
Learning objectives

After reading this chapter you should be able to:

➤ discuss the evidence for anthropogenic global warming

➤ understand how the use of fossil fuels has impacted upon

the climate

➤ describe how the carbon cycle has been perturbed

➤ appreciate how humankind has created environmental

problems and perceive how they may be solved

21.1 Introduction

Environmental change on a global scale first became a

matter of public concern in the 1960s. Before then, the

perceived environmental problem was urban pollution,

which affected human health and the quality of life of many

people. Although urban pollution became acute during the

Industrial Revolution, it was not new. The smelting of toxic

metals such as copper and lead was a health hazard in

ancient Rome, as revealed by analysis of hair samples from

the preserved corpses of Roman soldiers found in bogs, and
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from traces of metal in Greenland ice cores. Coal was used

in London in the thirteenth century. Coal contains not only

carbon but also 1–4% sulphur and traces of heavy metals,

and therefore its combustion releases a multitude of pollu-

tants as well as carbon dioxide (CO2). With the onset of the

Industrial Revolution in western Europe, around 1780, the

use of coal increased dramatically and cities such as London

became heavily polluted with smog, a mixture of fog and

smoke. Domestic coal burning was a major contributor to

smog, and the industrial regions around Birmingham in

England became known as the Black Country; even non-

industrial Edinburgh was known as Auld Reekie, referring

to the smell of coal burning.

Diseases such as bronchitis and tuberculosis were wide-

spread following the Industrial Revolution, and nearly a

quarter of deaths in Victorian Britain (1837–1901) were

from lung diseases. In one week of December in 1952, 4000

Londoners were killed by a particularly severe episode of

smog. The ensuing public outcry resulted in the Clean Air

Act of 1957, which restricted coal burning and resulted in

the use of cleaner energy sources such as oil, gas and elec-

tricity. Other coal-burning cities of the world such as 

Pittsburgh in the United States have a similar history. Prob-

lems were greatly exacerbated by the growth in use of the
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motor car, especially in regions receiving high solar radia-

tion, such as Los Angeles, Athens and Mexico City, where

the ultraviolet radiation reacts with uncombusted hydrocar-

bons from exhausts of cars to yield photochemical smog,

irritating the eyes, nose and throat. An important milestone

in the awakening of environmental concern was prompted

by the widespread use of the persistent pesticides that were

introduced after the Second World War and the publication

of Rachel Carson’s book Silent spring in 1962. Silent spring

warned against the dangers of pesticides, especially to song-

bird populations, indicating how persistent chemicals might

spread in food chains as well as in the atmosphere, and ulti-

mately damage non-target species. At the same time, other

scientists were demonstrating that the pesticide DDT could

be found in snow in the Antarctic, and that pesticides were

responsible for eggshell-thinning in wild birds, threatening

especially those species at the end of food chains such as

raptors. Thus, the idea of environmental change on a global

scale soon became a permanent part of the western culture,

and part of the international research agenda.

The global scale of human influence on the planet is

today felt even more strongly, but not because of fears of

widespread pollution of the land and sea by pesticides. The

global environmental challenge that we face now is climate

change, and that is the main focus of this chapter.

21.2 Climate change

21.2.1 Long-term change

The climate has always fluctuated, but usually over very

long timescales. There are many sources of information

that help in the reconstruction of past climates. These

include historical records, evidence from the annual growth

rings of trees, deposits of pollen in lakes and bogs, isotopes

and fossils. The picture that emerges is quite complex,

showing cyclic fluctuations on several scales (Figure 21.1).

The long-term cyclic trends in the Earth’s temperature, seen

in Figure 21.1(a), associated with periods of glaciation

known as ‘the Ice Ages’ were attributed by Serbian

astronomer Milutin Milankovitch to the irregularities in

the orbit and tilt of the Earth, which influence the energy

received from the Sun (see Chapter 20). In contrast to these

gradual changes, there have also been catastrophic events

causing mass extinctions on a global scale. For example, in

the Late Permian (245 million years ago) about half the

families of marine animals were lost. At the boundary of

the Cretaceous and Tertiary (known as the KT boundary,

some 65 million years ago) 15% of marine families were

lost, perhaps 75% of plant species, and (most famously)

dinosaurs became extinct. Such events are now usually

attributed to the impact of comets, asteroids or large 

meteorites, which would have thrown up debris into the

atmosphere and greatly reduced the penetration of solar

radiation, causing widespread cooling, a reduction in

photosynthesis and collapse of food chains. The KT

boundary is considered to have been caused by an asteroid

10 km in diameter, which impacted at Chicxulub, north-

east Yucatan, Mexico. Geologists recognize five such mass

extinction events in the fossil record, all of them global in

extent, taxonomically broad and most evident in marine

invertebrates (for which the fossil record is relatively

complete). It is against this background that we examine

the changes in the climate system which are currently

occurring, and their link to anthropogenic activity.
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Figure 21.1 Air temperature over three timescales, relative 
to modern records: (a) the past million years; (b) the past 
20 000 years; (c) the past millennium.
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21.2.2 Recent climate change 
and its causes

Over the past century the Earth has warmed by about 0.7°C,

with rapid rates in recent years (Figure 21.2). Apart from

this modern instrumental record from meteorological

stations, there are a number of independent sources of

information to demonstrate the phenomenon of climate

warming: glaciers have been receding, snow cover has

declined, polar ice has been melting, sea levels have been

rising and spring has been earlier.

Many authors describe the present-day temperatures as

‘unprecedented’. We know the temperatures and the concen-

trations of and methane ( ) that have occurred over

the past 650 000 years from analysis of deep cores taken

from polar ice, and we can compare them with those being

experienced now. Although the 650 000 year record does

contain large fluctuations, associated with the ice ages and

the warm interglacial periods, we can observe that today’s

temperatures and concentrations of and are much

higher. Moreover, the rate of increase in temperature is

faster now than previously.

A causal association between greenhouse gases and

temperature is inevitable, ever since the demonstration in

1859 by the Irish scientist John Tyndall that absorbsCO2

CH4CO2

CH4CO2

infrared radiation. In the Earth’s atmosphere, and a

range of other gases, including water vapour, absorb some

of the infrared radiation that would otherwise stream

directly out to space, thus causing a heating effect known as

the greenhouse effect (the name arises because glass also

absorbs infrared radiation and so the glass panes in a green-

house have exactly the same effect on a local scale). The

amounts of three of these gases, , and , have

risen sharply in recent times, and the extent of warming to

be expected from these rises can be calculated (see the right

hand axis of Figure 21.3). The rise in heat supply to the

Earth’s surface, known as radiation forcing (see Chapter 4),

amounts to 2–3 W . This adds only about 1% to the

heat supply from the incoming solar radiation (averaging

about 230 W at the Earth’s surface) and this is enough

to increase the global temperatures.

We know for sure that humans have emitted vast quanti-

ties of by burning fossil fuels and biomass, thus 

interfering with the global carbon cycle. The rise in 

concentrations can be attributed to increases in various

types of human activity. Only about 45% of all emis-

sions are produced naturally: from wetlands, termites, the

ocean and from the decomposition of gas hydrates. The

remainder is anthropogenic: from energy production, rice

fields, landfills, ruminant livestock, waste treatment and

biomass burning. The rate of increase in has in fact

been falling in the past few years. As for , the causes of

its increase are somewhat less clear. It is produced naturally

by microbial activity in the nitrogen cycle (see Chapter 22),

and at a much faster rate when land is ‘improved’ by the use

of nitrogen fertilizer. It is estimated that about one-third of

the global emissions of are anthropogenic.

