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1. The atmosphere of the Earth

The first step towards understanding circumstances related to climate change, like the green-
house effect and the depletion of the ozonosphere (ozone layer), is to understand the terres-
trial atmosphere and its peculiarities. The terrestrial atmosphere is made up of a mixture of
gases and particulate matter. This atmosphere is commonly called the air, and it surrounds the
Earth, being retained by gravity. When referring to the air, we are generally referring to the
gases rather than the particulate matter. The particulate matter, also referred to as aerosol, is
made up of very small solid and liquid particles. Clouds are a good example of water particles
in the atmosphere. The atmosphere’s composition and the relative quantity of gases have dra-
matically changed during the evolution of our planet. The interaction of the atmosphere — with
its own chemical and physical characteristics - with the hydrosphere, lithosphere, and bios-
phere1, and with the solar irradiation (the main source of energy of our planet), determines the
climate of our planet, and hence influencing all life on earth. All these components are strictly
linked and involved in the cycles of matter and energy.

1.1. Composition and structure

In its entirety the atmosphere reaches an altitude of about 10,000 kilometres ca. (approximately
6,200 miles), which is about 150% of the average radius of Earth. The density of its gases
quickly decreases with the distance from the Earth’s surface and around 97% of the total mass
of gas in the atmosphere can be found within 29 km of the earth’s surface. Its relative compo-
sition is uniform below 80 km and this layer is called the homosphere. The heterosphere is
found beyond 80 km and is characterized by a marked variation in relative composition of the
gas mix among its sub-layers. Considering the whole volume of the atmosphere, the approxi-
mate percentage abundance of the atmospheric gases is as follows:

e nitrogen: 78.084 % (as N.);

oxygen: 20.946 % (as O,);

argon: 0.934 % (Ar, a noble gas);

carbon dioxide: 0.033 % (CO.,);

trace gases, like some noble gases (helium, He; neon, Ne; xenon, Xe; krypton, Kr),
hydrogen (as H,), methane (CH,), and nitrous oxide (N,O).

In addition to the above-mentioned gases, we can find other atmospheric components. Some
are volatile compounds such as the water vapour, which is one of the most represented (up to
4% in volume) and determines the atmospheric humidity. Its relative abundance can vary con-
siderably according to altitude, latitude and local conditions. Water vapour has a decisive
impact on Earth life, causing formation of clouds, leading to precipitation (rain). It also exhibits
another fundamental and important function: it is involved in the capacity of the atmosphere to
reflect and absorb part of the solar radiation. Part of the radiant energy from the sun, after
reflection from the Earth’s surface is thus captured and stays on Earth. So, the atmosphere
acts as a thermal insulating layer.

The solar radiation is also affected by the presence of high quantities of atmospheric dust which
comes from deserts, riverbeds, beaches, volcanic eruptions, oceans?, pollution and fires. Also
meteorites can add to the amount of dust in the atmosphere. These are usually disintegrated
forming dust particles due to the friction when they enter the atmosphere. The friction generates

1.Hydrosphere: collectively indicates the waters of the Earth's surface as distinguished from those of the lithosphere and the atmos-
phere. The lithosphere is the outer part of the Earth, consisting of the crust and upper mantle, approximately 100 km thick. The term bios-
phere indicates all the compartments of our planet which are capable of supporting life.

2. Strong winds raise droplets of water, which, after evaporation, leave suspended crystals of salts.



a large amount of heat and this may also destroy the particles. Only meteorites with very large
dimensions can reach the terrestrial surface and, fortunately, these are rare events.

The dust which floats in the layer, called the troposphere (see afterwards), is involved in phe-
nomena like reflection, diffusion, and refraction of solar light. One of the effects of this dust is
red sky that can be seen in the twilight at dawn and sunset, when the Sun is low on the hori-
zon. The sky is red, due to the resulting wavelength of the light after the interaction of the radi-
ation with the dust. The particles also act as condensation nuclei for water vapour, thus favour-
ing precipitation. Usually, beyond the layer called the stratosphere (see afterwards), we cannot
find any kind of particles in the atmosphere, like vapour, clouds, or dust and only gaseous com-
ponents are present.

In the next chapters we will discuss the influence of the chemical composition on some fac-
tors related to climate. The factor which is classically used to subdivide the atmosphere into lay-
ers is the temperature (Fig. 1.1). The temperature decreases with altitude by about 6.5 °C per
km in the lower layer. This trend is commonly called the vertical temperature gradient.

The layer in which the temperature is constantly diminishing is called the troposphere and
here values decrease from +17 °C to -52 °C. This
layer reaches an average altitude of about 14 km,
with the actual depth depending on latitude and
season. The temperature gradient suddenly
changes in a transitional zone called the
1 tropopause, which is about 4 km thick (this thick-

nemmmL ness increases by 2-3 km during warm months).

- ) _ .| Beyond this we find the layer called the strato-
_I' n . " | sphere; it starts from an altitude of about 10 km at

. 1! the North and South Poles and increases to about
=hr 17 km at the equator. In the stratosphere the gradi-

E 5 ent is inverted and temperature rises constantly up
to -3 °C. The temperature reaches 0 °C at about 50
X - - * = | km and here we find the stratopause, another tran-
sitional zone. The mesosphere is found above the
stratosphere, where temperature drops down to
around -90 °C at approximately 80 km in altitude
above the Earth’s surface. Another transitional
zone called the mesopause, follows at 90 km. The

3. 7= m e temperature gradient reverses again and tempera-

- e - . = tures quickly and dramatically increase with alti-

-y o e T g tude, reaching about 1750 °C in the thermosphere!

- - — = This layer is subdivided into two layers. The lower

- i i s .‘-_ layer is present from 80-90 km to about 400-500

= = km in altitude and is called the ionosphere because
Figure 1.1. Structure of the atmosphere here, ionization processes take place. This layer

reflects radio-waves and filters solar radiation in a
wavelength-specific manner. This causes fascinating visible phenomena like the auroras. The
ionization is caused by gamma and X-rays from the solar radiation, very energetic rays, called
“penetrating radiations”, since they can penetrate opaque objects or cross them, being stopped
when they meet heavy metals such as lead (see also § 1.2). Due to their high energy, these
rays are absorbed by nitrogen and hydrogen molecules. Each molecule loses one electron
becoming a positive ion and an electric current is created in the ionosphere. Since ionization

3. Aluminous atmospheric phenomenon appearing as colored stripes of light visible in the sky at night in northern or southern
regions of the Earth. It is probably caused by charged particles arriving from the Sun and entering the Earth's magnetic field, thus



Moreover, plants produce pollen, which are part of the atmospheric particulates. This is well-
known for its allergenic properties.

