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owadays, when we talk about IIEICKLEITG, we are not referring to fluctuations
in the Earth’s overall climate as a result of natural factors, but rather to the
hypothesis of due to human causes. It is a matter of answering
the question of whether the climate is changing—or has already changed—as a
result of [IMUETIEILL, and what effects that change will have.

The questions—the frontiers of knowledge—posed by this subject are very diverse. With each
passing day, the emerging science of climate change more insistently asks (despite the ongoing
existence of skeptics) what relation exists between the concentration of certain substances

in the atmosphere and global warming. That warming can be understood as a result of the
alteration of our by gasses. Researchers are studying
the functioning of this mechanism and its quantitative aspects, and are creating climate
models that seek to calculate the effects of diverse scenarios involving the melting of the polar
icecaps (and the glaciers), and rising sea levels. They study different alternatives for the
geography of climate change (especially temperature and rainfall levels in different regions),
and analyze the possible effects of those changes on the probability of catastrophes of climatic
origin. They also explore the interaction of this science with the life sciences, studying the
vulnerability to global warming and its threat to [N, analyzing its possible
impact on different IRRELUL, what species may be in most danger, how great that danger is,
and how global warming may affect the availability of water and the capacity to grow food.

Scientists investigate the fundamental factors of this phenomenon, including the massive
use of {IIE{ER (major CO, emitters) as T4 BXIILNR- But they also research the
relation of global warming to other phenomena related to the intensive exploitation of
the planet, including [{IIENELONL, land degradation, massive human occupation of the
coasts and other sensitive areas, and so on.

In recent decades, awareness of climate change as a global problem requiring worldwide action
has led to a proliferation of international organizations (of which the [[H¥ is one) and initiatives,
which eventually led to the signing of the (and more recently, the Bali Accord)
for the reduction of greenhouse gasses. This strategy to climate change has had to

overcome the reticence of the most affected developed countries (which are the greatest
emitters of such gasses) and consider how to distribute the load among developed and

(China is on its way to becoming the world’s main producer of greenhouse
gasses), dealing with its relation to development strategies and the [EIEITIEAL-

In that sense, the main frontier lies in the design of concrete measures that must be
adopted. Is the use of the most promising way of fighting climate
change? And of such sources, what role should the different renewable energies, such as
solar and wind power, have? And what about nuclear energy? An especially pressing question
today is whether the use of [[NR{IGR is affecting the cost of staple crops and thus helping to
provoke an extremely serious food crisis?

Climate change again draws attention to the general problem of the relations between
resources, population, and development—on a global scale, and for each geographic and
social setting. In sum, it is a new facet of the problem of YRENELER AL QUGN And all of
this has important economic implications. From the viewpoint of developed countries, the
has approached this problem as a choice between alternatives whose costs
can be compared. The author of that review defends a very clear option: the cost of climate
change would be incomparably greater than the cost of fighting against it.

No matter what the costs and consequences of measures to mitigate it, we are also

facing an ever-more-necessary preventative ElETELNY, not only to warming itself, but

also to the effects of coastal occupation and hydrological imbalances. This adaptation is
necessary to prepare us for the foreseeable multiplication of extreme climatic events (striking
recent examples include hurricane Katrina and the tsunamiin the Indian Ocean, which had
devastating consequences for both developed and developing countries).

Today, these questions are at the forefront of political and media concern (with the noise,
fury, and lack of rigor that often results from such concentration). The awarding of the
2007 Nobel Peace Prize jointly to the IPCC and Al Gore—who has become an apostle in
the fight against global warming—merely emphasizes the importance of the challenge
(which may also be an opportunity for humanity to rectify past errors) of climate change.
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Introduction

The year 2008 marks the twentieth anniversary of the
establishment of the Intergovernmental Panel on Climate
Change (IPCC). Its creation grew out of an agreement
between the World Meteorological Organization (a part
of the United Nations) and the United Nations
Programme. Its goal was to supply independent
scientific information—in principle, to politicians—about
questions concerning climate change. Almost ten years
earlier, in the first World Climate Conference, attention
was drawn to the increase in human activities, indicating
that they might produce climatic alterations on a
regional and even a planetary scale. Some years later,
the role of CO, in climate variations was evaluated,
along with other gasses capable of contributing to
the so-called greenhouse effect. There was also a call
for objective, balanced, and internationally coordinated
scientific judgment that would shed light on the
consequences of an increased concentration of
greenhouse gasses in the Earth's atmosphere, and the
socio-economic effects they might produce. This
environmental concern, which was officially made public
about thirty years ago, although it was actually older, led
to the establishment of the IPCC in 1988. In 2007, the

1 Norwegian Nobel Committee decided that the Nobel

This paragraph is taken Peace Prize should be “shared, in two equal parts,

from the official announcement between the Intergovernmental Panel on Climate

of the awarding of the prize by
Change (IPCC) and Albert Arnold (Al) Gore Jr. for their

the Nobel Foundation.

climate change on the planet earth

efforts to build up and disseminate greater knowledge
about man-made climate change, and to lay the
foundations for the measures that are needed to
counteract such change™

Some of the terms appearing in this introduction
will be dealt with in more detail further on, but some
should be clearly defined from the start. First, we should
point out that the planet undergoes climate change on
a continuous basis. We can be certain that, in the past,
the climate was different than it is now, and that it will
continue to change in the future. At first, terminology
was somewhat confusing, with a coexistence of terms
such as climate variation, climate variability, climate
change, and climatic change. Finally (and unfortunately)
two meanings remain in use. In scientific terms, climate
change, means any change undergone by the planet's
climate, regardless of its cause. This option is used, for
example, by the IPCC. However, the United Nations
Framework Convention on Climate Change, which arose
from the so-called Rio Summit of 1992, and the Kyoto
Protocol (established following the Convention), use the
same terminology to refer to climate change attributed
directly or indirectly to human activity, which is
superimposed on natural variability. Therefore, when
climate change is mentioned, care must be taken to
make it clear which of the two meanings is
intended. Notice, for example, that the Nobel
Foundation's declaration specifies that it is referring to
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climate change induced by humanity. Later on, we will
see that this Climate Change of anthropic origin can be
explained in terms of an intensification of the natural
greenhouse effect. That intensification derives from a
change in the composition of our atmosphere brought
about by human activity.

The contents of this contribution include, in the next
section, the reasons why the planet's climate changes,
whether natural or anthropic. In section 3, we will
review recent observations of changes experienced by
the climate. The following section will contain
arguments based on numerical simulations of climate,
which attribute those changes to human activity.
Section 5 offers a few indications about the use of
computer models to simulate the Earth's climate. On
the basis of the trustworthiness of such computer
models, section 6 deals with the generation of climate
scenarios for the future. Our conclusions are presented
in section 7, followed by the bibliography employed.

Why does the climate change?

The climate is dynamic, changing and even

unrepeatable. It is the consequence of the energy the

Earth receives from the Sun, and of the exchanges of

energy among different parts of what is called the

Climate System, which we can understand as a synonym

for the Planet Earth. Those parts or subsystems are:

a) The atmosphere, the planet's gaseous envelope,
where we perceive the climate.

b) The hydrosphere, consisting of oceans, seas, lakes,
and so on.

¢) The lithosphere, the solid emerging crust of the
continents, where we live.

d) The biosphere, made up of all living beings, including
mankind, and

e) the cryosphere, which consists of all the ice that
covers parts of the oceans and continents.

