected by the 
drought.  
      “This year we are 
dreading the summer,” 
says Middi. “Drinking 
water is already scarce 
and it is only January. I do 
not dare think about how it 
will be in May.” 

 
2. Peanuts: Poor peasants at work separating peanuts from the 
hay in Andhra Pradesh. These peanuts belong to richer 
landowners who can afford to invest in trashing machines (the 
blue one on the picture) and irrigation (water in pipes and 
canals). The peasants get no money for their work, but they get 
to use the machine for their small crops. Photo: Guro 
andahl/CICERO. A 

Facts about the Indian climate 

India has a tropical monsoon climate. The largest part of India gets rain only 
during the rainy season, which is sometime between June and September. The 
rest of the year is generally dry.  
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3. The map shows areas prone to 
drought in India today. The bluish 
colors indicate areas that get more 
rain than is evaporated from the 
heat, while the yellow to brown 
shades indicate regions where 
evaporation is greater than 
precipitation. The browner the 
color, the drier the region.  
Illustration: CICERO. 

  

 
4. The map shows a climate 
model’s estimate of which areas will
be prone to drought in a warmer 
climate in 50 years. More areas 
than before may become prone to 
rought.  Illustration: CICERO. d 

Part 3: Consequences for people 
 
Climate changes will affect people’s lives. Poor people will be hardest 
hit. 
 

The poor are the hardest hit  

If climate change does not happen too quickly, it may actually have a positive 
effect on the economy and society in some parts of the world. For example, a 
warmer climate may improve crop yields in Northern Europe. In other areas, 
however, climate change may lead to drought and starvation. Thus a new 
climate will generate both winners and losers. The IPCC has assessed the likely 
impacts of climate change in various regions of the world and concludes that the
losers will far outnumber the winners. 
  
In the examples showing the effect of a flood 
in Europe and a drought in India, we saw that
the population in both places were hit hard. 
Even though the impacts of the weather in 
these two areas were entirely different, they 
both had serious consequences for society 
and human life.  

But is it fair to say that they were equally 
hard hit?  

 
1. Peasants in India depend on 
crops to avoid starvation and 
have little opportunity to change 
their farming practices. Photo: 
iri Eriksen/CICERO. S 
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Impoverished peasants in India depend on crops to survive and, since they are 
poor, they have little opportunity to modify their farming practices so they can be 
prepared for future years with drought.  In contrast, floods in Central Europe are 
hardly likely to make people permanently homeless or cause them to starve. This 
is partly because the countries involved have systems to help those affected – 
and more money to adapt to a changed climate.  

It is clear that the poor countries will be the hardest hit by climate change. 
Richer, industrialized countries will also face serious and unfortunate impacts, but 
they are in a completely different position to adapt to the changes and mitigate 
the damages. Thus climate change can exacerbate the problems associated with 
poverty and increase the gap between the Earth’s rich and poor countries.  

 
What about business and the economy? 

 
2. Unreliable snow fall: Warmer climates will 
affect winter tourism.  Photo: Corel Gallery. 

   

Climate change, as we can see from the 
examples given, will affect population 
settlements, agriculture, businesses and 
the economy. One industry that is highly
dependent on the climate is tourism. 
Climate change will force the tourist and 
travel industry to prepare for changing 
conditions: 

• Many traditional winter 
destinations may receive rain 
rather than snow. Perhaps winter 
tourism in areas such as the Alps 
and Scandinavia may move to 
other areas with more reliable 
snowfall?  
   

• Southern Europe will be hotter 
and get less rain, making it 
subject to heat waves and 
drought (as was the case in 
summer 2003). Perhaps summer 
tourism in Southern Europe will 
dwindle because it becomes too 
dry and too hot?  

Another industry that is strongly 
dependent on the climate is agriculture. 
Choose the topic Farming & Climate if 
you want to read more 
about the impacts of climate change on 
agriculture. 

And what about human health? 

Climate change also affects human health.  Heat waves will occur more frequently
and will be more intense.  These will lead to more frequent heat stroke and 
deaths among elderly and sick people. Several thousand people are reported to 
have died in France as a result of the intense heat wave in summer 2003.  
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In areas that receive more frequent and more powerful extreme weather 
events, storms and strong rain will take more human lives. At the same time, the 
milder winters will mean that fewer people will freeze to death. 
A warmer climate is also more favorable to the spread of diseases that are 
transferred by mosquito, mites, ticks, snails, crustaceans and other animals.  
Disease organisms include viruses, bacteria, fungi and various parasitic worms. 
Dengue fever, yellow fever, malaria and schistosomiasis (bilharzia) are examples 
of such diseases. While the first three are spread by the mosquito, the last is 
spread by a freshwater snail.  
  
Today, malaria is 
especially 
prevalent in Africa. 
The disease kills 
between one and 
three million 
people every year 
and most victims 
are children. In 
addition to climate 
conditions, poverty 
is an important 
factor for the 
spread of malaria:  
Rich countries are 
generally able to 
exterminate 
malaria-bearing 
mosquitoes, even 
where the climate 
is favorable to 
them. 

  

  

  

 
3 . Malarai: The mosquito carrying the malaria parasite. Photo: WHO 
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How are  
people changing
the climate? 

Basics 
 

Unit 3: 
How can we hinder 
man-made climate change? 

We can hinder man-made climate change by emitting less greenhouse gases such 
as CO2. The less we emit, the less warming there will be in the future. 

 

 
1. Cycling: The fewer greenhouse gases we emit, 
the less warming there will be in the future.   
hoto: Corel Gallery. P 

 

Burning less fossil fuels 

People can slow down and eventually stop the climate change we have already 
started. But the climate system reacts slowly. The gases we have already emitted 
will keep affecting the climate for many years to come – even if we work hard to 
limit our emissions. Reducing emissions will slow down the rate of climate 
change, but the climate will keep changing as long as we live. Our children and 
grandchildren, however, will be able to fully enjoy our efforts we make today to 
limit emissions. 
The most important thing we can do to hinder climate change is to burn less fossil
fuel so that we emit less CO .  2

Technological improvements and lifestyle changes can reduce the amount of
energy we use on transportation, heating, cooling, lighting, appliances that run 
on electricity, industrial production and so on. 
Using sources of energy other than fossil fuels can reduce emissions of 
greenhouse gases considerably. Alternative energy sources include renewable 
sources such as wind power, solar power, hydroelectric power, biomass burning 
(as along as new trees and vegetation are planted to compensate) and nuclear 
power, although this is controversial for other reasons.  
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Technological innovation may give us new energy sources that will replace 
fossil fuels in the future. For example, cars may run on hydrogen instead of 
gasoline. Hydrogen engines do not emit CO2 but to produce hydrogen we need 
lots of energy. If this energy comes from coal, oil or gas then we could end up 
with CO2 emissions just as big as if cars were still running on gasoline. 
Can’t we just filter out the CO2? 

Many types of pollution can be “cleaned up” by using filters. Today, however, 
there is no cleaning technology that can effectively remove CO2 emissions from 
furnaces, power plants and engines at a reasonable enough cost. Both 
governments and private companies in many countries are working to develop 
cost-effective technologies that can capture CO2 from burning coal, oil or gas 
before it is released into the atmosphere. It can then be stored far underground, 
for example in empty oil wells. 
Each year the oil company Statoil stores about 1 million tonnes of CO2 1000 
meters under the ocean floor in a sandstone formation in the Sleipner gas field in 
the North Sea. The CO2 is separated from the natural gas and injected into the 
sandstone that is found under the ocean floor. This sandstone formation has 
room for at least 600 billion tons of CO2, which is roughly equivalent to the 
emissions from all of the power plants in Europe for the next 600 years. 
  