The majority of the gaseous components of air are part of the natural cycles of matter. Those
are generally self-regulated by feedback systems, which allow the maintenance of a dynamic
equilibrium (homeostasis) among the different components of the ecosystem, keeping concen-
trations constant. Additional emissions of the same compounds or of xenobiotic® molecules
may alter the equilibrium of these natural biogeochemical cycles. For example the alteration of
the equilibrium of the carbon cycle - due to anthropogenic emissions of CO, - is one of the main
causes of the increased greenhouse effect (causing global warming).

2.3. Sources

Environmental pollution evolved with mankind. During our history we exploited natural
resources, without caring for the consequences of our activities on the environment. In the past,
the world population was significantly less, thus its environmental impact at a global level was
practically negligible. However, today the demographic explosion and the concentration of pop-
ulation in urban centres, along with the industrial revolution, has resulted in the major polluting
capability by humanity. In the past the disregard for the environment was mostly due to lack of
scientific and technological knowledge. Nowadays, the importance of economic and political
policies of the industrialised or developing countries do not always give the necessary priority
required to protect the environment.

Almost all daily activities of modern man involve the production of pollutants, as these, either
directly or indirectly, involve combustion processes such as: cooking foods, house heating, use
of electricity, use of motor vehicles, and so on.

Anthropogenic air pollution may come from fixed sources, which can be both large, such as facto-
ries and power stations, or small, such as house heating systems. Pollution can also come from
mobile sources, like motor vehicles. As we can see, many of these sources are generally connected
to energy production and consumption, especially when fossil fuels and their derivatives are used.

The use of fossil fuels for house heating — in particular heavy combustible oils, biomass
derived materials and coal - is a relevant source of pollution, producing CO, CO,, SO, and par-
ticulates. Vehicular traffic greatly contributes to the emission of such contaminants, especially
in big urban centres, where congestion is frequent, and in areas where fuels with a high sul-
phur content are still used. In locations where leaded gasoline is still utilized, traffic may
account for 80-90% of the total atmospheric content of this metal, which is toxic at high con-
centrations (it causes lead poisoning, also called saturnism). Furthermore, internal combustion
engines are the major source of carbon monoxide (CO) in the atmosphere. This compound is
toxic and causes a type of “blood poisoning” because it has a very high affinity for the haemo-
globin of the erythrocytes (red blood cells), thus altering the capability of O,/CO, carriage and
exchange. Another dangerous gas produced by internal combustion engines is nitrogen
monoxide (NO). It interacts adversely with the ozone cycle, combining with oxygen and water
and finally yielding gaseous nitric acid. The latter creates the low pH conditions necessary for
release of chlorine and bromine from contaminants, and these halogen containing molecules
finally destroy ozone during particular chain reactions (details at § 4.2).

Besides particulates and gases, commonly produced by combustion processes, the atmos-
phere receives many contaminants as by-products of particular industrial production process-
es. Such molecules are very variable in quantity and quality. Generally, they show a minor
impact at a global level, since they are released into the atmosphere in significantly lower con-
centrations. At a local level some of these molecules may accumulate, thus raising the possi-

9. These are artificial molecules and compounds exclusively of anthropogenic origin, not typical of natural biological processes.



bility of greater exposure levels. Since these contaminants are usually somewhat toxic, their
emission results in an increased risk for health damage.

Besides the intrinsic toxicity and quantity of release, the impact of pollutants on health
depends on the location of the emission and on diffusion. The large fixed sources, often far from
big urban centres, usually spread contaminants at great heights (using chimney stacks). On the
contrary house heating plants and motor vehicles release pollutants at ground level in densely
populated areas. As a consequence, small sources of pollution, both fixed and mobile, have a
major negative impact on the quality of air in urban areas.

2.4. Diffusion

The concentration of atmospheric contaminants depends on several factors:

quantity of the contaminants in the emissions;

number and density of the polluting sources;

distance from the source;

chemical and physical transformations of contaminants in the atmosphere;

the fallout velocity;

the geomorphologic characteristics of the polluted area;

e local and general weather conditions.

Omitting specific issues, for our purposes, it is important to outline the fundamental influence of
weather conditions on the generation, the severity, and the evolution of atmospheric pollution.

On the local scale, the factor with major effect on the carriage and diffusion of contaminants in
the atmosphere is the wind velocity. Atmospheric precipitation (rainfall), which contributes by
washing away pollutants and carrying them to the ground, is also important. Usually, industrial and
urban districts are the most exposed to pollution phenomena. This is even more probable in indus-
trial areas where geomorphologic characteristics inhibit air circulation, for example, valleys sur-
rounded by mountains.

Other important aspects during acute episodes of pollution are the degree of insolation and the
temperature. In particular conditions, these factors may cause the formation of photochemical
smog which, in turn, may influence many climatic variables (e.g. insolation).

Generally, minor concentrations of contaminants are favoured by windy and unstable conditions
in the lower layers of the atmosphere. On the contrary, high concentrations are promoted by long
lasting fog, absence of wind, or by thermal inversions.

Thermal inversions prevent mixing of air masses. We previously discussed the thermal gradient
of the troposphere, where temperatures constantly decrease with altitude (§ 1.1). This happens
because warmer air masses, being less dense, ascend and replace colder ones, which, in their
turn, descend and heat up. Warm air is the most contaminated, since it comes from ground level,
where pollution sources are found. Finally, this mechanism yields a decrease in concentration of
the contaminants in the air column, due to the vertical mixing. During irradiative thermal inversions,
when particular weather conditions are found, warm layers may form at altitudes ranging from tens
to hundreds of meters. In these cases, lower layers cannot rise and are blocked at ground level,
where contaminants accumulate. Generally, these inversions take place in cloudless nights, soon
after sunset. Soil cools down quickly, causing a swift chilling of the air. Such inversions usually end
in the morning, when the ground warms up, but, if particular conditions inhibit such heating, pol-
lutants can accumulate for some days, thus possibly reaching high concentrations.