From a broad viewpoint, the climate can be defined
as the state of the Climatic System, including its
statistical properties. That is precisely what relates this
definition of climate with the most classic and
restricted one, which consists of a statistical
description of environmental variables (for example,
temperature, wind, surface humidity, and precipitation),
using mean values and measurements of dispersion
over long time periods, far superior to the typical
periods of atmospheric weather.

The subsystems of the Climatic System mentioned
above have very different dynamics. While some
experience appreciable and continuous change (the
atmosphere, for example, with its succession of quite
different weather conditions—sunny, cloudy, windy, rainy,
and so on), others change quite slowly, some so slowly
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that their variability merits little consideration over the
course of a single human lifetime, or even several
generations (that would be the case of the lithosphere,
for example, except for the most superficial layer). When
the energy we receive from the Sun reaches the Earth, it
is distributed among all the subsystems and is exchanged
among them, establishing relations according to the
dynamics of each. The differences among these
exchanges give rise to the great variety of climates in
different regions of our planet, which we know so well,
and which are a manifestation of the climate’s spatial
variability.

But climate is also characterized by variability over
time. The Sun's energy does not arrive in equal amounts
at all times, nor do the subsystems of the Climatic
System always behave exactly the same. Therefore,
we should not expect the energy flows that occur to
invariably coincide over time. In certain intervals of
time, their statistics can coincide more or less, but there
is no reason to think that this must always be that case.

Next, we will analyze in some detail the origin of
variability, that is, what causes changes in the Earth's
climate. Some of these causes are natural, others are
not—meaning that they have to do with human activity.
The extant level of knowledge about the mechanisms
we will see below is generally high, but we must not
forget that, whenever there is a lack of knowledge (and
there always is, of course) there will be a certain degree
of ignorance, which leads to uncertainty in the
interpretation of the observed phenomena.

First of all, we must begin by speaking of the Sun and
its relation with the Earth. Its energy travels through
space as radiation (called solar or short-wave radiation).
It reaches the Earth, which intercepts it no matter what
part of its orbit it is in or what time of
the year. Not all the energy intercepted is used by the
Climatic System. A fraction of it (called albedo) is
returned to space through different processes of
reflection mainly by clouds and the Earth's surface.
Planetary albedo is around 30%. Finally, the radiation
that is not absorbed by the atmosphere reaches the
surface, which heats up and, in turn, emits its own
radiation (called terrestrial or long-wave radiation). A
large part of that radiation is absorbed by the
atmosphere, which then re-emits it, either towards the
surface or upwards, thus returning energy to space. For
the entire planet, in average terms over time, there is an
overall balance of energy, but not in the planet's different
parts, nor at all times. It is these specific differences that
affect the climate (see Kiehl and Trenberth 1997).

But how can the balance of energy be altered?
According to what has been said, there could be
three reasons:

CLIMATE CHANGE ON THE PLANET EARTH

a) Changes in the energy intercepted by the Earth.
These may be due to changes in the Sun's emissions of
radiation as a result of solar activity itself, or to changes
in the position of the Earth in its orbit around the Sun.

b) Changes in the Earth's albedo. These, then, would
be due to cloudiness (both degrees of cloud cover and
types of clouds), changes in the reflective properties of
the ground (types of ground and vegetation), and
changes in the particulate matter suspended in the
atmosphere. These particles are known as “aerosols.”

c) Changes in the flow of long-wave energy
from Earth to space. In this case, the changes would be
due to a modification of the absorbent properties of the
atmosphere as a result of changes in its composition.

Changes in solar activity have been recorded. The
most popular may well be what is called Maunder's
Minimum, which is though to have occurred between
1350 and 1850, coinciding with the so-called Little Ice
Age (Hoyt, Schatten, and Nesme-Ribes 1994; Eddy
1976). Since that time it is estimated that radiation
may have increased between 0.04% and 0.08%, with
an increase of 0.05% between 1750 and the present
(Wang, Lean, and Sheeley 2005).

But the Earth does not occupy a fixed position in
relation to the Sun; it has a very approximate elliptical
orbit—with the Sun at its focus—whose eccentricity
changes cyclically over a period of about 100,000 years.
That means that the Earth is not the same distance from
the Sun, year by year, at the same point in its orbit—
which is also changing. Moreover, the inclination of the
Earth's axis with respect to the plane of its orbit
(obliquity) is not constant. It is as if the Earth were a huge
top, so the prolongation of its axis of rotation points to
different places in the celestial dome in cycles lasting
around 41,000 years. Also, the orbital ellipse changes its
orientation in space, leading to what are called
the precession of equinoxes. That means that the
astronomical seasons take place in different parts of
the orbit with cycles lasting approximately 19,000 and
23,000 years. The final result is that, even if the energy
emitted by the Sun were constant, what actually
affects the system varies, and is also distributed
differently over the planet's surface. All of this constitutes
what is called Milankovitch's Theory of Cycles, which,
along with certain internal mechanisms, makes it possible
to explain the succession of geological eras (Berger 1988).

The processes we have described are external to
the Climatic System and in no way depend on human
activity. Another possible cause of planetary Climate
Change, which is also both external and natural but has
no relation to the solar radiation received by the Earth, is
the impact of meteorites or comets. This is something
difficult to predict, but its consequences are important
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when the objects are big enough. Their impact against
the surface of the planet can cause a cloud of dust or
water of such magnitude that incident solar radiation
cannot reach the Earth's surface with the intensity it had
before impact. In those conditions, the temperature can
drop appreciably, leading to climate change. The
extinction of some species, including dinosaurs, in what
is called the K/T Boundary, seems to have this origin
(Alvarez et al. 1981).

This cause, which we can qualify as exceptional, allows
us to bring in those related with albedo. Following impact,
there must have been a considerable increase in albedo
because of the increased amount
of aerosols (particulate matter) in the atmosphere. This
would have reflected a very high fraction of solar radiation
back into space. In consequence, the Climatic System
would suddenly have had much less energy to heat the
ground and, thus, the previous balance of radiation would
have been altered. The result must have been a lowering
of the temperature at ground level. Without reaching
those extremes, something similar happens each time
there is a volcanic eruption. Their effect on temperature
has been observed following large eruptions and depends
on the intensity of the eruption, and on how high up in
the atmosphere the generated particles reach. The effect,
which can last several years, has been widely studied (see,
for example, Yang and Schlesinger 2002).

The aerosols we have considered up to now are of
natural origin but, besides these, the Earth's
atmosphere also contains many others stemming from
human activity. Generally, they reduce air quality and
many of them also lead to health problems. From a
climatic standpoint they have two effects. One directly
affects albedo, leading to lower temperatures. The
other has an indirect effect, modifying the conditions in
which clouds are formed and how long they last. The
final result of this indirect effect is not well known.
Nowadays, it is the subject of uncertainty.

Clouds' role in albedo depends on cloud cover, the
type of cloud, and how long it lasts. Thus, high clouds
(cirrostratus clouds, for example) allow solar radiation
through, but absorb terrestrial radiation, while medium
clouds (altocumulus clouds, for example) almost
completely impeded the passage of solar radiation. The
first case will result in a rise in temperatures, while in
the second they will fall.