 
2. Into the seabed: Natural gas is 
extracted from the seabed at the Sleipner
field in the North Sea. CO2 is separated 
from the rest of the gas and pumped 
back into a layer of sandstone nearby. 
Illustration : Alligator Film/BUG. 

   

Two obstacles must be overcome before this 
technology can be applied on a large scale. 
First, we must be sure that the storage areas
really are safe and the gas will not leak out. 
Second, the price of capturing and storing 
CO2 must drop to levels low enough that 
industry can afford to use the technology. 
Today no one knows whether or when CO2 
can be captured and stored at a reasonable 
price. And in any case, the process can only 
be used for large, single sources of 
emissions – such as power plants and 
factories. Emissions from smaller, dispersed 
sources – such as cars, planes, paraffin 
stoves or gas ovens – cannot be reduced 
using this technology. 

Reduce emissions of other greenhouse gasses 

We can also reduce emissions of greenhouse gases from sources other than fossil 
fuels.  

• By stopping deforestation, we can avoid the release of CO2 to the 
atmosphere. Today deforestation is especially prevalent in tropical regions 
where forests are cut down to make grazing lands or raise crops. 
   

• Rubbish dumps (land fills) release the powerful greenhouse gas methane 
(CH4) from rotting organic waste. By capturing this gas and using it as 
fuel, we get both heat and reduced emissions of greenhouse gases. 
    

• Agriculture contributes to emissions of CO2, methane and nitrous oxide 
(N2O). More environmentally sound farming methods can reduce these 
emissions.   
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• Many types of industrial manufacturing release greenhouse gases, especially 

those that contain fluorine. These emissions can be reduced using new 
production methods.  

Trapping CO2 from the atmosphere 
We can also increase the absorption of CO2 in forests, 
land and the sea.  

• When we plant forests where previously there 
was an open landscape, CO2 from the 
atmosphere is absorbed by the growing 
trees. However, increasing the absorption of CO2 
in this way is so limited that it cannot make up 
for more than a fraction of the emissions that we 
humans are responsible for. Planting forests can 
also create problems – in some cases, it 
encroaches upon agriculture or destroys the 
habitats of wild animal and plant species that 
thrive in the existing landscape. 
   

• The oceans absorb large amounts of CO2 from 
the atmosphere. One proposal is to increase this 
absorption by fertilizing phytoplankton 
which bind carbon through photosynthesis. The 
effectiveness of such a step has not been 
documented, and phytoplankton growth after 
fertilization can have other, unfortunate, 
consequences.  

 
3. Forests: Plants take up 
CO2 when they 
photosynthesise so planting 
trees increases the amount 
of CO2 removed from the 
air.  Photo: Corel Gallery. 

   

Greenhouse gases come from a large number of sources, so many different steps 
are needed to limit their emissions. However such large amounts come from fossil
fuels that effective strategies need to focus on these fossil fuel emissions. 

 
Why burning wood does not contribute to climate change 

 
4.  Energy from biomass: Biofuels are 
considered to be CO2 neutral.  Photo: 
Corel Gallery. 

  

 
   

When we use fuel from biomass, such as 
wood or wood chips, energy is released in 
the form of heat, and carbon is returned to 
the atmosphere in the form of CO2. If new 
trees grow where the other trees were cut 
down for wood, the new trees will absorb 
CO2 from the atmosphere and bind it in new 
biomass. This re-establishes balance in the 
CO2 cycle. Over time, the amount of CO2 in 
the atmosphere will be constant. This is why 
biofuels are considered to be CO2-neutral. 
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Part 1: What can you do? 
 
If you would like to help reduce climate change, you can cut down your 
CO  emissions in your everyday life. 2

Here are some examples:
Travel 

Cars and buses that run on petrol or 
diesel emit CO2. If you live only a 
short distance from school or work, 
you will emit less CO2 compared to if 
you drive long distances every day. 
Emissions will be even less if you opt 
for the train or bus rather than your 
car. And if you ride your bike or walk, 
you will not emit any CO2 at all.  If 
you do have to drive, you will emit 
less if you drive a vehicle that uses the
least amount of petrol per kilometer. 
You can also share rides with other 
people going in the same direction. 
The most polluting way to travel is by 
aeroplane, you emit far less CO2 if you 
travel long distances by train. 
  

 
1.Travelling.  The most polluting way to travel 

 by aeroplane.  Photo: Corel Gallery. is 

Electricity 

If you save electricity, you reduce the need for energy from power plants that use
coal, oil or natural gas. Even if you live somewhere where much of the electricity 
comes from hydroelectric power, windmills or nuclear reactors, saving electricity 
reduces emissions of greenhouse gases. This is because the power grid connects 
power plants and consumers in many countries. 
  

 
2. Europe at night.  How would this photo look 
if everybody simply turned off the light when they left a 
room? Photo: NASA. 

   

When all of the consumers use 
less electricity, there is less 
need for power plants fired by 
coal, oil and natural gas. You 
can save electricity by, for 
example, replacing normal light 
bulbs with long-life light bulbs 
and turn off the lights every 
time you leave a room. You can 
also save electricity by 
completely turning off electric 
appliances – such as televisions, 
computers, and stereos – when 
you are not using them instead 
of leaving them in the stand-by 
mode. 
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Goods and services 

Most of the goods and services we buy contribute to the emission of greenhouse 
gases. The richer we are, the more goods and services we tend to consume – and 
thus the more we emit. But some activities emit a lot, while other emit little. So 
there are a large number of choices you can make if you want to contribute to 
reducing emissions. For example, you can choose goods that are locally 
produced, which reduces the emissions associated with transportation. 
 
Part 2: What can governments do? 
 
Despite efforts to reduce emissions of greenhouse gases, emissions are 
still increasing in most places (read more about increasing emissions 
here). It is unlikely that the increase in emissions of greenhouse gases 
will slow down through voluntary efforts of concerned individuals and 
businesses alone. Since households (both families and single persons) 
and private companies are responsible for the bulk of emissions, 
governments in many countries, including the European Union, 
are attempting to create incentives for them to reduce their emissions. 
The instruments they use include the following:

  
Taxes  

If you have to pay taxes to emit greenhouse gases, it makes economic sense to 
avoid emitting them in the first place. Some European countries have therefore 
introduced special taxes on the fossil fuels that cause emissions of CO2. This 
means that prices of petrol, heating oil and other fossil fuels are high which gives 
people an incentive to use less. As long as there are only a few countries that 
have these taxes, businesses which use a lot of energy will be tempted to move 
their production elsewhere.  This is why countries with carbon taxes often exempt 
industries which are in strong competition with foreign firms from having to pay 
these taxes. 

Emission permits 
The government can set a limit for how much 
greenhouse gases can be emitted within the 
country. It can then issue permits (also called 
“allowances” or “quotas”) to emit greenhouse 
gases. An emissions permit is a certificate that 
gives the holder the right to emit certain 
amounts of greenhouse gases to the 
atmosphere. The government can decide 
whether or not those who are given permits 
should be allowed to sell them to others. This 
kind of “emissions trading” ensures that 
emissions reductions are as inexpensive as 
possible for business and industry.  Businesses
that would have to invest a lot of money in 
reducing emissions can buy extra permits 
instead.  Companies that can reduce their 
emissions at a reasonable cost can do so, and 
then sell their permits for a profit. A system of 
permits and emissions trading can also be 
limited to certain industries. 