Other processes influence global temperatures (see

Figure 4.23 in Chapter 4). Some are less well understood,

and are the subject of current research. One such case is the

influence and general behaviour of aerosols. These are parti-

cles in the atmosphere, including fumes and smoke from

industrial processes and transport, and naturally produced

particles such as pollens and spores. To some extent, they

shield the planet from solar radiation, absorbing, scattering

and reflecting solar radiation. The aerosol ‘haze’ which we

see in the clear sky (especially in the northern hemisphere)

effectively reflects part of the incident solar energy back into

space, contributing to a cooling effect and therefore offset-

ting the warming effect of greenhouse gases (see Section 4.9

of Chapter 4). Periodic changes in the aerosol content of the

atmosphere, for example by major volcanoes and by periods

of heavy industrialization or biomass burning, have the

capacity to change the temperature of the planet. Marine

phytoplankton and the vegetation itself contribute to the
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Figure 21.2 Observed trends on (a) global average temperature,
(b) global average sea level and (c) northern hemisphere snow
cover for the past century. (Source: IPCC 2007a)
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Figure 21.3 Trends in three global atmospheric greenhouse
gases over the past 10 000 years. Different colours denote
different studies. The inset box shows the period since 1750 in
more detail. The left hand axis shows the concentration of each
gas and the right hand side shows the radiative forcing that the
concentration implies. (Source: IPCC, 2007a)

of them behave in the same way. Aerosols from biomass

burning (black carbon) and the ‘brown clouds’ that 

come from urban sources may have the opposite effect.

Ramanathan et al. (2007) flew small unmanned aircraft in

brown clouds over the Indian Ocean and showed that these

low-elevation clouds had a warming effect.

Variation in the Sun’s energy output is sometimes

proposed as a possible cause of global warming. Although

we talk of the average energy incident on the Earth as meas-

ured outside the atmosphere as the ‘solar constant’ (and

assign it the value of 1366 W ), it is not quite constant.

The most conspicuous variations are associated with

sunspots, which appear as dark marks on the solar surface

and arise because of variations in the magnetic properties of

the Sun. They occur in an 11 year cycle, but there is a possi-

bility of less conspicuous longer-term trends. However,

according to estimates in IPCC (2007a) the changes in solar

irradiance since 1750 have caused a radiative forcing of only

, and recently Lockwood and Fröhlich (2007)

have shown that the changes in solar radiation over the past

20 years have been in the opposite direction to that required

to explain the observed rise in global mean temperatures.

Volcanic eruptions eject aerosols into the atmosphere,

causing more radiation to be reflected back into space. They

are sometimes large enough to have a short-term impact on

the climate. The June 1991 eruption of Mount Pinatubo

injected large amounts of aerosols into the stratosphere.

Over the following months, the aerosols formed a reflective

layer of sulphuric acid haze and global temperatures

dropped by about 0.5°C. Likewise, the April 1815 eruption

of Mount Tambora in (modern-day) Indonesia is believed

to have been the cause of the exceptionally cold conditions

everywhere in the world in the following year: 1816 is

known as ‘the year without a summer’. Significant volcanic

eruptions in recent times were Mount Agung in Bali in 1963

and El Chichonal in Mexico in 1981. Volcanoes that are

large enough to eject massive quantities of aerosols into the

atmosphere have not become more frequent over the last

100 years and so cannot be the cause of the trend in global

warming.

The scientific consensus is, overwhelmingly, that the

production of greenhouse gases by humans is the primary

cause of recent global warming, as outlined in reports

from the IPCC (http://www.ipcc.ch). One of the most

compelling lines of evidence is that global climate models

(GCMs), in which production of these gases is simulated,

show the same pattern of global warming as that observed,

and in all parts of the world (Figure 21.4). When run

without adding anthropogenic production of greenhouse

gases, GCMs show no appreciable global warming.

+0.12 W m-2

m-2

aerosol content of the atmosphere, by emitting certain

volatile organic compounds which form aerosols (Meir 

et al., 2006).

The uncertainty inherent in estimating the radiative

forcing of aerosols comes from the recognition that not all
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Understanding the causes of climatic variation is still an

area of intense research, drawing upon expertise from many

scientific disciplines (see Chapters 4 and 20). One important

issue is the behaviour of a myriad of negative feedbacks

which tend to dampen any instability, and the extent of the

influence of positive feedbacks which might cause run-away

warming. For example, as the climate warms and the polar

ice melts, the overall albedo of the planet will decline (land

and sea absorb more energy than ice and snow). A decline in

albedo will make the planet’s surface absorb more solar

radiation, and thus further warming will occur. In this way,

warming may give rise to further warming, an example of a

positive feedback loop. Some examples of positive and nega-

tive feedbacks are given in Box 21.1.

21.2.3 Predictions from global climate
models (GCMs)

Global climate models have developed from global circula-

tion models (both abbreviated GCMs), which in turn sprang

from the application of numerical methods to weather fore-

casting. Predictions of the climate for the next century are

made by running GCMs with specified prior assumptions

about the pattern of greenhouse gas emissions. In reality,

these patterns will depend on social, political and economic

development in the world, and they are patterns we cannot

foretell. So researchers define them as ‘scenarios’ or 

‘storylines’, each storyline having a particular pattern of

greenhouse gas emissions, and use GCMs to investigate the

consequence of each scenario. The scenarios are defined

exactly in the Special Report on Emission Scenarios, SRES

(IPCC, 2001) and are summarized here.

A1: In this scenario there is rapid economic growth, an

increasing human population until mid-century and

thereafter a decline, and the rapid introduction of more

efficient technologies. Three A1 groups are distinguished:

A1FI is fossil-fuel intensive, A1T uses non-fossil energy

and A1B uses a mixture of the two. A1B corresponds to

what most traditionalists imagine will happen. A1FI

leads to the concentration rising from its present

380 ppm to around 960 ppm while A1B results in 

710 ppm by 2100.

A2: Here, the world develops in a more heterogeneous

way with emphasis on self-reliance. Fertility patterns

have regional characteristics and converge slowly;

economic growth and technological uptake are more

fragmented. In this scenario, the concentration rises

from its present 380 ppm to 860 ppm by 2100.

B1: Like A1, scenario B1 is a convergent world with a

population that peaks in the mid-century but with

a strong evolution of a service and information

technology, with reductions in material intensity and

clean technologies. In B1 global solutions are found to

economic, social and environmental sustainability. In
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Figure 21.4 Observed warming rates in different regions of the world. Black lines are meteorological observations, blue bands
represent the range of model results when no anthropogenic effects are included, red bands represent the range of model results
when anthropogenic effects are included. (Source: IPCC, 2007a)
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CLIMATE FEEDBACK

Anthropogenic activity is believed to

be enhancing climate change and

encouraging the planet to warm.

However, there are a range of feed-

backs that result in different

responses to human activity. Positive

feedbacks on the climate system will

accelerate global warming, while

negative feedbacks will suppress

warming. There are a whole range of

interlinked processes that suggest we

need to look at environmental change

taking a whole-system viewpoint. This

box lists some of the hypothesized

climate feedbacks that global

modellers are investigating.

Positive feedbacks

• Warming will cause release of 

from increased biomass decompo-

sition, primarily in the forest

regions of the world but also in the

tundra, thus accelerating warming.