2.5. Effect

A complete description of the effects of air contaminants goes beyond the purposes of this pres-
ent book. Here we just want to briefly recall some aspects and interconnections among the dif-
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ferent phenomena.

Atmospheric pollution has negative effects on human health, agriculture, farming, fauna,
flora, and ecosystems in their entirety. It also damages (e.g. acid rains) man-made construc-
tions such as monuments and artworks, metallic structures, and buildings.

Negative effects of pollution can be severe and rapid (acute episodes) or have a long-lasting
and cumulative effects (chronic episodes). Contaminants may act at a local level, for example
destroying a wood or a forest, or at a global level, affecting biosphere and climate. The photo-
chemical smog issue usually concerns big urban centres, showing a local action. Some linked
phenomena like acid rain may also affect wider distant areas; their direct effects are detrimental
to flora, the composition of soils and the motility/migration of some pollutants (e.g. metals in soils).

Climatic factors like solar irradiation and temperature, winds, and thermal inversions have a
significant influence on the diffusion and transformation of contaminants, but this is a two-way
connection. Atmospheric pollution can significantly contribute to the global climate change, as
it can, for example, increase concentration of particulates (e.g. interactions with insolation), of
greenhouse gases or compounds dangerous to the ozone layer. These interactions are often
interlinked and we will deal with them in the next chapters.

3. The greenhouse effect

Unlike the ancient Romans, modern astronomy does not use Venus as a synonym for beauty.
Actually, such a name does not fit the environment of a planet which is definitively inhospitable.
Space missions revealed that its desert surface is covered with bare rocks. The planet’s aver-
age temperature is more than 460 °c10, 96% of its atmosphere is made of carbon dioxide
(most of the remaining gas is nitrogen), clouds of sulphuric acid float in its sky, and its atmos-
pheric pressure at ground level is ninety times greater than that of the Earth. Fortunately, things
are much better on Earth, where we can still breath fresh air, stare at the blue sky and oceans,
admire green landscapes of forests and the colours of flowers, and where the mild average
temperature is about 15 °C.

On the sole basis of their distance from the Sun, the average temperatures of Venus and
Earth should be respectively 100 °C and -18 °C; hence they should be much colder planets.
The factor which maintains a 33 °C higher temperature on our planet is the presence of Earth’s
atmosphere. The latter allows life on Earth as we know it. The “heating effect” of the atmos-
phere is mainly due to the two principal components of living beings: water (as water vapour),
and carbon (as carbon dioxide; CO,).

The idea that atmospheric gases could somewhat retain heat was for the first time expressed
by Joseph Fourier (1768-1830) around the year 1800. He compared the atmosphere of our
planet to the glass of a greenhouse: they both let solar rays pass, then trap part of the heat
which cannot go back out. At that time Fourier did not know the chemical and physical princi-
ples at the base of this phenomenon, but its common name, namely the greenhouse effect,
derives from his concept. About sixty years later, in England, John Tyndall (1820-1893) demon-
strated with some experiments, that water (vapour) and carbon dioxide absorb heat in the form
of radiation. He also calculated the temperature increase due to the presence of these mole-
cules in the atmosphere.

Today we have indisputable evidence that carbon dioxide absorbs heat as infrared radiation,
and that the concentration of this gas in the air has increased during last 150 years. There is
also strong evidence that the average temperature of Earth has varied during the past ages.
Using our present knowledge, we can easily understand what may be the contribution of the
Venus atmosphere - practically wholly made of CO, - in maintaining a 360 °C higher than pre-
dicted average temperature on the planet.

10. It is the hofttest planet of the solar system.
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3.1. Methods for retrospective investigations and dating

How did Earth and its climate evolve? How can we study events so far in the past? How can
we tell if climate is really changing in comparison with past ages?

Presently we are not able to travel through time, which would be the best solution for these
questions! Even without time-travelling chemistry, physics, and biology can tell us many things
about the history of Earth’s climate and our global “greenhouse”. Surely, both the Earth and its
atmosphere have greatly changed during its existence, over an estimated 4.5 billion years.

The composition of the volcanic gases gives us information about the composition of the pri-
mordial atmosphere, where the concentration of carbon dioxide was about 1000 times higher
than today. As a consequence, its concentration in the oceans was higher too. Most of this CO,
became mineralized as calcium carbonate (CaCOs) and formed the carbonates of the marine
sediments. Due to its high concentration, it captured part of the solar radiation, providing the
ideal conditions fit for life. At that time, the solar radiation was 25-30% less than at the present
day. About 3.5 billion years ago the cyanobacteria - primitive microscopic bacteria - were able
to colonize the seas, where several representatives still dwell. Cyanobacteria, like modern
superior plants, are able to perform photosynthesis, using the energy of solar light to combine
carbon dioxide and water and produce carbohydrates (commonly called sugars). A simple
example is the formation of glucose according to the following equation:

6 CO, + 6 H,0 + light _chlorophylly G H,,0, (glucose) + 6 O,

Photosynthesis not only drastically reduced the atmospheric concentration of CO,, but also
greatly increased the quantity of oxygen. According to scientists, this is “one of the biggest pollu-
tion events faced by our planet”. Animals were able to evolve, thanks to the oxygen that they could
breath, while feeding on plants. In more recent periods, during the age of dinosaurs (around 100
million years ago), the atmospheric concentration of CO, was still significantly higher and, as a
consequence, the average temperature was warmer than today (present avg. is 15 °C approx.).