 
1. Read more about emissions 
trading in the EU here.  
Illustration: Nils Axel Kanten/CICERO. 
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Laws and regulations 

 
2. Laws and rules: 
Governments can make laws 
which require industry to 
reduce their emissions of 
greenhouse gases.  Photo: 
Microsoft Clipart. 

   

Governments regulate which products can be sold. 
For example, they can forbid the sale of electric 
appliances that use more electricity than necessary 
and cars that use too much petrol. In cold countries, 
the government can introduce regulations for 
insulating buildings to minimize the amount of 
energy used for heating. Governments can also 
forbid activities in industry and agriculture that 
generate particularly high emissions or require the 
use of special equipment to reduce emissions. For 
example, owners of rubbish dumps or manure tanks 
can be required to capture the methane that is 
generated. Coal and gas-fired power plants can be 
made to use the heat generated in the electricity 
production process. 

  

Subsidies 

Governments can create incentives for businesses and households to invest in 
equipment that reduces emissions. In countries where homes need heating in 
the winter, governments can subsidise the cost of adding insulation or 
help people to invest in heating elements that run on biofuels. In some 
countries certain types of vehicles, such as electric cars, may be exempted from 
registration fees or from paying at toll booths. 

Research  

By funding research, the government can stimulate technological innovations 
which reduce emissions of greenhouse gases – such as wind mills, CO2 
capturing, or cars that run on hydrogen. 
  
The disadvantage of many of these is that they cost money – for the 
government, the firms, or for households. Some are relatively inexpensive to 
implement, others are very costly. The question is whether we believe that the 
benefit, in terms of a reduced danger of climate change, is worth the cost. 
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Wind power - 
a renewable energy source 

Wind power is a renewable energy 
source that provides electricity without 
generating CO2. This is why 
governments in many countries 
support the establishment of wind 
power plants. Wind power represents 
only a small fraction of the energy 
supply in most countries, but Germany 
and Great Britain, for example, have 
plans to expand their wind power 
supply. The Danish wind mill industry 
produces about half of the windmills 
on the world market. Sales in 2002 
were about 22 billion Danish Kroner. It 
is expected that wind power will make 
up 17% of Denmark’s electricity needs 
in 2003. 
  
  
  
  
  

  
 
 
 
 
 
 

 

 
3. Windmills:  Windpower is a renewable 
energy source that generates electricity 
without emitting CO2.  Photo: Corel Gallery. 

   

Part 3: International Co-operation 
 
Because the climate issue affects the entire world, international co-
operation is needed to find truly effective solutions. Thus, since the end 
of the 1980s, international negotiations have been taking place to 
agree on how to limit emissions.  At present there are two important 
international agreements which aim to combat man-made climate 
change.

• The Climate Convention 1992 (the United Nations’ Framework 
Convention on Climate Change (UNFCCC ), also known as “the Climate 
Convention”) was signed by most of the countries in the world. The 
UNFCCC says that every country should work to combat dangerous 
climate changes and gave the developed countries the greatest burden 
of responsibility. The UNFCCC forms the basis for further cooperation 
and the signatories meet every year to discuss new steps to take to fight 
climate change. You can read more about the Climate Convention here. 
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1. The Kyoto Protocol.  In 1997, the Climate Convention 
held a conference in Kyoto, Japan.  Their aim was to agree 
a treaty that would require the industrialised world to limit 
ts emissions of greenhouse gases.  Photo: IISD. i 

• The Kyoto Protocol 
1997 is a follow up to 
the UNFCCC. It sets 
targets for emissions 
reductions for each of 
the developed countries 
for the period 2008–
2012. More than one 
hundred countries have 
signed this agreement, 
but the country 
responsible for the 
highest emissions rate 
– the United States – 
has withdrawn its 
support. 

To fulfill the requirements of the Kyoto Protocol, governments of each country 
must take actions to reduce their greenhouse gas emissions.  Examples of these 
actions are described on the previous page “What can the government do?” 
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How are  
people changing
the climate? 

Read more  
Unit 1: 
1. Man-made climate change? - more 
In the Basics-section you will find links to the Read more-section. Follow those 
links if you want to explore an issue in more depth (rather than reading this Read 
more-section from beginning to end). 
In this unit you can read about: 

- Observed changes in concentrations of greenhouse gases in the atmosphere  
- Observed changes in the Earth's climate  
- The inertia of the climate system  
- Feedback effects  
- Abrupt changes. 

This unit also has worksheets.  
 
Part 1: Changes in concentrations 
1.Man-made climate change? 

Observed changes in concentrations of greenhouse gases in the 
atmosphere. 

• Carbon dioxide (CO2) has increased from 
280 ppm (280 litres of CO2 in a million litres 
of air) in the period 1000 to 1750 to about 
370 ppm today. This is about a 31% 
increase and today’s levels are the 
highest atmospheric CO2 concentrations in 
at least 420,000 years, probably 20 million 
years. 
   

• Methane (CH4) has increased from 0.7 ppm 
in 1750 to 1.7 ppm in 2000. This is an 
increase of about 151%. 

 
1. Increase in greenhouse gas 
concentrations (in ppm) from 
1750 to 2000.  Graphics:  Elmar 

herek. U 

• Nitrous oxide (N2O) has increased from 0.27 ppm in 1750 to 0.32 ppm in 
2000. This is about a 17% increase.  
   

• Tropospheric ozone (O3) has increased by about 35% from 1750 to 2000.  
This figure, does however, vary from region to region. Ozone in the lower 
atmosphere is a greenhouse gas, it is formed and broken down by 
chemical reactions in the atmosphere, and humans emit other 
substances which influence these chemical reactions. 

(Source: IPCC 2001 and http://cdiac.esd.ornl.gov/pns/current_ghg.html). 
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Part 2: Changes in climate 
 
1. Man-made climate change? 

 
Observed changes in the Earth’s climate  
Observed changes in the Earth’s climate  

The 1990's appear to be the warmest decade since 1860 and 1998 was 
the the warmest year. Over the last 1000 years, the 1900's probably saw 
the greatest temperature increase in the Northern Hemisphere.  Less is 
known about the Southern Hemisphere. 

Weather 

• Average global temperatures on both the land and the ocean surface have 
increased by 0.6°C. Temperatures have increased more over land areas 
than over the oceans.  

• The differences between day and night temperatures have decreased 
because night temperatures have increased more than day temperatures.  

• The number of hot days has increased.   
• The number of cold days with frost has decreased.    
• The average rainfall in the Northern Hemisphere increased by 5–10% 

throughout the 1900's. Some areas, such as the Mediterranean region and 
the northern and western regions of Africa, have had less rain, while other 
areas have become wetter. 

• The number of extreme rainfall events at mid- and high-latitudes (high 
latitudes are regions close to the North or South poles) have increased. 

• Areas in Asia and Africa have had more frequent and more intense dry 
periods during the summer.  

Other physical conditions 

 

 
1. Traces of the past: By drilling deep into mountain 
glaciers and the ice caps on Antarctica and 
Greenland, scientists can analyze old ice to find out 
about the climate in the past. The ice core on the 
picture contains dust from a volcanic eruption, 
carried by the wind from far away. Photo: Marzena 
aczmarska/NPI K 

•  Sea level has increased, on 
average, by 1 - 2 mm per year 
during the 1900's.  