CO2

• Warming will melt snow and ice,

decreasing albedo and thus

increasing warming, melting even

more snow and ice.

• Tropical deforestation will cause

warming and drying, itself causing

a decline in the rainforests of the

world.

• Increased cover of woody vegeta-

tion in the high latitudes, caused

by warming, will decrease the

reflectance of the land surface,

and thus accelerate warming.

• Warming will increase the decom-

position rate of gas hydrates (see

Chapter 19), leading to a release

of the potent greenhouse gas

methane; this will increase

warming.

Negative feedbacks

• Deforestation will lead to 

an increase of soil erosion, 

atmospheric aerosols will increase

and solar radiation at the surface

will decline, causing cooling.

• Replacement of coniferous forest

by warmth-loving broadleaved

forests and by agriculture will

decrease planetary reflectance,

causing cooling.

• Increased transpiration in a warm

world will lead to more clouds,

cooling the planet.

• Increased precipitation and ice

melt will result in increased runoff

into sensitive parts of the oceans

altering the balance between

freshwater and saline water,

thereby resulting in a slowing of

ocean circulation and allowing

northern high latitudes to cool

(see Chapter 20).

BOX 21.1

this scenario, the concentration rises from its

present 380 ppm to 540 ppm by 2100.

B2: In B2 local solutions to economic, social and envi-

ronmental sustainability are found; the population

growth rate is slower than A2, with intermediate levels of

economic development, and there is less rapid techno-

logical change than in A1 and B1. In this scenario, the

concentration rises from its present 380 ppm to

615 ppm by 2100.

When the GCM are run, we see a warming by 2100 ranging

from 1.8°C in the B1 scenario to nearly 4°C in the A1FI

scenario (Figure 21.5). There are associated changes in rain-

fall. For example, in the A1B scenario (Figure 21.6) the 

rainfall patterns are substantially different from those today,

with more rain falling in the polar regions while the mid-

latitudes will become drier. The Mediterranean regions of

Europe and Central America will become especially dry

according to this prediction.

CO2

CO2 These changes are profound, especially so as the models

suggest a more variable climate with an increasing

frequency of extreme events. News reports of storms,

droughts and hurricanes are increasingly shown in the

media but these alone should not be taken as evidence of a

link between global warming and extreme events. Analyses

of reliable long-term records and model predictions are the

proper evidence that must be considered. Emanuel (2005)

investigated data on hurricanes and found the total power

dissipated (longer storms and more intense storms) has

increased markedly since the mid-1970s. Moreover, model

predictions do indeed show an increased variability with an

increased frequency of extreme events (IPCC, 2007b). Heat-

waves, for example, are expected to increase (Figure 21.7).

Results such as these prompt economic analysis and receive

the attention of the public and of politicians. Insurance

companies can no longer base their premiums on the

analysis of past data when the climate system is so clearly
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Figure 21.6 Relative changes in precipitation for the period 2090–2099, relative to 1980–1999, assuming the A1B scenario for
December to February (left) and June to August (right). White areas are where less than 66% of the models agree on the sign of
change. (Source: IPCC, 2007a)

changing its behaviour. Such ‘extremes’ in temperature, rain

and wind will all cause appreciable damage, and the cost of

repairing the damage will ultimately consume much of the

wealth of the world, as emphasized by the report of Sir

Nicholas Stern made to the UK Government (Stern, 2006).

Box 21.2 provides some examples of potential impacts of

global warming.

21.2.4 Critical evaluation of the 
state of the art in GCMs

Global climate models have significant weaknesses, which

are frequently highlighted by sceptics. However, according

to the IPCC, most climatologists agree that better models

would not materially influence the conclusions of the model
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runs. Some of these perceived weaknesses are mentioned for

consideration here.

21.2.4.1 Resolution

Spatial resolution may be too coarse. For example, in the

HADCM3 model, the GCM used at the Hadley Centre in the

United Kingdom, the grid cells for the global runs made for

the IPCC are degrees in latitude longitude, and

the time steps are half-hour. There is a practical limitation on

spatial and temporal resolution imposed by the speed of the

supercomputer as it takes a very long time to run a GCM for a

100 year or more simulation. As computing power increases

over the next few years there will be improvements in resolu-

tion. Some features of the climate system of course have a

characteristic size which is small in relation to the grid cells

(hurricanes and even clouds have to somehow be represented).

21.2.4.2 Biological and chemical coupling

Attempts to represent the impact of the biology and chem-

istry in GCMs are in their infancy. To some extent this

*2.5 * 3.75

bottleneck relates to the lack of process understanding. For

example, how should we model the effect of warming on 

the respiratory production of by the soil microbes? In

general, our understanding of the carbon cycle is incom-

plete, and arguably we are not yet ready to represent it in

GCMs, yet its behaviour clearly has the potential to generate

‘surprises’ in the form of new and substantial sinks and

sources of carbon. This is touched upon in Section 21.3.

Similar remarks could be made in the realm of atmospheric

chemistry and aerosol science.

21.2.4.3 The behaviour of ice

It is very difficult to represent properly the melting of ice,

and the existing GCMs fail to deal specifically with the

consequences of the possible melting of the Greenland ice

sheet. This would cause a massive influx of meltwater into

the North Atlantic, changing the ocean circulation patterns

and therefore profoundly altering the distribution of heat

over the Earth’s surface. Such events may have occurred

before, as the Heinrich events, which are evident during the

last glacial period (Rahmstorf, 2006; see Chapter 20).

21.2.4.4 The human dimension

No one has attempted to incorporate models of social and

economic life into this type of climate model. The most

significant change in land-use is currently tropical deforesta-

tion. When forest is replaced by pasture, as for example in

Amazonia, the land surface becomes more reflective, the

pattern of evapotranspiration becomes more seasonal, the

cloud cover is reduced, and the surface becomes aerodynam-

ically smoother (Figure 21.8). These changes, on the scale of

the Amazon Basin (over 4 million km2), have the potential to

change the climate not only in Brazil but elsewhere.
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Reflective questions

➤ Why do most scientists believe that most of the

recent global warming is caused by human

actions?

➤ Can you list some positive and negative climate

feedbacks and some of the impacts of climate

change that could be associated with increased

greenhouse gas concentrations?

➤ What are the current limitations of GCMs?
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IMPACTS OF GLOBAL
WARMING
Most current models suggest a 2–4°C

increase in global temperature over

the next century. This rate is 10 times

faster than the warming experienced

over the past 10 000 years, and

substantial impacts on human soci-

eties are anticipated. The following

is a summary of some of the main

effects that have been widely

discussed in recent publications.

• Extinction rates, already very

high, will be increased even 

more. Species would have to be

capable of very fast migration 

to keep up with the isotherms

which would move northwards 

at about 10 km per year. A recent

study suggests that 13–37% of

species will be ‘committed to

extinction’ by 2050 (Thomas 

et al., 2004).

• Although cold countries such as

Russia may enjoy an increase in

agricultural productivity as a result

of warming, at least in the short

term, many of the world’s main

food-producing regions may

become too hot and dry for crops

to grow. This would include major

‘breadbasket’ regions such as

central and southern Europe and

North America.

• Low-lying ground, including many

major cities of the world and some

entire small island states, may be

inundated as a result of thermal

expansion of the ocean and the

melting of ice. Rates of rise in sea

level are likely to be in the range

0.20–0.86 m from 1990 to 2100

(IPCC, 2001).