Albedo also depends, as mentioned above, on the
reflective properties of the planet's surface. A frozen
surface (high albedo, of 70% to 90%) is not the same as
bare earth, prairie, or the ocean'’s surface (low albedo,
<100%). Different types of terrain and ground-use mean
that the climatic treatment of the Earth's surface is a
complex problem and a source of uncertainty.
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Parts per million, a measure of
concentration for scarce parts.
It is equal to a molar fraction of
umol/mol. Similarly, a molar
fraction of n mol/mol is
represented in ppb (parts per
billion) and p mol/mol is
expressed as ppt (parts per
trillion). Considering the non-
ideal behavior of gasses,
concentrations of volume
different than those mentioned
above are sometimes employed
(ppm, ppb, ppt).
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At this point, we cannot avoid commenting on one
type of behavior that is characteristic of the Climatic
System. Often, the effects of a process act on its own
causes, generating a sort of cyclical, unending behavior
called feedback. Feedback is typical in what are called
non-lineal or dynamic systems, and the Climatic System
is one of them. The following example is relatively
straightforward: let us suppose that, for whatever
reason, the planet's surface temperature rises. One of
the consequences will be the partial melting of its ice.
Surface albedo will diminish, leading to decreased
reflection of solar radiation. There will thus be more
energy available to the system, and the temperature
will rise further. The additional heating will lead to
greater ice melting, reducing albedo even more, and so
on and so forth. This, then, is a positive feedback cycle
known as ice-albedo feedback. It was already identified
in the nineteenth century (Croll 1890). In the Climatic
System, there are many other positive feedback cycles
like this one, but there are also negative ones. When
those feedback processes act at the same time, it
becomes very difficult to obtained detailed knowledge
of the results, even though it is clear that they exist.
The only possible way of dealing with the problem is
through numerical simulation of those processes.

The last way of modifying the balance of radiation
to be mentioned here might well have been the first: it
is the main way of explaining the climate change the
planet is experiencing today.

First, we will consider the role the atmosphere plays in
exchanges of solar and terrestrial radiation, which is
known as the Greenhouse Effect (GE). We have already
mentioned that part of the radiation coming from the
Sun—about 30%-—is reflected back into space. If the Earth
did not have an atmosphere, the planet's surface would
have an average temperature of -18°C, barely enough to
maintain the energy equilibrium between penetrating solar
radiation and terrestrial radiation (infrared) that the Earth
would emit at that temperature. The Moon, which has no
atmosphere, has an average temperature like that. But
since the Earth does have an atmosphere, things are
radically different. The atmosphere’s constituents absorb
relatively little solar radiation (especially where there are
no clouds) but some of them are very good at absorbing
the infrared radiation emitted by the Earth and by the
atmosphere itself. This leads to a warming of the lower
layers of the atmosphere, which modifies the balance of
radiation, reaching an average temperature of 15°C at
ground level. This behavior by the atmosphere, which
reacts differently to solar radiation than to terrestrial
radiation, is the GE, whose name comes from its relative
similarity to the behavior of such structures. The main
cause of GE is water vapor (approximately 80% of the
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total effect) and the second cause, at a considerable
distance, is carbon dioxide (CO,). The GE (to which the
adjective “natural” is often added) is decisive in the
planet's climate, which has allowed the existence of life, at
least as we know it. The gasses that contribute to the GE
are known as greenhouse gasses (GHG). That said, it should
be obvious that the GE is also affected by aerosols and that
the role of clouds can also be discussed in those terms.

Any change in the composition of the atmosphere, or
in the concentration of its components, alters its
properties of absorption, consequently altering the
GE as well. The atmosphere's composition has been
changing for as long as the Earth has existed. Nitrogen
(N,) and oxygen (0,) predominate, although the major
contributors to the GE are water vapor (whose
concentration does not surpass 4% of the atmosphere's
volume) and CO, (with a much smaller concentration,
currently around 385ppm?). If the atmosphere's
composition changes, the GE will be modified and thus,
the planet's mean surface temperature will change.
Before the industrial revolution, the mean global
concentration of carbon dioxide was around 280ppm,
while it is now about 385ppm, as mentioned above. In
these conditions, the planet's natural GE has been
undergoing modification ever since the Industrial
Revolution began. As the concentration of CO, has
increased (those of other GHGs are also rising, including
methane, nitrous oxide, CFCs, and so on) the GE has
enhanced, more energy has become available in the
lower layers of the atmosphere and, thus, conditions
have arisen for warming on a planetary scale. This is not
modern speculation; in the late nineteenth century, the
Nobel scientist Svante Arrhenius estimated the effect of
a 40% increase or decrease in atmospheric CO, on
temperature, indicating that the glaciers could shrink or
expand (Arrhenius 1896). Actually, by the end of the
seventeenth century, there was already knowledge of
the different behavior of certain substances with
regard to solar and terrestrial radiation, which is the
basis for GE.

By analyzing air from bubbles trapped in core
samples extracted from polar ice, it is possible to obtain
information about the evolution of the concentration
of GHGs in past periods. These can also be compared to
current levels. Figure 1 shows the value of carbon
dioxide, nitrous oxide, and methane concentrations
over the last 650,000 years. We can see that current
values far surpass earlier ones, even in the warmer
glacial periods. These are shown in Figure 1 as shaded
bands. The lower part also shows variations in the
concentration of deuterium, 8D, in arctic ice. This
serves as an indirect indicator of temperature
variations. Note the values of 6D in earlier warm
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Figure 1. Variations of deuterium (D) in antarctic ice, which is a proxy for local temperature, and the atmospheric concentrations of
the greenhouse gases carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,0) in air trapped within the ice cores and from recent
atmospheric measurements. Data cover 650,000 years and the shaded bands indicate current and previous interglacial warm periods.

periods and in the present one, and the large difference
in concentrations of GHGs. Unlike the present period, in
which the relation between GHG and temperature is
clearly established and the anthropic origin of the
change in GHG is proven, there is still much to be
discovered about many aspects of this relation in the
past. It is thought that, in the Quaternary, changes in
the concentration of CO2 may have resulted from the
simultaneous effects of biological and chemical
processes in the ocean. They may also have been

affected by changes in temperature (K6hler et al. 2005).

Concentrations of CO2did sometimes surpass current
levels in earlier periods, millions of years ago, but these
are thought to have been the result of tectonic
processes, such as volcanic activity, which determined
changes of concentration (Ruddiman 1997).

Recently, as a result of the European EPICA research
project, the time range has been increased to 800,000
years. The same conclusions hold with regard to
concentrations of GHG indicated in the description of
Figure 1 for the last 650,000 years (Liithi et al. 2008;
Loulergue et al. 2008).

Figure 2 shows variations in the concentration of
CO,, CH,, and N,0, but for shorter time periods (panels
a, b, and c). The scale on the left of those panels shows
the concentration of the corresponding GHGs, while the
scale on the right represents what is called radiative
forcing, which is equivalent to the intensification of the
GE that implies increased concentrations of GHGs, as
expressed in radiation units (Wm). These three panels
indicate that the change experienced by GHGs
following the Industrial Revolution has no recent
precedent: while the atmospheric concentration of CO,
increased only 20ppm over the 8,000 years preceding
industrialization, since 1750 it has increased more than
100ppm. Approximately two thirds of this increase is
due to the burning of fossil fuels and the remaining
third is due to land use change. Panel d represents the
rate of change of the combined forcing of the same
three GHGs, which gives an integrated value of
1.66Wm-2 since 1750. This amount is by far the
greatest of all possible forcings associated with
the different mechanisms responsible for climate
change analyzed in this section.
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Figure 2. The concentrations and radiative forcing by (a) carbon dioxide (CO,), (b) methane (CH,), (c) nitrous oxide (N,0) and (d) the rate of change in

their combined radiative forcing over the last 20,000 years reconstructed from antarctic and Greenland ice and firn data (symbols) and direct atmospheric

measurements (panels a,b,c, red lines). The grey bars show the reconstructed ranges of natural variability for the past 650,000 years. The rate of change in
radiative forcing (panel d, black line) has been computed from spline fits to the concentration data. The width of the age spread in the ice data varies
from about 20 years for sites with a high accumulation of snow such as Law Dome, Antarctica, to about 200 years for low-accumulation sites such as
Dome C, Antarctica. The arrow shows the peak in the rate of change in radiative forcing that would result if the anthropogenic signals of CO,, CH,, and
N,0 had been smoothed corresponding to conditions at the low-accumulation Dome C site. The negative rate of change in forcing around 1600 shown in
the higher-resolution inset in panel d results from a CO, decrease of about 10 ppm in the Law Dome record.