•  The period when ice covers lakes 
and rivers became about two weeks 
shorter per year during the 
1900's.    

•  Glaciers outside the polar regions 
have receded.    

•  Permafrost (ground or bedrock 
that is always frozen) in polar and 
mountain regions has thawed.  
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El Niño is a weather phenomenon in the Pacific Ocean that appears regularly, 
about every five years around Christmas (which is why it is called “El Niño”, as 
this means “Baby Jesus”). El Niño has always affected the climate in large areas 
of the world and led to drought and catastrophic flooding. Scientists believe that 
global warming may make El Niño more intense and occur more often. This trend 
has been visible over the last 20 to 30 years. 
 
 
Part 3: Inertia of climate 
 
The inertia of the climate system    
The inertia of the climate system  

One important characteristic of the climate system is it’s inertia – that is, 
it takes a long time from when something happens (cause) to when we 
see the total consequence (effect).  For example, it takes a very long 
time from:

• when people emit CO2 or another gas until we can measure new stable 
concentrations of the gas in the atmosphere. 
   

• when the concentration of greenhouse gases increases until we can see 
the effect on the temperature.  
   

• when the temperature changes until we can see the biological effects in 
various species of plants and animals such as their extinction, mutations, 
or relocation to new habitats.  
   

• when the temperature in the atmosphere increases to when the sea level 
rises.  
   

 
An illustration of this inertia is the reduction in the number of glaciers in certain 
areas.  There are about a third less glaciers than 135 years ago.  This reduction 
isn't, however, simply the result of global warming but rather because the Earth 
is still returning to its normal state after the last Ice Age! 

Because the climate system is so slow, the climate will continue to warm up even 
after greenhouse gas emissions are stabilized or reduced. Sea level will also 
continue to rise for many hundreds of years after CO2 emissions are stabilized.  

The slowness also adds to the uncertainties in our knowledge about climate 
change.  Both the degree to which people add to the greenhouse effect and the 
possible consequences of human actions are difficult to study because it takes so 
long from when a gas is emitted to when we can measure the changes. When 
scientists try to predict the future, it takes a long time from when they make the 
calculations to when they can check to see if they were right. 
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1. SLOW RESPONSE: This figure shows what might happen if man-made emissions of CO2 stop 

growing at some point during the next hundred years, and then start falling. After CO2 
emissions are reduced and concentrations in the atmosphere stabilize, surface air 
temperatures continue to rise slowly for a century or more. Expansion of the ocean due 
to warmer water continues long after CO2 emissions have been reduced and melting of ice 
sheets continues to contribute to sea-level rise for many centuries. Source: IPCC 

 

The slowness also means that the consequences of our actions are less noticeable 
now than they will be in the future. Emissions from one generation are most likely
to affect future generations.  Likewise, anything we do to slow down climate 
change now will only show results in the future. 

 
 
 
Part 4: Feedback effects 
 
When the Earth warms up, a large number of changes take place in the 
atmosphere, the oceans and on the land surface. Some of these changes 
can, in turn, affect the temperature. These are called feedback effects. 
Some of these feedback effects increase global warming, while others 
reduce it.

 
Feedback from water vapor 

Water vapor is one of the most important feedback effects. A slight warming of 
the Earth due to more sunlight or an increased greenhouse effect, will lead to an 
increase in the amount of water vapor in the atmosphere. As water vapor is also 
a greenhouse gas, the extra water vapor will increase the greenhouse effect even 
more, leading to even greater warming. Thus water vapor has an amplifying 
effect on global warming. 
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Feedback from snow and ice cover 

The feedback effects from ice and snow-covered 
surfaces are similar. When the climate is cold, 
there is a lot of ice and snow on Earth. These 
shiny surfaces reflect sunlight away from the 
ground and make it even colder. A warmer 
climate means less ice and snow. This leads to 
less reflection of solar radiation to outer space 
and increased warming. 
  

 
1. Ice cover in the Arctic ocean 
around Greenland. Photo: NASA. 

   

 
2. Clouds.  Photo: The NOAA Photo Library  
  

Feedback from clouds 

Another important feedback mechanism is 
changes in the cloud cover. When it gets 
warmer on Earth, the amount of water 
vapor in the atmosphere increases and 
more clouds may be formed. This can 
either increase or decrease warming, 
depending on what type of clouds they are. 
All clouds both cool the Earth by reflecting 
sunlight back into space and warm it up by 
absorbing heat from the surface in the 
same way that greenhouse gases do. Thin 
cirrus clouds (which appear high up in the 
atmosphere when the weather is 
fine) generally have a warming effect.  Low 
cumulus and stratus clouds, on the other 
hand, have a cooling effect. However, we 
still don't know much about how climate 
change will affect the formation of different 
cloud types. 

 
 
Part 5: Abrupt changes 
The geological history of the Earth shows that there have been many abrupt 
changes in climate in the past.  During the last Ice Age, sudden climate changes 
occurred about every thousand years.

Scientists have drilled deep into the ice on Greenland and have analyzed layers of 
ice that have been there for tens of thousands of years. The analyses show 
that the average temperature on Greenland changed several times by 8 to16 oC 
over a short period of time – as little as a decade or two! The climate has been 
far more stable since the Ice Age ended and there have only been moderate 
climate variations since.  These include the Little Ice Age in Europe between 1400 
and 1850 when temperatures where much lower than average. 
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Sources of abrupt changes  
A gradual warming of the Earth – for example, due to stronger solar radiation or 
an increased greenhouse effect – can lead to abrupt changes in the climate 
system when a threshold is reached. For example, the abrupt climate changes 
during the last Ice Age probably occurred when the large inflows of freshwater 
from melting glaciers stopped flowing into the oceans changing ocean circulation 
patterns.  Scientists think it unlikely that we will see dramatic changes in ocean 
currents in the future but they cannot rule out the possibility that the strength of 
the ocean currents will change quickly and lead to rapid climate changes in 
Europe.  

Another possible source of abrupt climate change is the enormous amounts of 
the greenhouse gas methane (CH4) trapped in the frozen ground in the Arctic. If 
global warming causes the permafrost to thaw and the methane to be released, 
this can lead to very rapid warming. 

 

 1.  Abrupt changes: Reconstructed summer temperature in the Scandes Mountains, Sweden over the 
last 10,000 years. The curve shows a quite abrupt cooling episode that took place approximately 
8,200 years ago. This event is also seen in temperature reconstructions from other locations in 
Europe and in ice cores from Greenland.  It was probably caused by shifts in the ocean currents, 
caused by huge amounts of freshwater which were released to the oceans when the melting ice caps 
still left over North America after the Ice Age suddenly released huge amounts of water that had been 
trapped in lakes behind the ice.  The temperature reconstruction was possible because scientists 
know what temperatures pine trees need to grow in the Scandes mountains. From plant remains, the 
scientist determined the maximum height above sea level where pine trees could grow at various 
times. A high limit for pine trees means a relatively warm climate. Source: Dahl and Nesje, The 
Holocene 6(4) 381-398  

Modelling abrupt changes 

Climate models are best able to estimate gradual changes in climate resulting 
from higher concentrations of greenhouse gases and are often unable to predict 
abrupt changes. Calculating the likelihood and consequences of abrupt climate 
changes is very uncertain – partly because we do not know exactly where the 
“thresholds” lie, or what causes the abrupt changes. As a result we know little 
about when, where and how abrupt climate changes resulting from a warmer 
atmosphere will occur. 
  