Concrete scientific evidence indicates that during the last 200,000 years — the blink of an eye
from a geological time point of view - the average temperature of our planet varied consider-
ably. Some methods for retrospective scientific investigations help us to “see into the past”. The
study of the composition of sediment cores from the depth of the oceans is one of these meth-
ods. Their different layers give us information about the number and nature of the microorgan-
isms present in the past ages. Furthermore, the alignment of the magnetic particles of the sed-
iment can give us an independent indication of the age of that single Iayer11

The study of the deep ice cores obtained from glacial areas is also very useful to understand
issues connected with climate change. Among the most fruitful investigations is the Russian
deep excavation project at Vostok, in Antarctica. Such cores are formed by the snow and ice
from the last 160,000 years. The /sotoplc analysis of these samples tells us about the fraction
of hydrogen present as deuterium ( H, a heavy isotope of the common form 1 H) in the ice of
the core. Such values Iet us estimate the average temperature durlng the past ages. In fact, the
molecules containing TH are lighter than the ones containing H and these evaporate more
readily. So, we find more hydrogen and less deuterium in atmospheric water vapour with
respect to surface waters. The Precipitation of rain and snow carry condensed vapour down to
the ground, so altering the 2H/1H ratio. This value also increases as the average temperature
increases. Furthermore, we can analyze the chemical composition of the small air bubbles
trapped in the ice to quantify the concentration of carbon dioxide and other atmospheric gases

11. We must consider the filt of the terrestrial axis and its slow double-conical shift around the centre of the Earth. This causes the so-
called “migration of magnetic poles”. For this reason the magnetic North Pole slowly moves and does not match with the geograph-
ic one. This obviously causes variations in the magnetic field in the different ages.
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in past ages.

We can compare the aforementioned data in a graph with time on the x-axis, atmospheric concen-
tration of carbon dioxide on the first y-axis, and average temperature on the second y-axis (Fig. 3.1).
From such a graph, we can see that the CO, concentration and the temperature show parallel
patterns during the period from 160,000 years ago to the present day. This is a clear indication
that there is a direct correlation between these two variables. A minimum mean temperature (9
°C less than the average of the years
1950-1980, 15 °C) occurred 20,000
years ago, during the last ice age. A max-
imum can also be found about 130,000
- : years ago, with a value slightly higher
-t T than 16 °C. Other retrospective investiga-
tions indicate that during such warmer
T periods the concentration of both carbon

L]
="
n

el I i LT I dioxide and methane (CH,) were higher.
Such discoveries do not necessarily
- imply that elevated concentrations of CO,
and CH, caused a temperature increase
. in past ages. We need to take into consid-

eration many other factors related to glob-
1 al warming. However, we know for certain
that those gases absorb heat and may
have played a role. A cyclic fluctuation
with peaks of temperature was also evi-
Figure 3.1. Comparison of the varying carbon dioxide ~denced over a period of about 100,000
concentration and the Earth’s average temperature years, and such periods were spaced out
since 160,000 years ago (present = year 2000). The by ice ages. In the last million years we
null difference of temperature is referred to the average  find 10 major glaciations and 40 minor
of the years 1950-1980 (American Chemical Society, gnes. Among the causes yielding these
2000). variations, we need to consider some
“astronomic factors”, like small changes in the orbit of our planet, which influence the Sun-Earth
distance and the angle of incidence of solar rays. There are also some “atmospheric factors”
such as the capacity of reflection of the atmosphere, the levels of atmospheric particulates,
and, obviously, the concentration of greenhouse gases, like carbon dioxide and methane.

Because of its complexity, we still cannot precisely identify the feedback regulation mecha-
nism that lies behind such phenomena. It is hard to find the reasons why at a certain moment
the temperature stops rising or dropping, and inverting its trend. One thing is for sure, the Earth
we know is very different now from what it was 130,000 years ago.

B ST RT PR L L]

3.2. Computerized modelling

The role of computerized modelling is that of preparing reliable present and future scenarios, based on
what happened in the past, in relation to one or more phenomena (predictive modelling). Another objec-
tive of such computerized simulations is that of testing a theory, once the model is validated. It may
seem that modelling is a simple thing, but it is just the opposite. It is extremely difficult even to imagine
the complexity of a model for predicting global changes of the terrestrial climate. Let us think about a
much easier task: the weather forecast. They never guess it, do they? Well errors are surely unwant-
ed and you will come to know why. You will see how many variables affect the climate, both at a local
and on a global level.
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3.2.1. Complexity of calculations

A relatively simple model will be used as an example in order to illustrate the complexity of climate
modelling. Box 1 reports all the usual variables included in the model for a weather forecast used by
a weather forecast centre. Such models are so complicated that the results are not always reliable,
even if today we can exploit supercomputers capable of 3.0 Tflops1 2 per second.

You can well understand that describing the present and future trends of the global climate change
is @ much more demanding task than the weather forecast. Models predicting scenarios for the next
50-100 years must consider all this bulk of data with respect to the past, using as input the results of
the retrospective methods of investigation, along with many other data coming from different sources.
Sometimes, data may be not available, at other times even if it is possible to collect all needed data,
it is very difficult to understand all the interconnections and correlations among the variables and to
describe them with a mathematical equation. In addition to the parameters used for the weather fore-
cast, many other parameters must be considered: insolation, activity of volcanoes, concentration and
(synergistic) activity of the greenhouse gases, concentration and activity of the atmospheric particu-
lates, the effect of oceans and glacial areas, emissions of natural pollutants, influence of the whole
biosphere, and last - but not least - the influence of humans. What will humans — the animal with the
maximum impact on the planet — do in the future with respect to global warming?

It is really hard to understand the complexity of such predictive modelling in its entirety. The list of
variables presented here is far from being complete, but the sole goal of this explanation is to give the
reader an idea about all the factors involved.

Box 3.1. Variables for modelling weather forecasting.

In order to give the reader a good idea of the com- Parameters monitored at the ground level:

plexity of the models used for weather forecasting, o temperature (at 2 meters from ground);

we report here the variables analyzed at the national relative humidity (at 2 meters from ground);

weather forecast centre of the Emilia Romagna pressure (with respect to average sea level);

region (Italy). The model is elaborated by a super- cloud cover (percentage);

computer from CINECA (www.cineca.it): total precipitation (combined over 6 hours,
ground level);

Parameters monitored at 7 vertical pressure levels e convective precipitation (combined over 6 hours,

(i.e. 7 different altitudes): ground level);

« temperature; e Snow covering (measured as water equivalent);

o specific humidity; o wind: direction and speed (at 10 meters

e geopotential; from ground).

« Wwind: horizontal direction and speed;

e Wwind: vertical speed. Parameters monitored at one single vertical pressure
level:

« relative vorticity (at the pressure level 25 hPa;
about 10 km).

3.2.2 Input data for models

The input data for models of global climate change may come from combinations of different sources: e.g.
estimates based on literature and historical data, instrumental values both from laboratories (including the
ones coming from retrospective investigations, § 3.1) and satellites. An easy example of such estimates can
be achieved by considering a simplified model for CO, emissions from motor vehicles in Italy (Box 3.2). In
order to prepare such a model, we need to know how many vehicles are involved, how many kilometres
they cover (e.g. total km per year), how to calculate CO, emissions per km or per unit of combusted fuel. In
addition, we also need to know what the correlations are among those variables.