In essence, what we have presented so far are the
climate drivers related to the balance of radiation on a
global scale. As was indicated above, the climate is a
consequence of energy flows in different parts of
the Climatic System. Now is when a large number
of processes with their own internal dynamics come
into play, with a great wealth of time scales, making
the system truly complex. As a result, the Climatic
System is very difficult to deal with. To study it in its
entirety calls for numerical simulation. What must be
clear is that whenever the functioning of one part of
the machinery is modified, the end result will be a
change of climate (see IPCC 2007).

Nowadays, when we speak of (human-induced)
climate change, we are referring to climate change

observed today, which is a consequence of the
intensification of the GE. In the final analysis, this is a
change in how Planet Earth functions as a consequence
of human activity. That is what has come to be known
as Global Change, leading some researchers, including
Nobel Scientist Paul Crutzen, to say that the planet

has entered a new era characterized by anthropic
impact. That is why they propose this era be called the
“Anthropocene” (Crutzen and Stoermer 2000).

Observing change
But is the climate really changing? Many people
wonder, and ask the specialists. From a general
viewpoint, the answer is yes. This planet's climate has
always been changing. And now? In the Anthropocene?
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Warming has been observed in
the average global temperature
at surface level and in the
troposphere. At higher levels—the
stratosphere, for example—
cooling of beween 0.3 °C and 0.9
°C per decade has been observed
since 1979, although this has
diminished in recent years.

4
Variation in sea level is a
complex problem lying outside
the scope of this text. From a
climatic standpoint, the main
contributions, in almost equal
measure, are the expansion of
sea water (including the salinity
effect) and the melting of
continental ice. On geological
time scales, there have been very
important changes in sea levels.
For example, it is estimated

that, during the ice ages, level
was over 100 meters lower than
today.

5
Information drawn from http://
nsidc.org/arcticseaicenews/index

html, consulted on 17 August, 2008.
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Yes, now too. There are two aspects of current climate
change that should be mentioned. The first is that,
unlike earlier change, it has such a short time scale
that change is appreciable over a period comparable to
a human lifetime. The second is that humanity

has never before had the capacity to interfere with
climate on a global scale. It so happens that this
planet's climate made life, including human life,
possible. Now, the human species is capable of
modifying that climate. These two characteristics make
it possible to state that, strictly speaking, there is no
past precedent for current climate change.

In this section, we will offer some of the evidence for
current climate change. The following one will deal
with procedures that have led to the conclusion that
human activity is responsible for the observed changes.

In its fourth, and most recent report (IPCC 2007),
the IPCC indicates that, compared to its third report (the
third is designated by the acronym, TAR, and the fourth,
AR4), there are now better data bases, more evidence,
greater geographic coverage and a better understanding
of uncertainties. As a result, AR4 indicates that the
warming of the Climatic System is unequivocal, as can
be deduced from observations of increased mean
atmospheric and oceanic temperatures on a planetary
scale, extensive melting of snow and ice and the global
rise in the average sea level.

In TAR, calculations of warming of the mean global
air temperature at ground level between 1901 and
2000 gave a linear trend of 0.6 = 0.2°C per century. This
was surpassed by AR4's calculations of that rate for the
period between 1906 and 2005, which was 0.74 =
0.18°C per century. The acceleration of warming
becomes even clearer when we use only the last fifty of
those one hundred years (1956-2005), and even more
so in the last 25. In those cases, the resultant linear
trend is 1.28 + 0.26°C per century and 1.77 = 0.52°C
per century, respectively.® The temperature increases
noted here are very likely unprecedented on Earth, at
least in the last 16,000 years.

Changes in temperature extremes have also been
observed, and these are consistent with warming of
the lower layers of the atmosphere. Thus, the number of
cold and frosty nights has diminished, while the number
of warm days and nights, and heat waves, has increased.

If we analyze the spatial distribution of these trends
(which are greater on land than over the oceans) and the
seasonal values, we will find important differences. The
same occurs with separate calculations of maximum and
minimum temperature trends. For example, the results of
an analysis of temperature trends on the Balearic Islands
over a thirty-year period ending in 2006 (OCLIB 2007)
showed a linear trend of 4.83 = 1.85°C per century for the
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maximum temperature, with 5.14 = 1.89°C per century
for the minimum. The maximum value for the minimum
temperature appeared in the summer (8.01 = 3.17°C per
century), while the maximum value for the maximum
temperature (7.99 = 3.01°C per century) appeared in the
spring. It is important to note the large differences
encountered here with respect to global values, even with
the highest one quoted before, which corresponds to a
period of 25 years.

The average temperature of the ocean has also risen,
at least to depths of about 3,000 meters. It is estimated
that, since 1955, the ocean has absorbed around 80% of
the excess heat resulting from the GE. This results in the
expansion of seawater and significantly contributes to
sea level rise.*

Moreover, we must point out important changes
in the cryosphere. For example, the surface area of arctic
sea ice has diminished an average of 2.7% per decade,
and that reduction process intensifies in northern
hemisphere summers, where it reaches 7.4%. In the
summer of 2007, the reduction of surfaces with at least
15% ice coverage was especially notable, after AR4 were
developed. Such covered surfaces reached a summer
minimum of 7.5 million square kilometers (averaged
between 1979 and 2000) while, in the summer of 2007,
only 4 million square kilometers were covered. That is the
smallest surface area since Earth-observation satellites
have existed. Values for the summer of 2008 show a
slight recovery compared to 2007, but still far below the
previously indicated average.®

Figure 3 indicates observed changes in the last
century-and-a-half in the mean global surface
temperature (panel a), the average sea level (panel b)
and the surface of the Northern hemisphere covered
with snow (panel c). The relative scale at the left of
Figure 3 shows the variation of those changes with
respect to the average value between 1961 and 1990.

Global rainfall measurements are also being affected
by current climatie change. To start with it must be
said that there has been a continuous increase in the
total content of water vapor in the atmosphere, which
is coherent with the temperature increase in the
troposphere. Precipitation has been modified to an
unequal extent in different geographic areas. While it
has significantly increased in eastern parts of North
and South America, northern Europe, and northern and
central Asia, the climate is now drier in the Sahel, the
Mediterranean, Southern Africa, and part of Southern
Asia. If we look at the extremes, on one hand the
occurrence of strong rains over land has become more
frequent, but on the other more intense and lasting
droughts have been observed since the nineteen
seventies, particularly in the tropics and subtropics,
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sometimes in combination with flooding in those same
geographical areas.