Consequences of abrupt changes 

Sudden and unexpected climate changes often have serious consequences. 
Abrupt changes do not allow us the time or opportunity to prepare. For animal 
and plant life, abrupt changes are particularly serious, especially for species that, 
for example, have long lifetimes, are not very mobile or are specially adapted to 
one habitat. Sudden climate changes can give such species little time to find new 
homes and they might, therefore, face extinction. 
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How are  
people changing
the climate? 

Read more 
 

Unit2: 
What will the future be like? 

In the Basics-section you will find links to the Read more-section. Follow those 
links if you want to explore an issue in more depth (rather than reading this Read 
more-section from beginning to end).  
In this unit you can read about:  
- The Intergovernmental Panel on Climate Change (IPCC) 
- Future emissions and climate change 
- Changes in different parts of the world 
- Vulnerability and adaptation 
This unit also has a worksheet. 
 
 
Part 1: Parts of the World 
 
Changes in different parts of the world  

What are the impacts of climate change over the next hundred years 
expected to look like in different parts of the world? Read here what the 
IPCC has to say.

 
Click the map to read about possible consequences of climate changes in different parts of the world.  

Africa 

A weak economy makes adaptation to climate change difficult. Vulnerability is 
high, mainly because people depend so heavily on agriculture and don't have the 
benefit of irrigation. 
  

ESPERE Climate Encyclopaedia – www.espere.net - People changing the Climate More - page 1 
  English offline version  
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics  

 



 
1.  Even drier: Global 
warming could make 
deserts spread in parts of 
Africa.  Photo: NOAA photo 
ibrary. l 

• More frequent drought, flooding and other 
extreme weather events will have a negative 
effect on peoples access to food, water 
and health care and will slow down development 
in Africa.  

• Sea-level rise will result in more frequent 
flooding and more coastal erosion. Several 
countries in Africa are especially vulnerable to 
this.  

• Grain yield is expected to drop leading to food 
shortages, especially in countries which import 
little food. The rivers in the northern and 
southern countries in Africa will have reduced 
flows of water.   

• Insects that carry diseases will expand their 
habitats. This will lead to an increase in diseases 
transmitted in this fashion (malaria, for 
example).  

• Desertification (land turning into desert) will 
occur more quickly because of reduced rainfall, 
especially in Southern, North, and West Africa.  

• Many plant and animal species will become 
extinct, which in turn will have a negative effect 
on agriculture and tourism. 

  
Asia 

There is a large gap between Asian countries when it comes to vulnerability to 
climate change.  Poor countries are very vulnerable and will have a difficult time 
adapting, whilst the rich countries will adapt much more easily.  

 
2.  Tropical Cyclone Dina 
northeast of Mauritius and
Reunion Islands in the 
Indian Ocean. This image 
was captured on January 
0, 2002. Photo: NASA. 2 

• Extreme events such as flood, drought, forest 
fires and tropical cyclones may increase in the 
warmest parts of Asia.  

• Sea-level rise and the increased intensity of 
tropical cyclones may make the homelands of tens
of millions of people living in the coastal areas in 
temperate and tropical Asia uninhabitable. Sea-
level rise will also threaten coastal eco-systems, 
especially mangrove trees and coral reefs.  

• Production in agriculture and fishing in tropical 
areas will be reduced, while agriculture in 
northern areas will be increased.  

• There will be less access to water in several places
in the south, while there will be improved access 
in many places in the north.  

• There will be a greater spread of disease because 
of the increase in disease-carrying insects and 
more extreme heat.  

• Energy demand will increase.  
• Some regions will experience a great loss in 

tourism.  
• Faster extinction of animal and plant species will 

become more likely. 
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Australia and New Zealand 

In general, Australia and New Zealand have a high adaptive capacity and are thus
not very vulnerable. The exception is the Aboriginal population. 

 
3.  Forest fires could become more 
frequent in areas that get hotter and 
rier.  Photo: Corel Gallery. d 

• More frequent drought will make access 
to water a more important issue and 
increase the likelihood of forest fires.  

• Some species that are specially adapted 
to particular climates will become 
threatened and face extinction. This 
includes the coral reefs.  

• The initial impacts of climate change are 
expected to have positive effects on 
agriculture but if the trend continues, 
the negative effects will eventually 
outweigh the positive effects for certain 
types of agriculture and in certain 
areas.   

• Increased frequency and intensity of 
tropical cyclones will result in increased 
risk of damage to human life, property, 
and ecosystems through more flooding, 
storm surges and wind. 

 

Europe 

Europe generally has a relatively high capacity to adapt. Southern Europe and 
areas around the Arctic region are somewhat more vulnerable than other parts of 
Europe. 
  
  

• There will be more precipitation in the north, and less in the south. 
Southern regions will therefore become more vulnerable to drought.  

• Biological zones – tree lines, for example – will move northward and 
upward. Some species will lose their niches and could thus face 
extinction.  

• The danger of rivers flooding will increase in over large areas of 
Europe.   

• Coastal regions will be more vulnerable to flood and erosion and this 
will damage coastal settlements and agriculture.  

• Glaciers in alpine landscapes will be significantly reduced.  
• Permafrost (ground that is frozen year-round) will disappear in many 

places.  
• With respect to agriculture, there will mainly be positive impacts in 

the north, while production in Southern and Eastern Europe will 
decrease somewhat.  

• Traditional tourist areas will be affected by temperature increases – 
both summer destinations (more heat waves) and winter destinations 
(lack of snow). 
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Latin America 

Latin America is vulnerable to climate change.  It has a low adaptive capacity, 
especially when it comes to extreme events. 
  
  

• Glaciers will shrink or disappear and this will have a very negative 
impact on the access to freshwater in areas where they provide an 
important source of freshwater.  

• Both flood and drought will occur more frequently. The floods will 
reduce water quality in certain areas.   

• The intensity of tropical storms is expected to increase and will result 
in an increased risk of loss of life, damage to property and 
disturbances in ecosystems.  

• Agriculture is expected to have a lower yield and this will threaten the 
economy of some regions.   

• The geographical spread of disease-carrying insects will expand 
towards the poles and up into the mountains.  More people will be 
exposed to diseases like malaria, dengue fever and cholera.  

North America  

North America has a relatively high adaptive capacity and, generally, little 
vulnerability.  The exception to this are the native people. 

 
4.  Ecosystems in mangrove swamps 
are vulnerable to sea-level rise. 
hoto: The NOAA Photo Library. P 

• Biodiversity loss will be increased.  
• Sea-level rise will result in increased 

coastal erosion, loss of wetland areas, 
and more frequent storm surges, 
especially in Florida and along the 
Atlantic coast of the United States.   

• Weather damage is expected to 
increase, which will result in higher 
insurance premiums for such 
conditions.   

• Residential areas, business and 
industry, infrastructure, and ecosystems 
(especially those associated with 
mangrove trees) located in coastal areas
will be negatively affected by sea-level 
rise.   

• Agriculture will largely benefit, but the 
consequences will vary between regions 
and type of agriculture.   

• Some unique ecosystems, including 
prairies, wetlands, alpine tundra, and 
cold water systems will be challenged.  

• Diseases that can be transmitted by 
insects (including malaria, dengue fever 
and elephantiasis) will expand their 
scope in North America.  