12. Tflops: teraflops; 1 Tflop is equal to 10" floating point mathematical operations.
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Box 3.2. An estimate of the carbon dioxide emission due to traffic.

Gasoline or petrol is a mixture of “light” hydrocarbons (with less than 12 carbon atoms; often indicated as C
< 12), of which octane is the most widely represented. An acceptable approximation is obtained if the gaso-
line is considered as 100% made of octane, which has the following chemical formula:

CHg-CH,-CHy-CH,-CH,-CH,-CH,-CHy

Its formula can be abbreviated conveniently and written as CgHg in order to perform our calculations. For
this estimate we consider the traffic of motor vehicles made up of all by cars fueled by gasoline. We assume
that the combustion takes place in the engine according to the ideal equation:

CgHyg + 12.5 0, — 8 CO, + 9 H,0
2 CsH«]s + 25 02616 COZ +18 Hzo

This reaction describes the ideal case where all the atmospheric oxygen combines with the hydrogen of octane to give
off water and with carbon to yield carbon dioxide, without forming any by-product.

From its density value we know that one litre of octane weighs 692 g; dividing by its molecular weight (114) we can cal-
culate the number of moles of octane in one litre to be 6.07. The ideal combustion reaction will produce 48.56 (6.07 x
8) moles of CO, per mole of octane. Since one mole of CO, weighs 44 g, the result will be that for and average car,
burning one litre of gasoline (considered as octane), under ideal conditions emits 2,137 grams of carbon dioxide!

We assume that this car represents the average fuel consumption of all the circulating vehicles, using 1 litre of gasoli-
ne to cover 10 km (the CO, emission per km is 213.7 grams, a realistic value), considering all possible conditions of
use (city, freeway, etc.). Based on the Italian situation, in order to make an easy calculation we consider that total popu-
lation is 55,000,000 people and that the Italian average family has 4 members and one car per family. In this case there
would be 13,750,000 cars circulating in ltaly. Let us assume that each car covers 15,000 km per year. Based on all our
assumptions and calculations we can conclude that: each year, in Italy, motor vehicles traffic is responsible for the emis-
sion of 4.4 million tons of CO,

Box 3.3. An example of analysis of atmospheric gases from satellite data (Istituto di Scienze del’Atmosfera e del Clima del Consiglio
Nazionale delle Ricerche - ISAC-CNR,; Institute of Atmospheric Sciences and Climate — ISAC - of the Italian National Research Council;
CNR, ltaly).

The objective of the GASTRAN 2 project is the study of the chemical composition of the stratosphere through
the use of the infrared spectra (see § 3.4.2) using the MIPAS (Michelson Interferometer for Passive
Atmospheric Sounding). Such data are used as input for computerized models for “transportation of chemi-
cals”, in order to study the concentration vs. time pattern and understand chemical processes and trans-
portation modes at a stratospheric level.

MIPAS is an instrument designed and developed by the European Space Agency (ESA) and is hosted
onboard the satellite ENVISAT (an acronym for ENVIronmental SATellite), launched on March 1st, 2002. The
scientific goal of MIPAS is to measure the vertical distribution of the concentration of the greenhouse gases
in the stratosphere, at altitudes ranging from 8 to 70 km.

The infrared emission spectra allow measurement of the distribution patterns of those gases, which are fun-
damental for the chemistry of the mid-atmosphere. Besides other important gaseous species, MIPAS will
yield the Volume Mixing Ratio (VMR) of H,0, Oz, HNO3, CH,, and N,O. Such values will be used as input
data for the models, in order to study rapid heterogeneous chemical processes involving the tested species
and long-term variations.

3.2.3. Types of models

Since modelling of climate change on Earth is a very complex issue, experts often use sim-
plified models, e.g. they adopt bidimensional models to describe phenomena which occur in the
tridimensional space. There are two simple examples. The first is the one that we could identi-
fy as the “fixed-longitude model”. In this case, we consider a fixed plane passing through a
meridian at an average longitude, the only variables are the variation of altitude (up-down
motions) and the variation of latitude (north-south motions). This model was used by scientists
to understand how trace gases (among which there are many greenhouse gases) are distrib-
uted in the upper layers of the atmosphere. One of its specific applications is the description of



the release of chlorinated gases and their interaction with the stratospheric ozone. A second simpli-
fied model is the one we can call the “fixed-altitude model”. In this case we consider a spherical plane
including all points at a constant mean altitude, the two variable dimensions are changes of latitude
(north-south motions) and longitude (west-east motions). This model is suitable for studies in the strat-
osphere, where the movement of air masses is homogeneous at different altitudes. For this reason it
is often used for the study of winds. Simplified bidimensional models can hardly be used to describe
or predict phenomena in the troposphere. Here conditions change too rapidly in all the three dimen-
sions. For this reason experts use more complicated tridimensional models, which are still being
enhanced and validated. Some of these models treat oceans and the atmosphere as multi-layer sys-
tems in continuous circulation. The atmosphere is contemplated as a ten-layer (or more) system,
where all the overlaid sections interact. Finally, the surface of the Earth is divided into 100,000 cells.
These models are not suitable for yielding reliable predictions about climate change at a local level,
but they give good indications about future trends at a global level. Using such models for simulations,
scientist were able to predict the increase of the concentration of atmospheric CO, (25%) and of the
average temperature (0.5-0.6 °C), which occurred during the last century. Such results fit with the
experimental evidences.