• Some geographical regions will

suffer more than others. Tempera-

ture rises are currently especially

high in the high latitudes (leading

to melting of ice). Models show an

increase in the extent of El Niño,

with high rates of warming and

drying in some of the tropical

regions, causing replacement of

the rainforest of Brazil by savanna

(see Chapter 22).

• Diseases are likely to spread from

the tropics to the temperate and

northern regions as the climate

warms. Outbreaks of pests may

become more extreme, as the

natural biological control processes

may not always be present. Of

particular concern is the northward

spread of insect pests which

damage crops or transmit disease.

One such example is Lyme disease,

a life-threatening disease carried by

ticks and found to be more preva-

lent in the United Kingdom during

warm years.

• The cost of repairing damage

caused by extreme events will esca-

late and occupy a major proportion

of the world’s economic production.

Although there is considerable

uncertainty in model predictions, partly

because the models do not incorporate

many of the likely feedbacks that derive

from the vegetation itself, there is now

agreement that the countries of the

world must cooperate to reduce the

emissions of greenhouse gases.

BOX 21.2

Figure 21.8 The effect of land-
use change (tropical forest to
pasture) on the energy and
water balance of the landscape.
Forests absorb more solar radia-
tion and have a higher evapo-
transpiration rate than
pastures.
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21.3 The carbon cycle: interaction
with the climate system

The carbon cycle is a natural biogeochemical cycle whereby

carbon as is transferred from the atmosphere to the

land and ocean, where it resides in another form in water,

soil or living material, before returning to the atmosphere as

. The principal processes involved in transfer from the

atmosphere are the dissolution of in the oceans and the

uptake of by the photosynthesis of green plants. The

processes involved in the return to the atmosphere are the

release of from the ocean in regions where the ocean

upwells (see Chapter 3), and the breakdown of organic

matter by respiration or fire. We can thus envisage the

CO2

CO2

CO2

CO2

CO2

carbon cycle as a set of fluxes between major pools as shown

in Figure 21.9. The pools differ in magnitude and in the

average time a carbon atom resides in them, so the dynamic

behaviour is likely to be complex. For example, an ‘average’

carbon atom can be expected to reside in the atmosphere for

about 5 years, while in the ocean the corresponding resi-

dence time will be about 400 years.

An understanding of the carbon cycle is fundamental to

our understanding of life itself, as all biomass is carbon-

based. The principal biochemical constituents of cells

(carbohydrates, proteins, lipids) have a high carbon content,

and the overall carbon content of dry biomass is in the

range 45–55%. The carbon cycle has become especially

topical in recent years, since the realization that warming is
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Figure 21.9 The carbon cycle, c. 2000. Stocks of carbon are shown in blue (units are gigatonnes, i.e. billions of tonnes, 109 tonnes or
109 petagrams). The in the atmosphere box refers to the mean annual increase of C as in the atmosphere. ‘Net photosynthesis’
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large enough to force the cycle out of equilibrium, whereby

the concentration of the gas in the atmosphere is rising. As

we have seen above, is by far the most important of the

several gases that absorb infrared radiation emitted from 

the planetary surface, and its continuing rise is capable of

causing additional global warming.

The quantity of carbon emitted by burning fossil fuels 

is about 6.5 Gt C and clearing forests in the tropics

releases 1–2 Gt C , making a total anthropogenic

burden on the atmosphere of . However,

the concentration of in the atmosphere is increasing by

only about . The ‘missing’ carbon is being taken up

by terrestrial photosynthesis or dissolving in the ocean. The

search for the so-called ‘missing sink’ has occupied scien-

tists’ attention for the past 20 years. It seems that the terres-

trial vegetation may be absorbing about half of the missing

carbon, and the rest is dissolving in the ocean (Gurney et al.,

2002). This is reflected in the fluxes shown in Figure 21.9.

These fractions do vary from year to year, as some years are

more favourable for plant growth. However, the ocean and

terrestrial sinks might not continue. According to some

models, the terrestrial sink will diminish and then become a

source as a result of the impact of high temperatures and

droughts in the tropics (Cox et al., 2000). On the other

hand, as warming occurs there is a reasonable expectation

that the sinks in the northern regions will strengthen,

perhaps enough to compensate for the loss of sink strength

in the southern regions. This theme is discussed further in

Chapter 22.

There are prospects of enhancing the strength of the

sinks in order to slow the rate of climate warming. On

the terrestrial side, this might be done by planting more

forests, or by protecting existing tropical forests. It could

also be done by modifying agricultural practices (less

ploughing, for example) in order to conserve the carbon

stocks in the soil or to protect peatlands and other wetlands.

The potential of enhancing the terrestrial sink by land-use

changes of this kind is considerable (IPCC, 2001). The

ocean sink might also be managed by fertilizing the ocean.

The scientific basis for this proposition is the observation

that phytoplankton in the deep ocean are short of the

micronutrient iron. When iron is added as ferric ions the

productivity of phytoplankton is increased. This provides

more food for zooplankton, and more food for the fish

that eat the zooplankton, so there should be an enhanced

stream of dead biota and carbonate shells that sink to

deeper layers of the ocean. This, in turn, should enable more

to dissolve in the surface waters. No one really knows

whether this will work on a large scale. Environmentalists

have generally opposed all suggestions of increasing the

CO2
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strength of ocean sinks, arguing that the mechanisms

and processes are imperfectly understood, and the sinks

cannot be depended upon in the long term. They argue

that there is no alternative but to reduce emissions by

reducing consumption and finding alternative ‘clean’

sources of energy.

Reflective question

➤ Can you explain the carbon cycle and what is

meant by the ‘missing sink’?

21.4 Mitigation

The prospect of a three or even four degree rise in global

temperatures by 2100 constitutes ‘dangerous climate

change’. The question of ‘what can be done?’ to avoid

dangerous climate warming has to be addressed at a global

scale. If one country alone were to apply stringent measures

at great expense to reduce fossil fuel emissions while other

countries go ahead and increase theirs, then that country

would be at an economic disadvantage and the world as a

whole would scarcely benefit. Clearly, countries must engage

in debate and decide on the actions required before it is too

late. Following the 1992 ‘Rio Summit’ to discuss environ-

mental change, many countries joined an international

treaty – the United Nations Framework Convention on

Climate Change (UNFCCC) – to consider what might be

done to reduce global warming. Later, in 1997, a number of

nations approved an addition to the treaty: the Kyoto

Protocol, which imposes powerful (and legally binding)

measures to reduce emissions.

The Kyoto Protocol is an international agreement to

limit the emission of greenhouse gases. Six gases are

mentioned in the protocol, of which is the most impor-

tant contributor to warming (Table 21.1). They differ greatly

in their residence time in the atmosphere, and in the extent

to which they are effective in absorbing infrared radiation.

These two factors together are incorporated into an index

called the global warming potential (GWP), which measures

the relative effectiveness of the gas, on a per kilogram basis,

in causing global warming over a century.

Only Parties to the Convention that have also become

Parties to the Protocol (by ratifying, accepting and

approving) are bound by the Protocol’s commitments;

174 countries have ratified the Protocol to date. Of these,

CO2
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36 countries and the countries of the European Union are

required to reduce greenhouse gas emissions below levels

specified for each of them in the treaty. The individual

targets for these Annex I countries are listed in the 

Kyoto Protocol (see Box 21.3 and the Protocol itself at 

http://unfccc.int/2860.php). These add up to a total cut in

greenhouse gas emissions of 5.2% by 2012 from 1990 levels,

but for these countries only.