• Illness and death associated with air 
quality and heat spells are expected to 
increase. 
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The Polar Regions 

The natural environment in the polar regions is highly vulnerable to climate 
change. Also certain native peoples are vulnerable and have little capacity and 
few possibilities to adapt to the changes. 

 
5.  Melting Arctic: Early spring melt - a 
stream is seen flowing on the ice. Photo: 
The NOAA Photo Library. 

   

• Climate change in the polar regions 
is amongst the most dramatic in the 
world and will occur the fastest.  

• Changes have already been 
registered – including reduced ice 
thickness in the Arctic, thawing of 
permafrost (ground that is frozen 
year round), coastal erosion, 
change in the ice cover and change 
in the distribution and existence of 
plant and animal species.  

• The ice in the Arctic will melt faster 
than other ice because it lies in 
water. The Arctic ice can disappear 
entirely in a very short time, and it 
is not unlikely that the North Pole 
will be free of ice during the 
summer as early as the end of this 
century. This will have a very 
negative impact on biodiversity. 
One benefit is that the sea route 
from Europe to Japan will be 
shorter. 

Island states 

Island states are very vulnerable and have little adaptive capacity. 

 
6.  Flooding of low-lying areas by extreme 
high tides. If sea level continues its rise, 
such events will become increasingly 
common. Photo: The NOAA Photo Library. 

   

• Sea-level rise will cause severe 
damage including increased coastal 
erosion with loss of land and 
property, increased storm surges 
and salinisation (infiltration of salt 
water) of the freshwater. Adapting 
to such changes will require 
substantial resources.  

• Weakening of coastal ecosystems 
will threaten the fishing industry 
and have a negative impact on food 
security and economy.  

• Agriculture will suffer from a 
reduction in arable land area and 
the salinisation of the soil.  

• Tourism, which is an important 
industry for many island states, is 
also expected to be sharply reduced 
after climate changes become 
evident. 
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Part 2: IPCC 
 
The Intergovernmental Panel on Climate Change (IPCC)  

The Intergovernmental Panel on Climate Change (IPCC) is an 
international scientific organization made up of both scientists and 
government representatives. Its task is to assess and summarize the 
most recent developments in our knowledge about climate change. 
 
Firstly scientists assess our state of knowledge about climate change. 
Government representatives from countries all over the world then work with the 
scientists to simplify and condense the material so that it is useful to 
policymakers. This means that all countries in the world should have a shared 
understanding of the climate system based on our most up to date scientific 
understanding.  
The IPCC’s reports form the basis for negotiations on international agreements 
such as the UNFCCC (the United Nations Framework Convention on Climate 
Change) and the Kyoto Protocol (see the next unit). 
Roughly every five years the IPCC releases an assessment report with 
contributions from several different working groups. To date, the most recent 
is the Third Assessment Report (TAR), which was published in 2001. TAR puts a 
great deal of emphasis on explaining how certain each of its conclusions is, and 
whether scientists agree or disagree with them.  
The IPCC concludes that global average surface temperatures have increased by 
0.6 oC over the last hundred years and that it is “likely” that people have caused 
most of the warming over the last 50 years by emitting greenhouse gases. They 
conclude that we are now more certain than ever that human activity contributes 
significantly to global warming. 
  

Part 3: Future emissions 
 
Future emissions and climate change  

Our future climate will be determined partly by the amounts of greenhouse gases 
we emit.  Levels of greenhouse gases emitted are determined by future 
developments in our economy, technological development and population 
growth.  Population size, wealth, fossil fuel consumption and energy efficiency all 
have tremendous influences on how large our greenhouse gas emissions will be. 

Driving forces 

1. Population size. Each person has a pattern of consumption – the food 
we eat, the cars we drive, etc. – and this  results in emissions of 
greenhouse gases. The more people who live on the Earth, the greater the
emissions. The emissions increase the most if the population growth is in 
the rich areas of the world.  
   

2. Wealth. The wealthier we are, the more we consume and the bigger our 
emissions are.  
   

3. Consumption of fossil fuels. Fossil fuels emit greenhouse gases when 
they are burnt, while renewable sources of energy, such as wind energy 
or solar power, do not give off such emissions. The kind of fossil fuels we 
burn also matters. Coal gives off more CO2 than natural gas.  
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4. Energy efficiency. New technologies allow us to use energy more 

effectively. In the future we are likely to need less energy to produce 
goods or services. Today a car uses between about a half to one liter of 
petrol to drive 10 kilometers. In the past cars needed more fuel that that. 
In the future we expect engines to become even more fuel efficient.  

  

Scenarios 

We cannot know for sure how these driving forces for climate change will look in 
the future – but we can guess. Scientists at IPCC have constructed four very 
different pictures of the future, or scenarios as they are also called, to represent 
changes in population size, wealth, use of energy sources and energy technology 
up to the year 2100. All four scenarios describe a possible future world: 
A1B – a rich world

A world with very rapid economic growth, low population growth and the 
rapid introduction and application of new and more effective technology. 

A2 – a heterogeneous world

A world with a large gap between the rich and the poor, high rates of 
population growth, slow economic development, slow distribution of new 
technology with energy needs being met largely through fossil 
fuel resources.  

B1 – a sustainable world

A world of rapid changes where concern for the environment will stimulate 
development of new technologies to avoid using fossil fuel resources. 
Where new technology is spread quickly and efforts are made to close the 
gap between rich and poor and create a more environmentally sound 
economy.  

B2 – a technologically 
imbalanced world

A world with emphasis on local 
solutions for economic, social, 
and environmental 
sustainability where technology
develops rapidly in some areas 
while other areas are forced to 
make do with outdated 
technology.  
   

 
1. How CO2 emissions might develop over the coming 
century, according to four different scenarios.  
dapted from IPCC. A 
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For each of these very different future scenarios, scientists have estimated what 
the emissions of greenhouse gases would be. These emissions figures are then 
entered into climate models to calculate how the concentrations of greenhouse 
gases, temperature, sea level, and climate will be changed in each of the 
scenarios.  

These scenarios are what the IPCC have used to come up with the figure of a 
temperature increase between 1.4 and 5.8°C by the year 2100. To ensure that all 
reasonable future developments have been taken into account, they have used 
about 40 variations of the four scenarios – where they made smaller changes in 
the demographics, economic growth or energy consumption estimates and used 
different economic models. The reason for the large difference between the 
highest and lowest temperature estimates is partly that there is some uncertainty 
about how exactly the climate system works, and partly that we cannot know 
precisely what the future holds in terms of social developments and emissions 
patterns. The IPCC says that for every emissions scenario there is a 40% chance 
that the temperature change will be greater than indicated, but only a 5% 
likelihood that it will be less. 

These scenarios do not take into account the possibility of countries implementing 
new, comprehensive measures for reducing emissions of greenhouse gases. If 
that happens, then both the emissions and warming can be reduced. 
 
 
Part 4: Vulnerability and adaptation 
 
How much a country is affected depends, of course, on how much it is 
exposed to climate change. For example, a country without a coastline 
will not experience sea level rise and it is unlikely that Northern Europe 
will suffer greatly from droughts.  But how hard a country is hit depends 
not only on what particular changes it is exposed to, but how well it is 
able to cope with, or adapt to, these changes. In other words, the overall 
impact of climate change on a country depends both on its vulnerability 
and on its adaptive capacity.
Vulnerability refers to how easily a country can be damaged by climate change. 
Adaptive capacity, on the other hand, refers to how able a society is to make the 
necessary changes to be better prepared to handle climate change. 
A vulnerable society with little adaptive capacity will suffer more from climate 
change than a society that is less vulnerable or has a greater adaptive capacity. 
It is often the case that the poorest countries are the worst off when it comes to 
both vulnerability and adaptive capacity. 