3.3. The energy balance of the Earth

We have already discussed (in § 1.2) the Sun as the major energy source of our planet. In this
section we will deal with the energy balance of the Earth (Fig. 3.2; Tab. 3.1). Energy and mat-
ter are continuously exchanged among the different components of the globe, and this can be
schematized in a coupled Earth system model (Fig. 3.1 B). Today scientists have very reliable
— if not yet definitive - evidence that the present phenomenon of the global warming exists and
is fundamentally due to an excessive greenhouse effect. The latter, in its turn, is caused by
higher concentrations of greenhouse gases. An imbalance which causes a major absorption of
energy by the atmosphere, results in an increase of the average temperature. Half of the solar
energy reaching our globe is reflected or absorbed by the atmosphere. We know that high ener-
gy rays are stopped in the ionosphere and that the ultraviolet rays (UV) are mostly absorbed by
oxygen and ozone (we will discuss this in more detail in Chapter 4, as this the basic mecha-
nism of the ozone cycle). The planet heats up since it absorbs part of the radiation which hits
its surface (Fig. 3.1 A; Tab. 3.1). Part of the absorbed energy is then emitted back to space in
form of infrared rays (IR). In the steady state about 80% of the energy radiated by the terrestrial sur-
face is again absorbed by the atmosphere. Part of this energy is then reemitted towards the globe
(greenhouse effect), the remaining is targeted to outer space and is definitively lost. The result of such
a dynamic equilibrium is the average temperature of the Earth, 15 °C, that is reached, even though
our globe glides in sidereal space where the average temperature is -270 °C. Thus, the greenhouse
effect allows temperatures that can support life, but if a major quantity of energy is continuously
retained by the atmosphere (and then redirected to the ground) a disequilibrium is created and the
average temperature tends to increase.

Most of us have experienced the greenhouse effect on a very small scale. It happens when
we leave our cars exposed to the sunlight with closed windows, especially during hot months.
The window glass lets the solar radiation enter. Part of this energy is then absorbed by the inte-
rior of the car, which heats up, and then is partially released in form of IR rays. The IR radia-
tion, having a longer wavelength than the incoming radiation — thus a lower energy - is not able
to get through glass again. Hence it is trapped in the car, where it causes a significant increase
in temperature. This effect is identical to the one exploited in greenhouses for cultivating plants.
At a planetary level, the car window glass is represented by the atmosphere. The gases pres-
ent are transparent to the solar radiation, but some of them, the so-called greenhouse gases,
are able to absorb and reflect the IR rays, causing an increase in temperature.
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Tab. 3.1. Balance of the solar radiation.

Incoming radiation (Y, X, UV, IR) specific % Type %

Radiation reflected and/or diffused towards space by atmospheric dust 5

Radiation reflected and/or diffused towards space by clouds 21 32% reflected or diffused

Radiation reflected towards space by terrestrial surface 6

Absorption by molecules (CO,, H,0, etc.), clouds, and dust 18

Absorption by the terrestrial surface (lands and seas) 50 68% absorbed
Reflection and absorption total 100%

Outgoing radiation (IR) specific % Type %

90% emitted by

IR radiation emitted by the terrestrial surface 98 :
terrestrial surface and
IR radiation emitted by the terrestrial surface towards space 8 absorbed by the atmosphere
IR reemitted by the atmosphere 137* 77% absorbed by the
IR radiation reemitted by the atmosphere towards space 60 terrestrial surface
after reemission by
the atmosphere
Net rad!at!on reem!tted by the terrestrial surface 21 68% reemitted
Net radiation reemitted by the atmosphere 47

*: percentages greater than 100% indicate a radiation which increases with respect to its incoming value, due to absorption and reemission pro-
cesses (see § 3.4.2).

Among the greenhouse gases we find common molecules like carbon dioxide, water vapour,
methane and other. The wavelengths of maximum radiation absorption for some of the gases are:

H,O: 1-4 ym, 5-7 ym, > 12 ym;

CO,:  2-3ym, 4-5ym, > 13 ym;

CH,: 3-4 ym, 7-8 ym;

O,: < 0.3 ym (UV spectrum);

O;: < 0.3 ym (UV spectrum), 8-10 ym.

Due to its relatively high atmospheric concentration, the major contribution to the heating effect
is due to CO, (about 50%). We cannot consider CO, as a harmful or toxic compound, as on the
contrary it is necessary for the generation of life and is the basis for primary production in the
food chain (yielding sugars and biomass via photosynthesis). The carbon dioxide becomes
harmful at concentrations above 5,000 ppm13, mainly because it is a gas that is not required
for human respiration (i.e. it would be decreasing the effective concentration of oxygen avail-
able to our lungs). Thus, even if the effect of CO, on life is benign, an increased concentration
of this gas does not imply additional benefits. It may seem a little bit ironic, but the danger for
our planet derives from the same properties which make this gas so important for life: the capability of absorb-
ing heat in the form of IR radiation. In 1896 Svante Arrhenius (1859-1927), a Swedish chemist, estimated
that a doubling in the atmospheric concentration of carbon dioxide could lead to a 5-6 °C increase in the aver-
age temperature on the Earth’s surface. Those were the times of the Industrial Revolution and Arrhenius,
describing his discoveries in a journal, reported that mankind was evaporating its coal mines into the air. More
and more fuel, mostly coal was needed to make machinery work faster. Production was also increased as
more new factories came into production. The extensive combustion of fossil fuels gave rise to the continu-
ous increase of the CO, concentration in the air.

In order to understand the future implications of the greenhouse effect, in terms of global warming and relat-
ed phenomena, a key factor is to understand if, and how the increase in the concentration of the greenhouse
gases in the air (firstly carbon dioxide) leads to an increase of the average temperature. We need to under-
stand all the variables involved and the correlations among these variables, in order to properly apply mod-
elling and find solutions.

Today we have well supported evidence that the concentration of carbon dioxide has increased by about

13.  ppm: parts per million; a concentration unit - in volume or weight - which is not included in the International System of meas-
ures (SI). In common practice it is still used because of its convenience, for example 1 ppm of CO, is equal to 1 cm?® of CO, per 1 m?
of air.
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25% over the last 100 years. The
most extensive investigation of this
issue began at the observatory of
Mauna Loa (Hawaii) in 1958. This
station, managed by the National
Centre for Atmospheric Research
(NCAR, USA; www.ncar.ucar.edu), is
still collecting data on various factors
related to climate change. Figure 3.3
shows the data on the changes in (A)
concentration of CO,, from 1958 to
2003 and; (B) methane (another
greenhouse gas), from 1990 to 2002.
Data on the CO, concentration
(1979-2003) collected by the lItalian
national network for greenhouse gas
monitoring, Green-Net (www.green-
net.it), are also illustrated (C).