Unfortunately, only a few countries are on course to meet

their Kyoto targets, and even if they were on course, the

5.2% reduction in GHG emissions would not be sufficient

to make a substantial difference. Moreover, the United

States, the world’s largest GHG emitter, opted out of the

procedure in 2001, while countries such as India and China,

with fast-growing economies and rapidly increasing emis-

sions, were never included in the Protocol.

At an individual level, some people opt to take personal

responsibility for their carbon emissions. In a developed

western society it is possible to make substantial savings in

this way, as Reay (2006) has pointed out. But only a few

people have so far taken direct control over their ‘carbon

footprints’ by changing their lifestyles. For example, most

people in the developed world, and an increasing number in

the developing countries, have a substantial component of

emissions from travel; they often ignore options to reduce

these by selecting low-carbon-emitting modes of transport

(train not aeroplane, bicycle not car). Currently, the

cheapest and most convenient mode of transport is usually

not the one with the lowest carbon emissions. In a recent

survey of the travelling habits of the people of Edinburgh a

linear relationship was found between income and transport

emissions (Figure 21.10), suggesting a fatal inevitability

between income and carbon emissions. The challenge for

governments is now to enable modes of travel that are 

efficient and affordable yet that do not incur such high

emissions of greenhouse gases.

At national level, some countries have set themselves

carbon emission reduction targets which go well beyond

those prescribed by the Kyoto Protocol. In the United

Kingdom, for example, there is a target for a reduction

of 20% by 2010 and 60% by 2050. These targets will be

achieved only by quite radical and unpopular changes which

CO2

Table 21.1 Greenhouse gases in the Kyoto Protocol, lifetime in the atmosphere and global warming potential (GWP) on a scale where
(see text for definition) (Source: Woodward et al. 2004)CO2 = 1

Gas Sources Lifetime (years) GWP Comment

Carbon dioxide ( ) Fossil fuel burning, 100 1 On the increase still, 
cement manufacture but Annex 1 countries*

likely to reduce 
emissions

Methane ( ) Wetlands, rice fields, 12 21
burning, oil wells, 
ruminants, termites

Nitrous oxide ( ) Land disturbance, use 120 310
of nitrogen fertilizers

Hydrofluorocarbons Industry, refrigerants 1–300 140–11 700 Substituting for CFCs. 
They contain only 
hydrogen, fluorine and 
carbon, and do not 
damage the ozone 
layer ( , 

, , 
and )

Perfluorocarbons Industry, electronics, 2600–50 000 6 500 Also substituting 
( ) firefighting, solvents for CFCs 

Sulphur hexafluoride Electronic and electrical 3200 23 900 Increasing; by-product 
industries, insulation of aluminium smelting

CF4, C2F6

CF2HCH3

CF3CH3CHF3CF3CF2H
CF3CFH2

N2O

CH4

CO2

*See Box 21.3 for a list of Annex 1 countries.
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will have to include: carbon taxes, new technologies (espe-

cially, the burial of in geological strata) and a move

back to nuclear power. The use of renewable energy sources

such as wind power and biomass energy can make only a

CO2

small contribution. Countries such as China that are devel-

oping economically at a very fast rate, and have a large

reserve of easily accessible coal, may take several decades to

control their emissions effectively.

occur. If one country finds it too

difficult to meet its target for emis-

sion reduction, it can pay another

country to do this on its behalf.

• There are ways to assist poor coun-

tries to achieve sustainable devel-

opment, while assisting Annex 1

countries to achieve their emission

targets. This is called the Clean

Development Mechanism (CDM).

For example, a tropical country

might decide to accept payment

from an Annex 1 country to reduce

C emissions on its behalf. This is

one of the most controversial

aspects of the Protocol as there are

ethical as well as operational diffi-

culties. The tropical country could

also absorb the CO2 through

growing new forest. It is unclear

how, and by whom, the uptake of

carbon would be monitored.

The Kyoto Protocol came into effect

on 16 February 2006, when 141 coun-

tries, accounting for 55% of the green-

house gas emissions, ratified the treaty

and thus pledged to reduce their

greenhouse emissions according to

agreed targets. If this were to be effec-

tive, these emissions would be reduced

by 5.2% (from 1990 levels) by the year

2012. Unfortunately, the agreement

does not include the world’s top

polluter, the United States, or countries

with rapidly expanding economies such

as China and India. Moreover, very few

countries seem able to meet their

emission reduction targets.

SOME OF THE MAIN 

COMPONENTS OF THE

KYOTO PROTOCOL

The aim of the Kyoto Protocol is to

obtain international agreement to

limit the emission of greenhouse

gases, and thus reduce the extent

of global warming. In the words of

The Framework Convention on

Climate Change the ultimate aim is:

‘to achieve stabilisation of greenhouse

gas concentrations . . . at a level that

would prevent dangerous anthropo-

genic interference with the

climate system’.

The Protocol mainly concerns

actions of ‘Annex 1 Parties’, which

are the following countries: Australia,

Austria, Belgium, Bulgaria, Canada,

Croatia, Czech Republic, Denmark,

Estonia, Finland, France, Germany,

Greece, Hungary, Iceland, Ireland,

Italy, Japan, Latvia, Liechtenstein,

Lithuania, Luxembourg, Monaco,

Netherlands, New Zealand, Norway,

Poland, Portugal, Romania, Russian

Federation, Slovakia, Slovenia, Spain,

Sweden, Switzerland, Turkey, Ukraine,

United Kingdom, United States of

America.

• Each Party in Annex 1 pledges to:

enhance energy efficiency, protect

and enhance sinks for carbon,

promote sustainable agriculture,

promote and develop renewable

energy and CO2 absorption tech-

nologies; phase out any subsidies

on greenhouse gas (GG) emitting

sectors, to limit emissions in the

transport sector, and to limit

methane emissions.

• Parties should meet, cooperate to

share experiences and discuss all

measures and policies. This is

achieved through a Conference of

the Parties which is held periodi-

cally. The 13th meeting, called

COP13, was held in Bali in

December 2007.

• Annex 1 Parties should reduce GG

emissions by 5% below 1990 levels

in the commitment period

2008–2012. Sinks achieved by land-

use changes including afforestation,

reforestation can be set against

emissions. Carbon stocks (including

soil, biomass, fuel stores) in the

baseline year 1990 should be stated.

• Parties can reach commitments

jointly by making alliances. Thus,

the European Union has declared

itself as a ‘bubble’ in which some

of its countries (Greece, Portugal

and Ireland) do not have to restrict

their emissions because other

countries within its territory

(United Kingdom, Germany) have

agreed to make savings that

exceed the overall target of 5%.

• In estimating the stocks, the

methodologies defined by the

Intergovernmental Panel on

Climate Change (IPCC) will be used.

• Any Annex 1 Party may transfer

emission reductions to another

Annex 1 Party. Trading can therefore

BOX 21.3
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Figure 21.10 Per capita energy emissions associated with travel
for people of Edinburgh, Scotland, in 2005: (a) relationship with
income; (b) type of travel (black bars are deprived social group,
grey bars are affluent social group). (Source: from Korbetis 
et al., 2006)

Reflective questions

➤ Using Internet tools work out your own personal

carbon footprint and reflect how you might make it

smaller. Would this impact on your quality of life?

➤ How can we mitigate against climate change?