Example: Vulnerability to sea-level rise 

Today, 46 million people live in flood-endangered areas. A sea-level rise of half a 
meter will put 92 million people at risk, while a rise of one meter increases the 
number to 118 million (this is without taking future population growth into 
consideration).  
Loss of land area can be significant for coastal and island states and flat lowlands 
such as the Netherlands, Denmark, the Maldives, and Bangladesh.  
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Although Denmark and the 
Netherlands are both rich European 
countries, there are differences in 
their vulnerability. Compared to 
Denmark, the Netherlands has a 
shorter coastline to secure plus it 
already has a well-developed dyke 
network and extensive experience in 
building dykes. In this sense, 
Denmark is more vulnerable than the 
Netherlands but because both are rich 
countries, they are both capable 
of building sea defences 
and taking action to limit the 
economic damage and loss of life 
brought about by sea-level rise. 

 
1. Several flat coastal lands and islands may be 
exposed to rising sea level. Photo: NOAA Central 
ibrary L 

 
In contrast, agriculture is Bangladesh’s main industry and it is one of the world’s 
poorest and most densely populated countries.  It often experiences flooding and 
loss of human life as a result. A rise in sea-level could put large populated areas 
under water and put even larger areas at risk of flood. Because the country’s 
economy and the people’s access to food depends on agriculture, Bangladesh is 
very vulnerable to flooding and flood-related catastrophes. Moreover, a poor 
country like Bangladesh has little adaptive capacity because it cannot afford 
extensive sea defences to prepare for a rise in sea level. Bangladesh is likely, 
therefore, to be be seriously affected by climate change and both suffer great 
material and human losses. 
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How are  
people changing
the climate? 

Read more 

  

Unit 3: 

How can we hinder man-made climate change? 

 
In the Basics-section you will find links to the Read more-section. Follow those 
links if you want to explore an issue in more depth (rather than reading this Read 
more-section from beginning to end).   
In this unit you can read about:  
- More and more emissions despite improved technology 
- Emissions trading in the EU 
- The Climate Convention (the UNFCCC) 
- The Kyoto Protocol 
This unit also has worksheets. 
 
 
Part 1: More emissions 
 
More emissions despite improved technology 

Despite the efforts of many countries to reduce emissions of greenhouse 
gases, emissions are still increasing in most places. This is because both 
people and businesses are getting richer and richer. They produce and 
consume more and more goods and services. 
  
In many cases, the production process and the goods produced are becoming 
more environmentally friendly. And when emissions per product are reduced, we 
can say that emissions intensity is reduced. But these improvements are not 
enough to make up for increased production and consumption. 

 
1. More and more: Global emissions of CO2 (blue line) and the developed nation’s share (gray line). 
The orange line shows the Kyoto protocol target for emissions from the developed countries in the 
years 2008-2012. Graphic: GRIDA 
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One example:  

Petrol and diesel engines are becoming 
more efficient, using less fuel to perform 
the same work. Thus the CO2 emissions 
for each car trip have become lower. At 
the same time, people in European 
countries are driving more often, and 
more and more goods are being 
transported by road. In addition, large 
and heavy cars have become more 
popular and larger cars emit more 
greenhouse gases. The result is that 
emissions from transportation in general 
are increasing. If the growth in emissions 
is to stop, we either have to use 
technology that cuts emissions more 
quickly and more efficiently, such as fuel-
cell engines run on hydrogen, or we 
simply must drive less. 

 
2. Driving more and more: Although petrol 
and diesel engines are becoming more 
efficient, emissions from vehicles are 
increasing.  This is because people are driving
more often and more goods are being 
transported by road.  Photo: Corel Gallery. 

   

 
3. Low consumption: Consumption per inhabitant 
is low in poor countries.  Photo: Siri Eriksen/CICERO. 

   

Consumption per inhabitant is 
lower in poor countries 

In poor countries, emissions 
intensity is often greater than it is 
in rich countries because 
advanced and energy-efficient 
technology is not available. On 
the other hand, production and 
consumption per inhabitant is 
much lower in the poor countries. 
Emissions per inhabitant are 
therefore lower. But many poor 
and middle-income countries 
outside Europe are seeing 
improvements in standards of 
living in some segments of the 
population, which is increasing 
their emissions. Population growth
in these countries also contributes 
to greater emissions. 
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Part 2: Emissions trading 
 
Emissions trading in the EU  

The EU has elected to introduce emissions trading for greenhouse gases 
from 2005, although it will be limited only to CO  and only to certain 
industries. Dispersed sources such as road traffic and heating of 
buildings will not be included. The intention is to later expand trading to 
additional greenhouse gases and additional activities. This expansion 
will be particularly relevant from the period 2008–2012 – which is when 
the emissions targets in the Kyoto Protocol are valid. 

2

The EU emissions trading system will initially include only emissions of CO2 from 
the following sources: 
  

• Heat power plants   
• Oil refineries   
• Coke ovens   
• Ferrous metal industries   
• Iron and steel production   
• Cement, glass, and 

ceramics industries   
• Pulp and paper industries  

With respect to the last three 
industries, the emissions trading 
only applies to relatively large 
facilities with production capacities 
over certain amounts.  
  

 
1. EU negotiations for limiting emissons.  Photo: IISD 

   
Firms in these industries will be allocated permits from governments in the 
countries in which they are based. These permits can be sold to other firms, or 
the firms can buy extra permits if they need them. The EU Commission believes 
that emissions permits will cost about 15 Euro per tonne of CO2 in the emissions 
trading market. Firms that do not meet their targets will have to pay a fine of 40 
Euros per tonne of CO2 emitted and 100 Euros after 2008. The permit system will 
cover sectors that are responsible for about 46% of the EU’s total emissions. 
Market analysts believe that trading in the permit market will reach up to 8 billion 
Euros by 2007. 

It is expected that Great Britain, which has its own permit system, and Germany, 
which has voluntary agreements between industry and the government about 
reducing emissions, will not take part in the EU’s permit system from the outset. 
The permit market will initially be limited to firms within the EU, but from 2008 
the intention is that these firms will be able to purchase quotas from other 
countries that have ratified the Kyoto Protocol. The Commission has proposed a 
way of integrating the EU’s emissions trading system into the international 
market under the Kyoto Protocol. 

 
The temptation to freeride 

Since the end of the 1980s, international negotiations have been taking place to 
limit emissions. But it is difficult to come to agreement about concrete steps that 
make a difference.  
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Governments are often unwilling to 
carry out the necessary measures to 
reduce the emissions. This makes 
free-riding tempting – that is, letting
other countries take on the burden 
of reducing emissions. A more 
stable climate with as few man-
made changes as possible benefits 
all countries – regardless of whether 
or not they themselves have 
emitted a lot or a little. In addition, 
many countries fear that if they 
place strict restrictions on industrial 
emissions, then the firms will move 
to other countries with less 
restrictive environmental 
regulations. 