Despite some annual fluctua-
tions, the data from NCAR clearly
show an increase in the CO, con-
centration from approximately 315
ppm, in 1958, to 370 ppm, in 2003.
Such data from Mauna Loa match
well with those collected by Green-
Net. Some computerized models
have predicted that the concentra-
tion of CO, will grow faster and
faster in the future.

The National Oceanic and
Atmospheric Administration
(NOAA, USA; www.noaa.gov)

reported that the average tempera-
ture in some areas of the globe has
been augmented by +5 °C, during
the period 1950-1999 (Fig. 3.4).
Some estimates indicate that the
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Figure 3.2. Exchanges among the different components of Earth.

A (top): balance of the solar radiation (American Chemical Society, 2000).
B (bottom): coupled Earth system model (National Center for Atmospheric
Research, USA; 1990).

T: temperature. DMS: dimethyl sulphide. OCS: carbonyl! sulphide. SST: sea
surface temperature. Other abbreviations are reported in the text.

mean temperature of our planet has risen by 0.6 °C since 1880. Notwithstanding such data, we
are not 100% sure that the warming is due to major concentrations of CO, and other green-
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Figura 3.3. Plot of carbon dioxide concentration from 1958 to 2003 (A) and methane concentration from 1990 to 2002 (B) at Mauna
Loa, Hawaii, USA (Climate Monitoring and Diagnostic Laboratory, National Oceanic and Atmospheric Administration, NOAA; USA).
Plot of carbon dioxide concentration at three Italian monitoring stations from 1979 to 2003 (C) (Green-Net, ltaly).
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Figura 3.4. Variation of the average temperatures in different areas of the globe from 1950 to 1999 (Global Historical Climate
Network, National Oceanic and Atmospheric Administration, NOAA; USA).

house gases of anthropogenic origin.

Nevertheless, there is experimental proof that supports the view that the warming of the last
years is partly caused by such gases. Thus, Arrhenius overestimated the temperature increase
caused by a doubling of the CO, concentration. Current models suggest that a doubling of CO,
concentration should lead to a 1.0-3.5 °C increase in the average temperature at the Earth’s
surface. Whether such a warming takes place or not will depend on the possible action that
humanity will adopt in the near future. Science, namely its contribution to the comprehension of
the mechanisms of absorption of infrared radiation by the greenhouse gases, will help us to find
proper solutions to this threat (substitution, limitation of emissions, etc.). This is the positive
socio-political role of science.

3.4. The greenhouse effect depends on the molecular structure of gases

Why are carbon dioxide (CO,), water vapour (H,O), and methane (CH,) greenhouse gases,
while the two main components of air, nitrogen (N,) and oxygen (O,), do not produce the green-
house effect? It all depends on the tridimensional structure of such molecules (Fig. 3.5).

3.4.1. The three-dimensional structure of molecules

The Lewis structure of the molecules is based on the so-called “octet rule”. A molecule is sta-
ble when all of its atoms (except hydrogen) are surrounded by four pairs of outer-shell elec-
trons, both in bonding and nonbonding pairs. In the case of diatomic molecules the Lewis struc-
ture also identifies the three-dimensional structure of the molecule, that can be nothing but lin-
ear, as in the case of oxygen (O,) and nitrogen (N,) (Fig. 3.5). In molecules with three or more
atoms, variations of spatial geometry are possible, but we can predict the shape based on the
Lewis structure. The outer-shell electrons may be involved in the formation of single (Cl,), dou-
ble (O,), or triple bonds (N,). The key factor that determines the tridimensional shape of mole-
cules is the repulsion between electron pairs. Both bonding and nonbonding (lone) electron
pairs repel each other, since they are all negatively charged. For this reason the electron pairs
will try to position themselves at the maximum possible distance from each other, according to
the bond lengths, thus minimizing the potential (repulsive) energy.

This repulsion concept in combination with the Lewis structures, can be applied in a simple
stepwise procedure to predict the three-dimensional shape of a molecule. We will describe this
approach by applying it to methane (CH,). First of all we need to know the number of outer-
shell electrons of each atom. Carbon (C, atomic number 6, Group IV A of the periodic table) has
four outer-shell electrons, so four more are needed to complete the octet. These additional
electrons come from hydrogen atoms, which have just one electron each (H, atomic number 1,
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Figura 3.5. Tridimensional structure and Lewis formula of some greenhouse gases and other molecules cited in the text. Colours and
dimensions of atoms are purely indicative: electrons are the same colour of the atom they derive from.

Group | A). The second step involves drawing the Lewis structure of CH,, the only possible
combination is with the carbon atom in the centre, surrounded by the four single-bonded hydro-
gen atoms (four shared electron pairs; Fig. 3.5). In order to minimize potential energy between
the four electron pairs (all bonding pairs in this example) which are attached to four hydrogen
atoms, a tetrahedral shape must form. The solid figure shown also illustrates a tetrahedron, a
sort of triangular pyramid with the carbon atom in the inner centre and the four hydrogen atoms
at the corners (Fig. 3.5). The angles of each H-C-H bond measure 109.5°. Such a shape was
experimentally demonstrated and is common to many natural molecules containing carbon.

The same procedure can be used to study the molecule of trichlorofluoromethane (CFCly), a
greenhouse gas belonging to the chlorofluorocarbons (CFC) group, which are also very dangerous
for the ozone layer (see Chapter 4). Using the same procedure we see that fluorine (F) and chlorine
(Cl) atoms have seven outer electrons, being both halogens (Group VII A). If each atom of these
halogens shares one electron with the carbon, the octet rule is obeyed. The Lewis structure will be
similar to that of CH,, with carbon in the centre sharing each one of its four outer electrons with one
halogen atom. Carbon will be surrounded by four shared pairs (octet), while fluorine and chlorine will
have one shared pair and three lone pairs each (octet). In the case of CFCl; the tetrahedron is not
perfect since the bonds C-Cl and C-F have different lengths (Fig. 3.5).

In some molecules the central atom (Lewis structure) may have some nonbonding electron
pairs. In this case the repulsion energy is even greater than for shared pairs, since lone pairs
“occupy more space”. For example in the case of ammonia (NHj; another greenhouse gas) the
molecule is not planar with the nitrogen in the centre of a triangle and the three hydrogen atoms
at the corners. The lone pair of nitrogen pushes away the bonding pairs below the plane of
nitrogen, along with the three bonded hydrogen atoms and the molecule can be considered a
tetrahedron where the top corner atom is lacking and occupied by the nonbonding electron pair.
The stronger repulsion of the latter makes the angle of H-N—H bonds smaller (107.5°) than that
of methane. More precisely, the ammonia molecule is a triangular pyramid with nitrogen at the
top corner and hydrogen atoms at the three corner of the basis (Fig. 3.5). The atoms are used
to describe the actual shape of the molecule when working with Lewis structures and lone-pairs
are not included in the shape, even though they help to determine the shape!