21.5 Destruction of the ozone layer
by chlorofluorocarbons (CFCs)

Electromagnetic radiation from the Sun reaches the Earth’s

atmosphere at a rate of about 1366 W . Much of it is scat-

tered back into space, and only a small fraction reaches the

surface; it drives photosynthesis and evaporation, and warms

the planetary surface. The radiation contains ultraviolet

(waveband 100–400 nm) as well as visible radiation, which

happens also to be the photosynthetic waveband (waveband

400–700 nm), and near-infrared (waveband 700 nm to a few

micrometres). Ultraviolet radiation is absorbed by the DNA

of all organisms, causing damage to the genetic code and

consequently interfering with protein synthesis and the

control of cell division. In humans the most common effects

include reduction in the immune system (all races), skin

cancer in Caucasian-type humans and damage to the eyes.

For the past billion years, the Earth has been shielded

from damaging ultraviolet radiation by ozone ( ) in the

stratosphere. This protection has enabled life to develop on

the land. Now, the ozone layer is diminishing as a result of a

chain of chemical reactions that begins with totally human-

made chemicals, the chlorofluorocarbons (CFCs). These

CFCs are synthetic non-reactive gases and liquids first made

in 1930 and used as refrigerants (later as propellants in

spray cans). Being inert under normal conditions, they

persist in the atmosphere, and slowly make their way to the

stratosphere. Laboratory studies in 1974 established that

CFCs could catalytically break down ozone in the presence

of ultraviolet radiation to form highly reactive radicals such

as ClO and OClO. It is these radicals that catalyse the break-

down of to . A ground-based survey of stratospheric

ozone was started in Antarctica in 1956, and surveys

continued using satellites in the early 1970s. In 1985 a British

team based in Antarctica reported a 10% drop in the ozone

level during the spring, which they attributed to CFCs and

oxides of nitrogen. A similar decline was also seen in data

from NASA’s Nimbus 7 satellite carrying TOMS (Total

Ozone Mapping Spectrometer; see Chapter 23), and it is

now evident that a steady decline is occurring over 

Antarctica and a decline has been detected over the Arctic

(Figure 21.11). In the 1980s Australians sunbathed much

less than before, and sales of sunhats and skin creams to

protect against ultraviolet radiation increased. Plants and

animals are less able to take protective measures.

The Montreal Protocol of 1987, in which nations 

agreed to phase out the use of CFCs, has undergone several

modifications. Trade sanctions on CFCs have been imposed

and a total phasing out is due in 2030. In March 1989 

O2O3

O3

m-2
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environmental ministers of the European Union announced

a total phase-out of CFCs in Europe by the year 2000.

More recently, related chemicals which do not significantly

destroy ozone have been introduced: these are the hydro-

fluorocarbons (HFCs) and the perfluorocarbons (PFCs).

Unfortunately, these gases are powerful greenhouse gases,

although their concentration in the atmosphere is very

low and so they do not presently contribute much to

global warming.

Nuclear power was developed enthusiastically by many

countries in the 1950s, and 29 countries were running 437

nuclear power plants by 1998. Early optimism about devel-

opment of an energy economy from nuclear fission faded

following nuclear accidents and leakages such as Chernobyl

in the USSR (now in the Russian Federation) in 1986. Many

environmentalists believe that the risks that are inherent in

nuclear fission are quite unacceptable. Power from nuclear

fission is very expensive, once the costs of handling radio-

active waste and decommissioning old power stations are

taken into account. Despite all this, many governments are

in favour of continuing and even expanding their nuclear

power programmes, and for many it is the only practical

way to reduce carbon emissions.

There are, however, some reasons for optimism. In the

period since 1960 considerable progress has been made

towards developing alternative sources of energy to replace

carbon-based fuels (coal, oil and gas). Governments in the

richer countries are setting ambitious targets to decarbonize

their energy economies and are pushing for investment in

renewable forms of energy such as wind and biofuels. Solar

cells are likely to become increasingly important (see Figure

24.15 in Chapter 24). This technology was first developed

during the exploration of space in the 1960s. Silicon solar cells

convert solar energy to electrical energy with an efficiency of

20%, and the energy may be stored and transported in fuel

cells. The construction cost of a solar cell is rather low, as the

main elemental ingredient, silicon, is abundant. Unlike wind

turbines and wave-power generators there are no moving

parts and consequently maintenance costs are extremely low.

Figure 21.11 Images of the thickness of the stratospheric ozone layer over the southern hemisphere. The units are Dobson units named
after G.M.B. Dobson, an early investigator. Normal thickness is 300 and the scale is linear. (Source: Centre for Atmospheric Science,
University of Cambridge, UK)
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Reflective questions

➤ Why is the ozone layer crucial to life on Earth?

➤ Has the Montreal Protocol of 1987 been more

successful than the Kyoto Protocol of 1997?

21.6 The future

Fossil fuel continues to be the main source of energy. More-

over, the developing world, which consists of about five-

sixths of humankind, will continue to increase its

population and its fossil fuel burning for many years after

the rich countries have stabilized and decreased their

dependency on fossil fuels. Some poor countries have

neither fossil fuels nor any other supply of energy, and so

cannot develop. Even fuel-wood is in short supply.



21.6 The future

613

IMPORTANT RECORDED EVENTS

The most important dates in the relationship between humans and the global environment are listed below. These events

and discoveries changed our perceptions of the world we inhabit, and contributed to global environmental change. From

1500 to 2007 the human population increased from 0.5 billion to 6.6 billion, and the world gross domestic product (GDP)

rose from $240 billion to $30 000 billion.

1400–1450 Chinese fleets arrive in Middle East and East Africa; Arab fleets cross Indian Ocean. Intercontinental trade

begins.

1450 Johannes Gutenberg, Germany, establishes printing press, enabling humans to communicate efficiently

and to learn from each other more effectively.

1490–1500 Decade of European maritime exploration of Asia, Africa and America, paving way for settlement, slavery,

trading, further spread of economically important plant and animal species.

1610 Galileo Galilei, Italy, uses the telescope to observe behaviour of the Moon and planets. Other scientific instru-

ments for Earth observation were developed: microscope (1618), thermometer (1641) and barometer (1644).

1780–1820 Industrial Revolution. Dramatic increase in the use of coal. Western Europe sees rapid technological, social

and economic transformation, driven largely by the steam engine fuelled by coal. Widespread urban pollu-

tion, exploitation of workforce, occupational diseases. Humans begin to alter the composition of the global

atmosphere.

1796 First blast furnace opens in Gleiwitz, Poland. Manufacture of iron and steel followed in urban centres:

Belgium, Germany, Great Britain. Respiratory diseases increase.

1798 Thomas Malthus, English clergyman, writes Essay on the Principle of Population, pointing out the natural

tendency of human populations to grow exponentially, outrunning the food supply.

1821 William Hart obtains natural gas (methane) from a 9 m well in New York, and provides street lighting.

1827 Jean Baptiste Joseph Fourier (France) first proposed that ‘light finds less resistance in penetrating the air,

than in repassing into the air when converted into non-luminous heat’. Possibly the first articulation of the

greenhouse effect.

1838 Birth of John Muir at Dunbar, Scotland. First person to call for conservation of wilderness areas, arguably

the father of the modern conservation movement.

BOX 21.4 ➤

Even in winter in northern countries, solar cells can provide

useful quantities of solar energy. In the future, roof-tiles incor-

porating solar cells may be used in all new housing construc-

tion, and solar energy ‘farms’ may cover large areas of deserts.