 
2. It's not been easy to agree how we should reduce 
emissions in each country.  Photo: IISD 

   

The solution can be agreements where every country must take on its share of 
the burden – and where those that do not contribute are punished. But it is no 
easy matter coming to agreement about what is a fair distribution of the burden 
of reducing emissions! Countries are also reluctant to agree to effective 
sanctioning mechanisms, which may affect them in the future. In addition, there 
is little opportunity to punish countries that are not part of the agreement. There 
is no world government or world police to enforce the rules in international 
environmental agreements. These obstacles can explain why it is so difficult to 
make effective agreements about reducing emissions. 
 
 
Part 3: Climate Convention 
 

The Climate Convention (The UNFCCC) 

The UNFCCC (the United Nations Framework Convention on Climate 
Change, also known as “the Climate Convention”) was signed at the 
United Nations Conference on Environment and Development (UNCED) in 
Rio de Janeiro in 1992. The conference, also known as the “Rio 
Conference,” brought together government leaders from around the 
world to sign the agreement. 
The goal of the UNFCCC is to stabilize greenhouse gases in the atmosphere at 
levels that will not cause dangerous climate changes. Moreover, the aim is to 
stabilize emissions within a time frame that allows ecosystems to adapt to climate 
change naturally. The steps that are taken to do so must not endanger food 
production and must also be consistent with sustainable economic development. 
Today, virtually all members of the United Nations have signed and ratified the 
UNFCCC. 
The UNFCCC operates on the principle that the rich, industrialised countries are 
mostly responsible for the climate changes to date, while the poor, developing 
countries will mainly suffer the brunt of the impacts. The convention thus states 
that the industrialised countries must be the first to take action and reduce their 
emissions of greenhouse gases. At present, developing countries are not obliged 
to reduce their emissions of greenhouse gases. Industrialized countries, including 
countries with economies in transition (countries in Eastern and Central Europe 
and in the former Soviet Union), are required to develop national action plans to 
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reduce emissions of greenhouse gases and protect and develop forests and 
oceans that can absorb greenhouse gases from the atmosphere. The aim of the 
convention is for industrialised countries to assist the developing countries in 
becoming better prepared to tackle the impacts of climate change. The 
convention specifically requires industrialised countries to: 

• Provide funding and technological assistance to help developing countries 
limit their emissions of greenhouse gases.  

• Help the countries that are particularly vulnerable to the damaging effects 
of climate change to manage the costs of adaptation.  

• Aquire environmentally sound technology and knowledge in addition to 
supporting technological innovation in developing countries. 

Both industrialised and developing countries are required to:  

• Aquire information about how much they emit and how much CO2 is 
captured in their oceans and forests.  

• Provide information about steps taken to restrict emissions or adapt to 
climate change.  

• Protect greenhouse gas sinks (such as oceans and forests).  
• Co-operate on planning to deal with the impacts of climate change on 

coastal zones, water resources and agriculture.  
• Co-operate on protecting areas threatened by flood or drought, especially 

in Africa.  
• Inform the public about climate change and possible impacts. 

The countries are also required to support an international economic system that 
will lead to sustainable economic growth and development in all countries, 
especially developing countries. This will better enable them to solve the 
problems that are caused by climate change. 
  
 
Part 4: Kyoto Protocol 
 
The Kyoto Protocol  

In 1997, the Climate Convention held a conference in Kyoto, Japan. The 
aim of the conference was to achieve agreement on a treaty that would 
require the industrialised world to limit its emissions of greenhouse 
gases.
An agreement was made to set targets for reductions of industrialised countries’ 
emissions of greenhouse gases: the Kyoto Protocol. It requires that industrialised 
countries, as a group, reduce their emissions of six greenhouse gases by about 
5% compared to 1990 levels in the period 2008–2012. This agreement is legally 
binding. This means that states that have agreed to its terms and then fail to live 
up to their commitments will be sanctioned – including by having to reduce their 
emissions even more in a subsequent period. But states that withdraw from the 
entire agreement cannot be sanctioned.  
  
The 5% reduction in emissions required by the Protocol is an average: some 
countries are required to reduce more, and others less. The quotas and targets 
assigned to each country were arrived at through many rounds of tough 
negotiations. This figure shows how different countries must reduce their 
emissions compared with 1990. 
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Only the three countries 
Iceland, Australia, and 
Norway are allowed to 
increase their emissions 
relative to 1990 levels by 
10%, 8%, and 1%, 
respectively. Russia, 
Ukraine and New Zealand 
may keep their emissions 
at the same level as in 
1990. The rest of the 
industrialised countries are
to reduce their emissions 
by between 6 and 8% 
from 1990 levels in the 
period 2008–2012. Even 
though the United States 
demanded that developing 
countries should also be 
given reduction targets, 
they were not given any 
specific reduction 
commitments in this round
of negotiations. 

 
1. Targets: In the Kyoto Protocol, the developed countries 
agreed to limit their emissions of greenhouse gases. The graphic 
above shows how many percent each country’s emissions must 
be reduced (or is allowed to increase) in the years 2008-2012 
compared to 1990.  
 

   

The Kyoto Protocol covers the 
following gases:  
 
     - carbon dioxide (CO2),  
     - methane (CH4),  
     - nitrous oxide (N2O),  
     - hydroflourocarbons (HFCs),  
     - perfluorocarbons (PFCs) and  
     - sulphur hexafluoride (SF6).  
 
Emissions of the different gases 
are compared by counting each 
gas in tonnes of “CO2 equivalents”
– that is, the amount of each gas 
that contributes to the same 
amount of global warming as a 
tonne of CO2 over a specified 
period of time. 

  

 
2. The EU countries agreed to a common target for the 
whole of EU. In between themselves, they agreed to 
plitting up the target as shown above. s 

 

The agreement allows states to meet their targets in other ways than by simply 
reducing emissions domestically. Three so-called flexibility mechanisms were 
established to help states reduce their costs in meeting targets: 

1. International emissions trading allows industrialised countries to buy 
or sell parts of their national emissions quota allocated by the Kyoto 
Protocol. Trade is limited to industrialised countries. The government of 
each country may allow companies to buy and sell emissions permits. 
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2. Joint implementation implies that an industrialised country pay for 
measures to reduce emissions in another industrialised country. This will 
give the buyer the right to emit more domestically, while the seller will be 
required to emit correspondingly less. 
   

3. The Clean Development Mechanism (CDM) allows industrialised 
countries to acquire emissions credits (the right to emit greenhouse gases)
by paying for emissions reduction measures in developing countries that 
do not have emissions targets. These measures must also contribute to 
sustainable development in the recipient country. Detailed rules and 
regulations to ensure that the emissions reduction measures meet all the 
requirements are worked out. 

The Kyoto Protocol enters into force as soon as it has been ratified by at least 55 
countries. Industrialized countries that together represent at least 55 percent of 
the CO2 emissions in 1990 must be included among the ratifying countries for the 
agreement to enter into force. The United States has declared that it will not 
ratify the agreement. 
The Kyoto Protocol, in its current form, will have a minimal effect on global 
emissions of greenhouse gases in the period 2008–2012. The Protocol was 
especially weakened after the United States, with its high emissions, withdrew its 
support. 
The Kyoto Protocol will probably make only a slight difference, partly because 
several countries with economies in transition – particularly Russia – have already
reduced their emissions dramatically from 1990 levels for economic reasons. But 
soon negotiations for new commitments for the period after 2012 will begin. If 
agreement is reached on even stricter targets after 2012, and if the United States 
and developing countries eventually take on commitments, the agreement can 
become more effective. So even though the Kyoto Protocol is perhaps only a 
small step for the Earth’s climate, it may be a necessary first step on the road to 
more effective international climate co-operation. 
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