It is difficult to obtain figures on the trends of global
precipitation, due mostly to the characteristic
discontinuity of the variable and to measurement
methods. As an example on a much smaller scale, the
results offered below are from an analysis of
precipitation trends in the Balearic Islands over a series
of 55 years through 2006 (OCLIB 2007). Smoothing the
annual precipitation series with a 5-year filter generates
a tendency of -170 = 123mm per century, which
becomes -192 = 38mm per century when the annual
series is filtered with a 30-year average. Consideration
must be given to the fact that the normal precipitation
in the Balearic Islands is close to 600mm per year, which
represents a decrease in rainfall tending towards 30% in

CHANGES IN TEMPERATURE, SEA LEVEL
AND NORTHERN HEMISPHERE SNOW COVER
osl (a) Global mean temperature alias
L - 34
E)
=
A
&
£
A
E_.
o L L L .
& 3 } + }
? 5!}- (b) Global average sea level ]
= I ]
S o ]
= - 5 .
y -oor :
= ] ]
] —150}- a
& - 4
= ' ' —t ; } i
[ {c) Morthern hemisphere snow cover
—_ 4 s
E | 3
= =
E of E
= [ =
E | 3,
= L =
1850 1900 1850 2000
Year

Figure 3. Observed changes in (a) global average surface temperature; (b) global average sea level from tide
gauge (blue) and satellite (red) data and (c) Northern Hemisphere snow cover for March-April. All differences
are relative to corresponding averages for the period 1961-1990. Smoothed curves represent decadal
averaged values while circles show yearly values. The shaded areas are the uncertainty intervals estimated
from a comprehensive analysis of known uncertainties (a and b) and from the time series (c).

one hundred years. This reduction has not been equally
spread among the seasons, nor for all types of
precipitation. Decreases have been greater in fall and
winter, and much less so in spring and summer, linked to
a decrease in the number of days with moderate
rainfall, although the number of days with weak rainfall
has increased, as has the number of days with strong
rains, though to a lesser degree.

Observed changes in rainfall data are explained,
in part, by the previously mentioned increase in
atmospheric water vapor content, but also by the
change in patterns of atmospheric circulation
characteristic of the climate's natural variability. These
include North Atlantic Oscillation (NAO) and the
phenomenon El Nifio/Southern Oscillation (ENSO).

Scintists are also confident about changes observed
in some other extreme phenomena not mentioned here
(for example, increases in the number and intensity of
tropical Atlantic cyclones). But for others (tornados,
lightening, hail, Antarctic sea ice, and dust storms)
there are not yet enough reliable results to allow us to
be certain that they have experienced variation in the
present climate.

For more information on the changes observed it is
necessary to consult AR4 (IPCC 2007).

Attribution of observed climate change
The term "attribution” is used here to indicate the
process by which we evaluate whether the observed
changes are consistent with quantitative answers to the
different causes of planetary climate change simulated
with well-tested models, and not consistent with other
physically possible alternative explanations. In this
section, we will take it for granted that the climate can
be simulated in a sufficiently adequate manner; in the
following one, we will try to offer arguments that make
it clear that this is indeed the case.

Ever since the IPCC drew up its first report in 1990, the
subject of attribution has been addressed. In that first
report (FAR) there was not sufficient observational data
on anthropic effects on climate. The second report (SAR)
concluded that overall evidence suggested a discernible
human influence on the twentieth century's climate. TAR
indicated that the greater part of warming observed in
the last 50 years was probably due to increased
concentration of GHGs. Since that report, confidence in
the evaluation of humanity's effect on climate change
has increased considerably. We have more evidence, and
the methodology of attribution has improved. All of this
appears in AR4 and will be summarized below.

Attribution of current climate change will be carried
out here using the results for temperature, the variable
most clearly determined, and whose simulation is most
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resolved. The observed evolution of temperature will be
compared with what models are able to simulate. Figure
4 offers the results of a comparison of mean global
temperatures with what climate models simulate for
the twentieth century in different circumstances. In
both panel a and panel b, the black curve represents the
evolution of the global mean surface temperature.

The values deduced from the scale on the left are
temperature differences with respect to the average in
the period 1901-1950. The red curve on panel a
represents the mean evolution of the simulated
temperature. It is obtained by averaging out the results
of each of the individual models, whose different
processes are represented in ocher. For this simulation,
the models include known causes of climate change
—specifically, natural ones, including volcanic
eruptions—and those that are a consequence of human
activity, using the known evolution of atmospheric
concentrations of GHGs and aerosols. The result of this
attribution experiment can be summed up by saying
that there is a strong correlation between the evolution
of observed and simulated temperatures, that the
envelope of individual simulations almost completely
includes the curve of observations, and that the average
of the models closely approximates that of the
observations when conveniently filtered by a time
average (not shown in the figure).

Panel b presents the results of simulating the
evolution of temperature using only natural causes of
climate change. As before, it shows both the
individual processes of models, in light blue, and
the average of all the simulations, in darker blue. But
here, the same conclusions cannot be drawn. The
natural forcings can only explain the evolution of
temperature through approximately the middle of the
past century. In fact, a comparison of the two panels
does not reveal large differences in the two simulations
for that time period. The differences arise in the second
half of the twentieth century. It is necessary to include
anthropic causes in the simulations in order to explain
the temperature trend in the second half.

This type of experiment had already been carried out
in TAR (IPCC 2001), but the conclusions were not as
trustworthy as in AR4. Moreover, equivalent studies
have now been carried out for the different continents,
separately for land and sea, and for other different
temperature variables. The results are coherent with
what has been stated above.

Climate research should always tend to reduce
uncertainty while also achieving increasing realism in its
simulations. Figure 4 shows important discrepancies
between the simulations and mean surface temperature
calculated by direct measurements around 1940. Analysis
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of the origin of the temperature observations concludes
that there is a bias in the observed values as a result of
the method employed to measure the sea's surface
temperature, which obviously forms a part of the planet's
surface temperature (Thompson et al. 2008). If the
observed values were corrected, the discrepancy would
be reduced, bringing the observed temperature evolution
closer to the simulation. At the time that AR4 was
published, the above was not yet known, but the results
were still considered sufficiently realistic to indicate that
“most of the observed increase in global average
temperatures since the mid-20th century is very likely®
due to the observed increase in anthropogenic GHG
concentrations.”

Simulation of the Earth’s climate with models
Knowledge of the mechanisms that determine climate,
set out in section 2, is partial but sufficient to allow us
to simulate it (not in a laboratory, of course, but using
complex models run by powerful computers). It has
become possible to reproduce the current and past
climates with sufficient accuracy, as well as the
fundamental known traits of the climate in far earlier
geological eras. Thanks to that, attribution exercises
have been carried out, as indicated in section 4, and we
can also think about inferring the possibilities of the
future climate, including man's role in it. This last
matter will be addressed in the following section.

Let us now look at climate simulation models in
some detail. In the first place, we should state that such
models are not an invention of climate researchers; in
physics and other sciences, models are generally
employed and they have turned out to be extraordinarily
useful for advancing knowledge. In general terms, a
model is a simplification of reality used as a tool to
describe and explain phenomena of scientific interest.
Models are sometimes constructed through mathematical
equations that describe empirical relations among
variables characteristic of the system being studied. For
example, such relations can be obtained on the basis of
an adequate statistical treatment of those variables.

At other times, previous and independently established
physical laws are used to establish the relations among
variables. Moreover, in this case, they allow an
interpretation of why this relation exists because, in
fact, that is what these laws express. Finally, there are
also mathematical equations that relate variables but
are in this case based on physical laws.