The major problems facing the world are related to each

other: climate change, energy supply, poverty, disease and

the tensions and hostility arising from a disparity of living

standards between different countries. It is difficult to

foresee what kinds of environmental change are just around

the corner, and therefore it is hard to plan for the future. A

hundred years ago, the problems of today were invisible and

quite unpredicted. But there is some evidence from recent

history (Box 21.4) that we are at last beginning to grasp the

nature of the human–environment interaction. For 200

years humans have been inadvertently damaging the life-

support system of the planet. In the past 30–40 years we

have realized what is happening, and governments are

beginning to take remedial action.

Reflective question

➤ What cause for optimism is there in thinking about

future climate change and human response to it?
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➤

1839 Antoine-Cesar Becquerel, France, discovers the photoelectric effect, demonstrating that sunlight can be

converted into electricity. But practical solar cells were not developed until 1954.

1842 John Lawes, England, invented superphosphate fertilizer.

1851 James Young, Scotland, discovers how to extract hydrocarbons from oil shale, and develops process of refining

oil. He establishes a paraffin industry in Scotland (paraffin is called kerosene in the USA) and is nicknamed

‘Paraffin Young’.

1859 Edwin Drake strikes oil at 20 m in Pennsylvania, USA. Oil was soon discovered in North and South America, Mexico,

Russia, Iran, Iraq, Romania, Japan, Burma and elsewhere. Oil soon plays its part in the industrialization of the world.

1859 Charles Darwin publishes The origin of species, proposing the theory of evolution by natural selection.

1859 Irish scientist John Tyndall discovers that H2O and CO2 absorb selective wavebands of infrared radiation, and

suggested a role for these gases in the regulation of the Earth’s temperature.

1864 James Croll, Scotsman, proposed theory of long-term climate change to account for the Ice Ages (see also the

reference to Milutin Milankovitch 1895)

1866 German engineers Langen and Otto patent the internal combustion engine. The manager in Otto’s factory,

Daimler, makes the first petrol engine in 1884.

1868 In Japan, the Meiji Restoration. Japan opens to the west and large-scale industrialization spreads to Asia.

1885 German chemist Robert Bunsen discovers how to make a very hot flame from gas, by mixing it with air before

combustion. Gas burners were thereafter much more efficient.

1895 Serbian astrophysicist Milutin Milankovitch describes theory of long-term climate change. Essentially it is the

same theory that Croll had proposed in 1864, but Croll’s work was ignored by his peers.

1896 Arrhenius, Swedish chemist, advances theory that CO2 emissions will lead to global warming, and postulates

the ocean as a CO2 sink.

1901 Italian Guglielmo Marconi invents radio, achieves first transatlantic radio message.

1903 Henry Ford, USA (1863–1947), establishes the Ford Motor Company, makes Model-T Ford cars in 1908. Others

would follow Ford’s idea of mass production, and car ownership would increase rapidly.

1903 Orville and Wilbur Wright, USA, demonstrate a flying machine based on the internal combustion engine. Rapid

intercontinental travel by air would follow in 50 years.

1907 Henry Ford completes first tractor, a machine that was to revolutionize agriculture.

1909 Fritz Haber, Germany, shows how to synthesize ammonia from N2 in the atmosphere, and Karl Bosch uses this

process for mass production of nitrogen fertilizer. This was to greatly increase the capacity of humans to grow

crops.

1915 German geophysicist Alfred Wegener publishes his controversial hypothesis of continental drift, in a book 

entitled The origin of continents and oceans.

1917 Chainsaw manufactured for the first time. Enables rapid deforestation.

1926 John Logie Baird, Scotland, invents television, but TV broadcasts did not start until 1936 (UK) and 1941 (USA),

and TV sets were not widespread until the 1950s. Television has allowed ordinary people to see how others live,

and thus to understand better their own place in the world.

1927 Alexander Fleming, Britain, discovers the antibiotic effect of the fungus Penicillium. Much later (1940) Florey

and Chain, working in the USA, discover how to make the antiobiotic penicillin in bulk. This launches golden age

of medicine. Infant mortality declines and people live longer.

1928 Mohandas Karamchand Gandhi, India leader, questions the sustainability of the industrial age: ‘God forbid that

India should ever take to industrialism after the manner of the West. If it took to similar economic exploitation,

it would strip the world bare like locusts.’

1930 Thomas Midgely, USA, invents the gas freon. It was the first of the chlorofluorocarbons (CFCs) which much

later (1970s) became widely used and caused thinning of the stratospheric ozone layer.
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1938 Guy Stewart Callendar (UK) predicted global warming at a rate of 0.03°C per decade.

1943 Primitive electronic computers constructed: Harvard Mk I (USA) and Colossus (UK).

1944 Pilotless planes and rockets developed in Germany for use in warfare. Later, the technology formed the basis

for space exploration and Earth observation.

1945 Atomic bomb dropped on Hiroshima. Guardian newspaper (UK) comments ‘man is well on the way to mastery

of the means of destroying himself utterly’.

1948 Agricultural efficiency increases dramatically in the developed world, as a result of mechanization, fertilizers,

pesticides, plant breeding and managerial skill. Crop yields increase. Later (1960s and 1970s) the new agricul-

tural technology is taken to the developing countries, and becomes known as the Green Revolution.

1948 First operational stored-program computer, known as Manchester Mk I (Williams, Kilburn and Wilkes, UK).

1951 Age of nuclear power starts with first commercial nuclear reactor at Idaho, USA. Later there are significant

accidents: fire at Windscale, UK, in 1957; meltdown at Three Mile Island, Michigan, USA, in 1979; meltdown and

large release of fission products at Chernobyl, USSR, in 1986.

1952 British jet airliner, De Havilland Comet, begins regular intercontinental travel.

1954 Chapin, Fuller and Pearson develop silicon solar cell capable of converting solar energy into electrical energy

with a conversion efficiency of 15%.

1957 First spacecraft, Sputnik, USSR; to be followed by first man in space, Yuri Gagarin, USSR, in 1961 and first man

on the Moon, Neil Armstrong, USA, 1969.

1958 Charles Keeling, of the Scripps Institute in the USA, begins the first reliable measurements of atmospheric CO2

at Mauna Loa in Hawaii.

1960 Soviet engineers begin large-scale irrigation using rivers flowing to the Aral Sea, the world’s fourth largest

lake. Within 40 years the lake would almost disappear, possibly the greatest hydrological change yet 

engineered by humankind.

1962 Silent spring by Rachel Carson, USA, warns of dangers of pesticides to wildlife. This best-seller inspired a whole

generation of environmentalists.

1968 Satellite remote sensing starts. Pictures of Earth from deep space, Apollo 8 mission, USA; followed in 1972 by

Earth Resources Satellite ERTS-1 carrying multispectral sensors later called Landsat.

1969 In the USA, the Advanced Research Projects Agency (ARPA) begins the ARPANET. Soon, global communication

by e-mail and Internet would become possible.

1970 Establishment of Environmental Protection Agency (EPA), USA.

1971 Formation of Greenpeace. A group of activists sail their small boat into a US bomb-test zone near Alaska to

draw attention to the environmental dangers of nuclear war.

1971 Swedish scientists demonstrate long-range transport of sulphur as the cause of acidification of Swedish lakes,

and predict that acid rain will damage fresh water ecosystems and forests.

1972 In the UK, publication in The Ecologist of ‘A blueprint for survival’, warning of the extreme gravity of the global

situation and criticizing governments for failing to take corrective action.

