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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.
Dimensions of the troposphere

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
Cambridge. http://www.atm.ch.cam.ac.uk/tour

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.

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.

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 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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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.
Mühr.

Source:

www.klimadiagramme.de - Bernhard

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.

6. The world at night. Authors: AVHRR and Seawifs
texture: Reto Stockli; Visualization: Marit JentoftNilsen, VAL, NASA GSFC.

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

1. Dew rising in the morning - Virgen valley Osttirol.
Photograph: Elmar Uherek.

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.mpchmainz.mpg.de/~kosmo/remgallery/medsea/medsea.htm

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.

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.

2. greenhouse
effect
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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 oC, if there were no greenhouse gases in
the air, the average temperature of the Earth would be about 30 oC
lower.
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
1. Greenhouse gases act like a pullover. Adapted
trouble.
from: fashion 3sat online.
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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 m2
.
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.
What is emitted by the
biosphere?

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

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.

ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere Basics - page 7
English offline version
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics

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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Monoterpenes

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 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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Nitrous oxide N2O

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.

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
air. Source: SEAWIFS Project.

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.
http://svs.gsfc.nasa.gov

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
Kenya. Source: Global Fire Monotoring Centre
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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.

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.

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

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.

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

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.
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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Where are they involved?

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.

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

N2 O

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
Elmar Uherek.

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.

What happens in the city?

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

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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Where do organic compounds
come from?

2. Organic emissions from forests and industry.
Image: Elmar Uherek, Photograph © FreeFoto.com.

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 peroxyradical (RO2), with R representing
the unreactive organic part of the
molecule. Radical species have a
spare electron which makes them
very reactive.
When are the best conditions
for ozone smog?

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

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
stoves). From: lecture by Jim Smith at NCAR.
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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.
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:

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

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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How is OH formed?

3. OH and the nitrogen oxide cycle
Scheme by Elmar Uherek

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:
presentation J. Lelieveld MPI Mainz, 2003.

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).

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.

6. Important OH reactions in the troposphere.
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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,
2003.
* 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.
The diurnal cycle

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

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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Nitrate radical chemistry

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.

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.

The chemistry of the nighttime 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).

5. Nitrate radical reactions with alkanes and alkenes.

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.
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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.

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).

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:
from NASA.

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 infrared 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)
ESPERE Climate Encyclopaedia – www.espere.net - Lower Atmosphere More - page 9
English offline version
supported by the International Max Planck Research School on Atmospheric Chemistry and Physics

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.
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. a-c) Animations by Elmar Uherek.

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
decreases.

In the atmosphere there are
several ways in which we can
measure the absorption of
radiation. On Earth, we can
measure the absorption of ultraviolet 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.

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.

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.

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.

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.

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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Vibrations:
A asymmetrical stretch

B symmetrical stretch
[not IR active]

C vertical bend
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.
Spectrum and animations from Scott Van Bramer, Widner University.

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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The role of greenhouse gases

2. Greenhouse gases keep the planetary boundary
layer warm in the same way as our clothes do in
winter. Adapted from fashion 3sat online.

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

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
Hamburger 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
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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.
Water vapour absorbs
most wavelengths of the infrared 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.

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

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.

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

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
stomachs of cows

and sheep. Source:
www.freefoto.com

Methane is emitted from rice
paddies

moors 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 CH4 yr-1]
(Hein et al., 1997)

Emissions [Tg CH4 yr-1]
(Lelieveld et al., 1998)

wetlands + rice

325
(237 + 88)

225

energy sector

97

110

90

115

ruminants

(including waste treatment)

landfills

35

40

biomass burning

40

40

others

-

(70)

Total

587

600
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.

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
TAR Fig. 4-1.

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
remains. (c)

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:

1. The water vapour saturation curve tells us the
p = given partial vapour pressure
maximum amount of water the air can hold at a
of water
particular temperature (a relative humidity of 100%).
psat = saturated water vapour
pressure, this depends strongly
on the air temperature.
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.
Cloud formation

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)
Bernhard Mühr.
Twofold feedback

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.

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

4. Water vapour as part of a dynamic atmosphere.
Source EU

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

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.
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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.

Ozone attacks our respiratory
system

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.

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
membranes of our lungs. © emphysem-info.

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
air ...

... 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.
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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.

Measuring ozone

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

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:

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

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

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] 5070%
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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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).

6. Lignin gives the wood its structure. It is formed
when water is irreversibly lost from sugars to form
aromatic (ring) containing polymers.

7. a) open fire; photo by Dylan 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 ....

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

... 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:
ppm (parts per million)
ppb (parts per billion)
American

ppt (parts per trillion)
American

more correctly:
-6

µmol / mol = 10
(micromol / mol)

this means:
1 in 1,000,000

nmol / mol = 10-9
1 in 1,000,000,000
(nanomol / mol)
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)
image: Elmar Uherek

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

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.

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

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

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)

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

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.

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

C5 H 8

< 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 nonurban 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!