In all cases, a set of equations is obtained that
makes it possible to offer an approximate (remember,
these models are simplifications) description of reality.
It is precisely this fact that makes it possible to at least
partially explain the discrepancies that appear between
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a simulated description of reality generated by a model,
and the reality of observations of a real phenomenon.
Once the set of equations that constitute a model is
obtained, those equations must be written in such
a way as to furnish quantitative information about the
system being studied. In the case we are discussing
here, at the very least, they would have to furnish
values for temperature and precipitation in order to
reveal the fundamental traits of climate. Moreover,
they would have to do so for the entire planet
and, actually, at different levels of the atmosphere,
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Figure 4. (a) Global mean surface temperature anomalies relative to the period 1901 to 1950, as observed
(black line) and as obtained from simulations with both anthropogenic and natural forcings. The thick red
curve shows the multi-model ensemble mean and the thin lighter red curves show the individual simulations.
Vertical grey lines indicate the timing of major volcanic events. (b) As in (a), except that the simulated global
mean temperature anomalies are for natural forcings only. The thick blue curve shows the multi-model
ensemble mean and the thin lighter blue curves show individual simulations. Each simulation was sampled so
that coverage corresponds to that of the observations.

from the lowest ones, at ground or sea level, to the
highest. And that is only the part that deals with the
atmosphere, because in other subsystems, it will be
necessary to know many other variables (for example,
the salinity and temperature of the oceans, ice mass,
and the properties of soil and vegetation), at different
levels or depths as well. The conclusion we must draw
from all this is that the model's equations must be
applied to a large number of points in space. Many
mathematical operations have to be carried out in
order to determine all the variables that describe the
state of the Climatic System at a single instant in time.
But in order to characterize climate, we must know
what happens, not only at a specific moment, but over
the course of sufficiently long time spans. That is, an
enormous succession of individual instants.

How can we approach such a huge task? The answer
is not immediate. First of all, if we want to obtain
useful climate information in a reasonable time, we
must use very powerful computers—the most powerful
in the world. In order to do so, we must, again, simply
the model, writing it in a form that is adequate for
computer work. Once this is done, computers will be
used to carry out the millions and millions of
mathematical operations needed to obtain climate
simulations for various decades, centuries, and so on, in
a reasonable amount of time. Numerical simulations of
climate are often mentioned in order to designate the
means by which the desired climatic information is
obtained.

The most advanced models of climatic simulation
include formulas that address processes in
the atmosphere, the oceans, the Earth's surface, and the
cryosphere, atmospheric chemistry and the modeling
of aerosols. They also deal in a linked way with
atmosphere-oceanic interactions. Some models include
mechanisms for maintaining energy flows at reasonable
values, but nowadays, due to advances in research, most
of them do not need this adjustment because the flows
obtained directly by the simulations are already realistic.
Those climate simulation models that include equations
for the treatment of the processes mentioned here are
generically called Atmosphere/Ocean General Circulation
Models (AOGCMs). Many models exist, generally linked to
leading research centers around the world, and their
climate simulations offer different results, all of which are
plausible. There are intercomparison projects and
programmes in which results are contrasted in order
to verify performance, which also makes it possible to
establish confidence levels for the results. The IPCC itself
bases a large part of its evaluation reports (see chapters 8
and 9 of AR4, IPCC 2007) on simulations. Confidence in
climate simulation has been obtained by verifying that
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the results are sufficiently realistic in comparison with
observations. Those results affect the different
subsystems of the Climatic System and known of
variability modes of the current climate, including the
phenomena of El Nifio/Southern Oscillation (ENSO) and
North Atlantic Oscillation (NAQ), patterns of anticyclonic
blockage and the variability of monsoons. But verification
by contrast with the present climate is not the only
source of confidence. From a conceptual viewpoint, the
primary source is that these models utilize physical laws
that were independently established before the problem
of climate simulation was even addressed. Moreover, it
has become possible to simulate important traits of the
climate of the last 2,000 years, as well as earlier climate
change, such as the warm period in the Holocene, some
6,000 years ago, and the variability of the ice ages. It goes
without saying that the results are reliable enough to
foster confidence in the use of such models, despite the
fact that there are still areas of uncertainty.

One of the main advantages to using models to
simulate climate is that processes included in those
models can be activated or deactivated at will. It is
enough to eliminate the set of equations that affect a
specific process in a given model. That model is
then capable of simulating the planet's climate with or
without the activity of the process (or processes) under
study. Thus, for example, following a volcanic eruption,

Scenarios for CHG emissions from 2000 to 2010 (in the abscence of additional
climate policies] and projections of surface temperatures
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Figure 5. Left Panel: Global GHG emissions (in GtCO,-eq) in the absence of climate policies: six

illustrative SRES marker scenarios (coloured lines) and the 80th percentile range of recent scenarios
published since SRES (post-SRES) (gray shaded area). Dashed lines show the full range of post-SRES
scenarios. The emissions include CO,, CH,, N,O and F-gases. Right Panel: Solid lines are multi-model global
averages of surface warming for scenarios A2, A1B and B1, shown as continuations of the 20th-century
simulations. These projections also take into account emissions of short-lived GHGs and aerosols. The pink
line is not a scenario, but is for Atmosphere-Ocean General Circulation Model (AOGCM) simulations where
atmospheric concentrations are held constant at year 2000 values. The bars at the right of the figure indicate
the best estimate (solid line within each bar) and the likely range assessed for the six SRES marker scenarios
at 2090-2099. All temperatures are relative to the period 1980-1999.
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the additional effect of expulsed aerosols can be included,
or the intensification of the GE can be eliminated while
pre-industrial concentrations of GHGs are being
considered. That, precisely, is the basis for the attribution
of climate change dealt with in the previous section.

If we do not want to use large computers, or do not
have access to them, there are also more modest
solutions, which are not necessarily less useful. It is
possible to gain access to a second level of climate
simulation using a new simplification of the Climatic
System. In other words, it is possible to simplify the
complexity of the model—which is already, itself, a
simplification of reality—in order to be able to work
with personal computers or the like. In such cases, it is
a matter of making sure that the simple models offer
simulations that are compatible with those being
carried out with AOGCMs.

To give us an idea: at the maximum extreme of
simplification, we could consider the Earth a sphere
that receives energy from the Sun and maintains the
equilibrium of that energy with the energy it reflects,
and that which the Earth itself radiates into space. In
such conditions, a temperature—called the equilibrium
temperature—is determined. It turns out to be around -
18°C and is very different than the mean temperature
on Earth, which is about 15°C. These same figures were
mentioned above when discussing the natural GE. In
other words, the equilibrium temperature is obtained by
a maximum simplification of the system (specifically, by
eliminating the atmosphere), which makes conditions
more similar to those on the Moon than on the Earth.
Including the atmosphere allows us to assign a
temperature increase of some 33°C to the GE. If we
really think about it, we realize that is a spectacular
amount, especially when compared to what is thought
to be the temperature oscillation associated with
geological eras or abrupt climate changes. None of
these is even half the amount indicated for warming
due to natural GE (Masson-Delmotte et al. 2005).

With other simple models—though less simple than
the one described above—it is possible to calculate the
distribution of the equilibrium temperature for different
latitudes on Earth, to establish elemental
considerations about the clouds' role, and to determine
other potential climates when all the ice has melted, or
when the Earth is totally covered with ice, as well as
the transitions between such states, and so on.