1972 Publication of The limits to growth by the Club of Rome, dealing with computer simulation of global environmental

change. Fails to identify the threat of global warming; points to resource depletion and pollution as the major threats.

1972 First international conference on the environment, Stockholm, leading to the establishment of the United

Nations Environment Programme (UNEP). Acid rain is widely publicized, especially in relation to forest decline,

but since then the developed world has been moving to low-sulphur fuels.

1972 The anchovy fishery of Peru collapses because of overfishing and bad weather. Other fish stocks decline

sharply, and management of marine resources becomes an important issue.

1973 Organization of Petroleum Exporting Countries (OPEC) restricts the supply of oil, forcing its price to rise 

five-fold and threatening the global economy.
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1979 James Lovelock proposes the Gaia hypothesis (see Chapter 23).

1985 Farman, Gardiner and Shanklin, a British team working in the Antarctic, report thinning of stratospheric

ozone, attributable to CFCs.

1986 Nuclear accident at Chernobyl, USSR, creates radioactive fallout everywhere in the northern hemi-

sphere, reminding people that environmental problems cross political boundaries. The expansion of

nuclear power in the West falters.

1987 First appearance of the word biodiversity in the scientific literature (by E.O. Wilson, USA).

1987 Ice core from Antarctica, taken by French and Russian scientists, reveals close correlation between CO2

and temperature over the past 100 000 years.

1987 Montreal Protocol signed, an agreement to phase out CFCs.

1987 United Nations World Commission on Environment and Development produces the Brundtland Report,

dealing with definitions of sustainability.

1988 Intergovernmental Panel on Climate Change (IPPC) is established.

1990 IPPC’s first Scientific Assessment Report, linking greenhouse gas emissions to warming.

1992 Implementation of the International Geosphere Biosphere Programme (IGBP) to predict the effects of

changes in climate, atmospheric composition and land-use on terrestrial ecosystems; and to determine

how these effects lead to feedbacks to the atmosphere.

1992 Earth summit, Rio de Janeiro. Leaders of the world’s nations meet in Rio and set out an ambitious

agenda to address the environmental, economic and social challenges facing the international commu-

nity. Heads of state sign the UN Framework Convention on Climate Change. The UNFCCC was one of

three conventions adopted. The others – the Convention on Biological Diversity and the Convention to

Combat Desertification – involve matters strongly affected by climate change.

1997 Kyoto Protocol is drafted, the first international agreement to limit greenhouse gas emissions.

1997–1998 Particularly severe El Niño causes drought and widespread forest fires in Indonesia, Malaysia, Brazil and

Mexico. In SE Asia the fires affect 10 000 km2 of forest.

1998 The warmest year of the century, and probably of the millennium.

2000 International Coral Reef Initiative reports that 27% of the world’s coral reefs are lost, mainly a 

consequence of climate warming.

2001 US President George Bush announces that the USA will not ratify the Kyoto Protocol.

2002 As warming of Antarctica proceeds, some 3200 km2 of the Larsen B ice shelf collapses.

2002 Schools in Seoul, South Korea, are closed when a dust storm originating from China sweeps over the country.

2003 Gates of China’s Three Gorges Dam are shut, and the world’s largest hydropower reservoir is created,

destroying archaeological sites and forcing the relocation of nearly 2 million people.

2003 European heat wave causes premature death of 35 000 people.

2004 Indian Ocean earthquake causes large tsunami, killing a quarter of a million people.

2005 Kyoto Protocol comes into force, 16 February.

2005 Hurricanes sweep the US Gulf Coast, causing widespread damage and loss of life. New Orleans evacuated.

2006 The film An Inconvenient Truth (Director Davis Guggenheim, Presenter Al Gore) presents the science of

global warming in a manner accessible to non-scientists. It is a box-office success and wins awards.

2006 Nicholas Stern, an economist, in a report for the UK government, suggests that global warming will

cause the greatest and widest ranging market failure ever seen, and proposes environmental taxes as

the best remedy.

2007 IPCC Fourth Assessment Report predicts that temperatures will rise by 1.8–4.0°C by the end of the century.

2007 UN meeting on climate change in Bali agrees on ‘road map’ towards post-2012 agreement on climate change.
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major impacts on humans and global ecosystems.

However, there are a number of positive and negative

feedback effects that global circulation models are only

just being able to predict and model. Atmospheric pollu-

tion from industry, combustion engines and agricultural

practice is impacting on human health and biodiversity.

Cities often experience harmful smogs, and the ozone

layer which protects the Earth from vast amounts of

harmful ultraviolet radiation is suffering severe damage

due to CFC use.

However, humans are an inventive species and techno-

logical improvements are continually being made that 

may help us cope with and mitigate environmental

change. The development of safe nuclear fusion and

increased use of solar cells may allow us to harness the

world’s resources in a more sustainable manner. In addi-

tion, the international recognition that global environ-

mental change is taking place has been achieved and

there is a willingness around the world to try to combat

environmental problems.

21.7 Summary

World population growth has been associated with

increased utilization of the land for agriculture. Increased

domestication of plants and animals and use of wood for

fuel have resulted in vast amounts of deforestation,

particularly over the past 200 years when the human

population has increased from 1 billion to 6.6 billion.

Humans now appropriate 40–50% of the land’s biological

production. Large-scale change in the land surface from

forest to farm influences regional and global climates in

many ways that are still not properly understood. Conver-

sion of forest to pasture involves release of to the

atmosphere, changes to albedo, air movements, and the

water, carbon and nitrogen cycles.

In addition, the burning of fossil fuels and the creation

of human-made chemicals such as CFCs and techniques

of creating nitrogen fertilizer all have an impact on the

environment. The enhanced greenhouse effect appears to

be causing accelerated climate change which will have

CO2
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This is a brilliant and readable account of environmental

history.

Moore, P.D., Challoner, W. and Stott, P. (1996) Global environ-
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illustrated.
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Web resources

Climate Change Prediction

http://www.iop.org/activity/policy/Publications/file_4147.pdf
Institute of Physics website holding Alan Thorpe’s easy-to-read

article about climate prediction.

IPCC 2001 and 2007 reports

http://www.ipcc.ch/
This is the IPCC website from which the various reports on

climate change may be downloaded (they are very long), and also

graphics for teaching purposes. For research-level downloads of

data see

http://www.ipcc-data.org/

News about Greenhouse Gases

http://www.ghgonline.org
This is Dave Reay’s greenhouse gas website with news and

teaching resources.

Online Trends

http://cdiac.ornl.gov/trends/trends.htm
This site provides trends in emissions, country by country.CO2

The Stern Report

http://www.hm-treasury.gov.uk/media/3/6/
Chapter_1_The_Science_of_Climate_Change.pdf
At this site you can download the report prepared for the

UK government on the economics of climate change; it

will soon be available as a book from Cambridge

University Press.

UK Hadley Centre

http://www.metoffice.gov.uk/research/hadleycentre/
This is a good place to view climatic predictions, and to obtain

a view of the Hadley Centre’s research.

The United Nations Framework Convention on Climate
Change

http://unfccc.int/2860.php
It has the Kyoto Protocol and data on progress of countries in

meeting their Kyoto commitment.

University of Cambridge ozone hole tour

http://www.atm.ch.cam.ac.uk/tour/
Images of the ozone hole are provided here by the University of

Cambridge.

Visit our website at www.pearsoned.co.uk/holden for further questions, annotated weblinks, interactive models
and video-clips showing physical processes in action.WEB