One advantage of simple models, compared with more
complex ones, is that they allow us to carry out

a large number of different experiments—by changing
some of the conditions of the simulation—because they
need much less time to resolve the equations than
more complex models.
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Climate projection for the future
It is important to emphasize that climate models are
the most important, if not the only, tools for carrying
out simulations of the planet's climate. In order to
be able to use them with any sort of guarantee,
experiments have been carried out to reproduce the
present climate and the past climate, and to explain
the climate change being experienced by the Earth.
Since the basic equations come from physical laws and
the simulation is realistic, there is great
confidence in the use of such models. Clearly, there
are still aspects to be discovered with regard to how
the Climatic System functions, and this lack of
knowledge produces uncertainty. Nevertheless, by
accepting the results of the simulation when they
are verified by observation, we are indicating that the
knowledge we already possess about how that System
works is sufficient, and what is still unknown would
not be able to substantially modify the simulations.
If that were not the case, that is, if our ignorance
implied important consequences for such simulations,

B1: 2020-2029

B1: 2090-2099

A2: 2080-2098
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Figure 6. Projected surface temperature changes for the early and late 21st century relative to the period

1980 to 1999. The left and right panels show the AOGCM multi-model average projections (°C) for the B1
(top), A1B (middle) and A2 (bottom) SRES scenarios averaged over the decades 2020 to 2029 (left) and 2090

to 2099 (right).

That being said, it should be clear that simulation
of the present climate is not the same problem as
simulation of the future climate. In the first case, we
know what changes took place in the past, leading up
to the present. We know how radiation intercepted by
the Earth has changed, and we know how the
atmospheric composition has changed—not only with
regard to the concentration of GHGs but also, for
example, to volcanic eruptions. The forcing of models
with real and known conditions has made it possible to
reconstruct the present climate. But from now on, we
do not know what the conditions of the Earth's
atmosphere will be, yet that knowledge is imperative if
we are to simulate the future climate.

We know from the past, for example, that annual
emissions of CO2 of fossil origin have increased from
an average of 6.4GtC7 per year in the nineteen nineties,
to 7.2GtC per year between 2000 and 2005. These
emissions, along with those of the past, have partially
determined the concentration of CO2in the atmosphere,
just as other processes have done with other GHGs. The
problem of determining the concentration of GHGs on
the basis of emissions is not a simple one: it is necessary,
once again, to resort to simulation using models. In this
case, they are models of the cycles of carbon and other
elements. It is necessary, for example, to take into
account how carbon is fixed in the soil and in the seas
(“carbon sinks"), which in turn depends on many factors.

Supposing that this problem is resolved, it will still be
necessary to know how future GHG emissions evolve.
What will definitely be clear by now is that this depends
on many conditions, most of which are fundamentally
socioeconomic in character and difficult to determine.
In response, work is being done with different plausible
hypotheses generally called scenarios. Ever since the
earliest IPCC reports (FAR and SAR), attention has been
paid to defining emissions scenarios, which were
initially included in the reports themselves. Following
the second report, however, specific work on scenarios
was commissioned (IPCC 2000), which generated those
scenarios currently being used to project the climate
into the future. They are called SRES, an acronym that
reflects the character and title of the work: Special
Report on Emissions Scenarios.

In a nutshell, work is being done with four storylines
(A1, A2, B1, and B2) conditioned by “forces" such as
population, economy, technology, energy, agriculture,
and soil use. In A1 and A2 more weight is given to
economic growth, while in B1 and B2 environmental
aspects take the fore. Also, whereas A1 and B1 project
on the basis of a globalized world, A2 and B2
emphasize regional and local solutions. Each of these
lines generates different scenarios, making a total of
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PROJECTED PATTERNS OF PRECIPITATION CHANGES
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Figure 7. Relative changes in precipitation (in percent) for the period 2090-2099, relative to 1980-1999. Values are multi-model averages based on
the SRES A1B scenario for December to February (left) and June to August (right). White areas are where less than 66% of the models agree in the
sign of the change and stippled areas are where more than 90% of the models agree in the sign of the change.

40. Normally, these are organized as families,
coinciding with the name of their lines, except for AT,
which has the following breakdown:

- A1FI, with intensive use of fossil fuels,

- A1T, with use of non-fossil energy sources,

- A1B, with a balanced use of different sources.

Clearly, we do not know what path humanity
will take from here on, so all of those scenarios are
considered equally probable.

Each of these SRES emissions scenarios is
associated with concrete GHG emissions values over
the course of the twenty-first century. Then, using
adequate models, future concentrations of GHG
are deduced, and the future evolution of those
concentrations allows us to project the climate into
the future, thanks to climate simulation models. The
result is a group of climate projections for each of the
SRES being considered. Because they differ from
the climatic conditions set as reference, they lead
to different future scenarios of climate change. Those
scenarios or projections can be global, or limited to
specific regions of the world's geography.

The left panel of Figure 5 shows the evolution of
GHG emissions during the twenty-first century. The
figure includes emissions of all GHG in what is called
equivalent CO,. In calculating this, account is taken of
the same GE intensification effect as all the GHGs
being considered. As well as all the SRES scenarios
described above, results are given here for other

certain "forces” that affect the storylines being
considered. The right panel shows projected mean
surface temperatures for various families of scenarios
and the projection that would correspond to no
increase of GHG over the amounts registered in the
year 2000. It should be pointed out that, even if that
were the case, the temperature would continue to rise,
though at a much slower rate.

An analysis of projections for the first two decades of
this century offers results that depend very little on the
scenario being considered and the model employed
(0.2°C per decade). That is not the case, however, for the
final decades of the century; they strongly depend on the
scenario being considered, and also on the model
employed. For example, the mean multi-model
estimation for scenario B1 at the end of the century is
1.8°C (probably with a rage of 1.1°C to 2.9°C), while for
scenario A1Fl, it is 4.0°C (probably with a range of 2.4°C
to 6.4°C), which is always higher than the mean for the
period from 1980 to 1999. Note that those values are far
above those observed for the increase in mean surface
temperature during the twentieth century.

These temperature projections have been used to
evaluate the effect on the global average sea level
(including the contribution of ice melting in Greenland
and Antarctica as well). The rise at the end of the twenty-
first century—depending on which scenario is chosen, of
course—would lie between a minimum of 0.18
to 0.38 meters for scenario B1 and a maximum of 0.26 to

scenarios that appeared after the Special Report (IPCC 0.59 meters for scenario ATFI. Those values are relative
2000) was published. These modify the contribution of  to the global average sea level between 1980 and 1999.
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The AOGCM models make it possible to carry
out global climate projections in which spatial and
temporal variability is apparent. AR4 includes many
such projections (see IPCC 2007, chapter 10), only a
few of which are presented here. Figure 6 shows maps
of multi-model mean surface temperatures with a clear
predominance of values in the arctic region, where the
temperature could increase by more than 7°C by
the end of the century. In general, the projected
warming for the twenty-first century is expected to be
greater over land and at higher latitudes of the
northern hemisphere, and lesser over the South Seas
and part of the North Atlantic.

Figure 7 shows projections for seasonal rainfall.
While global amounts are expected to rise, in the
majority of terrestrial sub-tropical regions they will
probably decrease. In the upper latitudes, precipitation
will probably be greater.

Projections for other important aspects of the
climate have also been obtained. Generally, it could be
said that all of them continue the tendencies observed
in the twentieth century but most show increases in
those tendencies.

Special mention should be made of the melting of
ice in Greenland, although the time scale is more than
a century. Some 125,000 years ago, the temperature in
the North Atlantic zone remained higher than at
present for a prolonged period of time. The reduction of
the ice mass led the sea levels to rise between 4 and 6
meters. Now, if the temperature remained between 1.9
and 4.6°C higher than pre-industrial levels for at least a
thousand years, melting Greenland ice would cause
a rise in planetary sea levels of 7 m.

One of the most important applications of climate
projections is the analysis of the consequences of
climate change or, as it is generally called, the
impact of climate change. This has considerable social
importance because its effects are local. In order to
determine them, it is necessary to have climatic
projections with much greater resolution than those
offered by global models. This is done with different
methodologies and is generally called "downscaling."
One of the most common employs regional-scale
models nested in global models and run in a linked,
simultaneous way. That is dynamic downscaling.
Another possibility involves using empirical statistical
relations that have been determined for the present
climate—they are supposed to remain valid in the
future—in order to gain resolution on the basis of
future climate projections obtained with AOGCM.
There are also methodologies that combine the two
mentioned above. More information on downscaling is
available in chapter 11 of AR4 (IPCC 2007).

Conclusions
During the Anthropocene, planet Earth is experiencing
a change of climate that, strictly speaking, has no
precedent in the past. The burning of fossil fuels and
general human activity have modified the atmosphere's
composition, increasing the concentration of GHGs to
levels never before attained, at least in the last 800,000
years. The GE, which has allowed life to exist on Earth,
is being intensified anthropogenically, leading to an
increase in the global mean surface temperature in the
twentieth century that has no antecedents, at least in
the last 16,000 years. Along with this change of
temperature, a rise in sea levels has also been observed, as
well as the reduction of snow coverage on the continents,
and sea ice in the Arctic Ocean. Moreover, climate
patterns are changing, including rainfall, NAO, and the
phenomenon ENSO, among others. The frequency with
which certain extreme phenomena occur is also changing.

If GHG emissions continue at the current rate,
observed climate change will accelerate in the present
century. In fact, even if the concentrations of those gases
remained at their current levels, temperature increases
and the resulting effects would continue to occur for
decades, though with lesser intensity.

The social and economic consequences of the changes
observed have already become significant in some
zones (changes of habitat, exhaustion of certain species'
capacity to adapt, modification of crop seasons, problems
with water resources, changes in the distribution and
occurrence of certain diseases, and so on), but it is
believed that they will become even more significant as
warming intensifies. From a human standpoint, the most
disadvantaged societies, with the lowest levels of
development, will be the most vulnerable.

Global warming can no longer be stopped; we are
already suffering the consequences of what we began with
the Industrial Revolution. It is clear that we have to reduce
emissions, and that is intrinsically good for the
environment in general. But we must also strive to adapt to
the coming climate and understand that, beyond living
with a certain level of risk, it will be necessary to face the
cost of adapting. At any rate, that will be much less than
the cost of doing nothing. Policymakers have to play their
role and the society also the own. Obviously, as members of
society, scientists, too, must participate. Research must be
intensified, eliminating doubts, improving climate
projections, offering clues as to how to reduce climatic
vulnerability and risk, and seeking out more efficient means
of energy use, less contaminating systems, and so on.

We will undoubtedly have to make some slight
changes of lifestyle so that developing countries can
attain an adequate level of wellbeing. The future
humanity expects nothing less of us.
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Global warming: planetary energy balance The Kyoto Protocol

The climate depends on exchanges of heat altered, a heating or cooling of the atmosphere In December 1997, the developed countries repercussions of the 4th IPCC Report, Al Gore's
energy between the Sun and the Earth, and takes place. The hypothesis of global warming signed an agreement in Kyoto (Japan) in which documentary, An Inconvenient Truth, and the
between the Earth's surface (and the oceans) by the greenhouse effect signifies that the they promised to reduce emissions of the main Stern Review, led to a "road map" signed at the
and its atmosphere. The planetary (or amount of radiation the Earth returns to greenhouse gasses by an average of 5.2% last minute by 190 countries at the Bali
radiative) energy balance combines the entry outer space is less than that which it receives. over the period 2008-12, with regard to Conference in December 2007. The signatories
and exit of this radiation that produces heat When that happens, if conditions are not the levels of 1990. Excesses or defects in the are convinced that, in order to avoid the worst
in the Earth's atmosphere. When the climatic reversed, the temperature of the Earth's reduction of emissions by specific countries effects of global warming, worldwide emissions
system is in equilibrium, these exchanges atmosphere begins to rise continuously (as do could be compensated by an emissions market of greenhouse gasses should reach their
are balanced (the entry and exit of radiation the mean temperatures of the seas and of the that would organize the purchase and sales of maximum in ten to fifteen years and descend
compensate each other). If the balance is Earth's surface). emission rights. The agreement was supposed drastically from then on. This agreement spreads
§ ) to enter effect when ratified by countries the effort among developed countries (which
responsible for at least 55% of CO, emissions. must cut their emissions by as much as 40%
Despite reticence by several countries (Japan, from 2020) and developing countries, which
Canada, Australia, and, most of all, the United must follow more sustainable growth
States—the world's leading emitter of GGs), strategies. It also foresees financing for
this threshold was crossed in December 2004 measures necessary to adapt to the negative
following ratification by Russia, and the consequences of “compromised" (irreversible)
Protocol went into force in February 2005. climate change, and for the transfer of “clean”
Nevertheless, awareness of the need for technologies to developing countries. Before the
an agreement involving all developed and end of 2012, when the Kyoto Protocol ends, a
emerging countries, along with the worldwide complete agreement must be widely ratified.
Greenhouse effect k J

The Earth's radiation becomes “trapped” in
the lower layers of the atmosphere because
of the "greenhouse effect,” which is caused
by certain gasses—water vapor, carbon
dioxide (CO2), methane, nitrous oxide, and
others—that produce an effect similar to that
of a greenhouse's glass. That is, they let solar

radiation in, but prevent the Earth's heat
from getting out. The Earth's atmosphere has
always suffered a "natural” greenhouse
effect, mainly due to water vapor, and this
has kept its mean temperature around 15°C
(instead of the -18°C it would otherwise
have). That equilibrium is due to the natural
evolution of the Earth, and to successive
economic revolutions (agricultural, urban,
and industrial) undergone by humanity

over the course of its history. What was new
in the twentieth century, especially in its
final decades, was the acceleration of the
concentration of greenhouse gasses (GG)
—especially CO2—in the atmosphere. These
persistently unbalanced the planetary energy
balance and marked a growing tendency
toward warming.

Intergovernmental Panel for Climate
Change (IPCC). A group of experts created
in 1988 by the World Meteorological
Organization (WMOQ) and the United
Nations Environment Programme (UNEP)
for the study of climate change. It is
organized in three working groups that deal
respectively with the scientific aspects of
climate and climate change; the impact

of change and adaptive measures that must
be taken to minimize it; and measures
tending to mitigate it. Every six years, the
IPCC publishes a report of its work. The
latest (4"), published in 2007, has strongly
reinforced scientific consensus on global
warming by increasing the concentration
of greenhouse gasses, and worldwide
awareness of the need to take action.

The Government of the United Kingdom
commissioned economist, Nicholas Stern, to study
the economics of climate change. His findings were
published in October 2006 as The Stern Review on the
Economics of Climate Change. His fundamental thesis
is that the cost of strategies to mitigate the effects
of climate change may not cost more than 1% of

the world's GNP (the maximum would be 3%). On the
other hand, if action were not taken immediately,
damage caused by global warming would reach an

The Stern Review

annual cost of 5% of the worldwide GNP, starting
now and lasting forever. In certain circumstances,
it could reach 20% of the world's GNP, making it
equivalent to the effects of the twentieth century's
world wars and the Great Depression. The Stern
Review has led to considerable argument about
those figures, about the financing of measures
of mitigation and adaptation, and about the
distribution of the costs of fighting climate change
among the present generation and those to come.