Using a similar approach with the water (H,O) molecule, the two hydrogen atoms share
their single electron with oxygen which has six outer electrons (Group VI A) in order to obey the
octet rule. The molecule still can be thought as a tetrahedron with oxygen in the centre and two
corner atoms lacking, in their place we find the two nonbonding electron pairs. Their repulsion
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is greater than that of the lone pair of ammonia and so water is a V-shaped molecule with an
angle of the H-O-H bond equal to 104.5° (Fig. 3.5). Note how the atoms are used to describe
the actual shape of the molecule.

In carbon dioxide (CO,) the situation is slightly different. In order to obey to the octet rule, the
two oxygen atoms (6 outer electron-shell electrons per oxygen) must share two electrons with
the four outer-shell electrons of carbon, so forming two double bonds. Since the carbon, in this
case, has no outer nonbonding pairs the molecule is planar and linear with carbon in the mid-
dle of the two oxygen atoms (Fig. 3.5).

We have now dealt with covalent bonds, where each atom shares one (or two) electron(s)
forming bonds with other atoms. Things are different in the case of ozone (another greenhouse
gas). The central oxygen of the ozone molecule makes a single dative bond with one of the lat-
eral oxygen (in the Lewis structure of O5 of Fig. 3.5 it is the left atom), while it shares another
electron pair with the other lateral oxygen to form a double covalent bond (right one in Fig. 3.5).
In dative bonds the electron pair of the bond comes from the same atom. In this way the octet rule
is obeyed for all the three oxygen atoms. Due to the lone pair of the central oxygen, also in this
case, similar to water, the ozone is a V-shaped molecule with a O-O-O bond angle of 117°.

3.4.2. Interactions between infrared radiation and molecules

Now that we have a clear idea of how to identify the three-dimensional shape of the molecules,
we can examine, how greenhouse gases interact with infrared radiation.

Electromagnetic radiation shows undulatory and corpuscular characteristics. As a wave it is
formed by an electric and a magnetic field alternatively oscillating in perpendicular planes, in
phase coincidence. Electromagnetic radiation is characterized by its wavelength (A, measured
as length) and frequency (v, measured as inverse of seconds, s™1). Such radiation possesses
an associated energy (E, usually measured in joules), which is correlated to the frequency by
theequation E = h v, where h is the Planck’s constant (6.63x10‘34 joules per second). Since
the wavelength is inversely proportional to the frequency, the two variables being correlated by
the equation v =c¢ a1 (where cis the speed of light, c = 3x108 meters per second ca.), radiation
with higher wavelength have a less energy and vice-versa. From a corpuscular point of view the
electromagnetic radiation is associated with particles called photons, which are its force carrier.
They can be considered as the agents of the wave/matter interaction. Photons of different energies
span the electromagnetic spectrum (X rays, visible light, radio waves, and so forth). According to
this particle model, they have zero mass and travel at the speed of light in a vacuum.

The atomic theory proposes matter as made of organised groups of atoms and molecules, in
their turn made of positively charged nuclei (due to presence of protons), and negatively
charged electrons that spin and orbit around them. Electrons stay in orbitals, which for our pur-
poses can be considered as regions of space surrounding the nucleus where there is the max-
imum probability of finding the electrons, in accordance with the energetic state of an atom/mol-
ecule. In fact, a specific energy level is associated with each orbital and electrons “fill” them
according to certain rules: the so-called “Pauli’s exclusion principle”. In 1925 Wolfgang Pauli
(Vienna, 1900 — Zurich, 1958), a physicist, enunciated his principle. In simple words this rule
stated that the arrangement of electrons in an atom is governed by four quantum numbers: m,
n, I, and s. Only one electron can occupy a certain quantum state determined by one and only
combination of m, n, I, and s. For our purposes it is enough to know that in order to occupy the
same orbital two electrons must differ at least in the spin number, s, which may be equal to +1/2
or -1/2, according to the direction of revolution around the electron axis. For each quantum
state, the corresponding orbital is associated with one and only one energy level.

The electron configuration associated with the lowest energy level is called ground state. In
this case all the electrons are located in the orbitals associated with the lowest energy level,
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according to Pauli’s principle. The ground state defines all the physico-chemical properties of
an element, including the ones involved in structure and reactivity. These rules also apply to
molecules, whatever their complexity, from simple diatomic ones, like gaseous hydrogen and
oxygen, to macromolecules such as DNA. The difference is that we must deal with more com-
plicated molecular orbitals.

As already mentioned, the interaction
between electromagnetic radiation and mat-
ter takes place through photons. An atom or —t. &
a molecule can absorb only photons which
carry a proper quantum of energy, so that its E b —E—
electron configuration may reach a new
arrangement corresponding to a new energy
level permitted for that molecule (quantum
leap). The energy levels are discontinuous
and only some quantum leaps are allowed for }

a specific molecule, according to its structure e

and electronic configuration. A real molecular ra _|1_
“excitation” is obtained when one outer-shell
electron can “jump” to an orbital associated
with an higher energy level. X-, Y-, and UV
rays have enough energy to even break
covalent bonds (e.g. the case of formation of

O, from O3 due to UV-B and UV-C absorp- h.
tion). Visible light may excite some mole-

cules, but not break bonds. IR rays do not
induce a real excitation of the molecule, but W Wi=lblc IR

they can cause the vibration of the molecular ! light [
bonds (Fig. 3.6). " i -
Besides the energy surplus, an excited mol- e = By

e_CUIe shows pecullar phySICO-Chemlcal proper- Figure 3.6. Energetic levels, quantum leaps, and effects of the
ties (angles and length of bonds, redox poten- interaction between electromagnetic radiation and molecules (car-
tial, etc.) which may greatly differ from its prop-  bon dioxide is used as an example).

. . L*: excitation level. GS: ground state.
erties in the ground state. As a consequence,
its reactivity may be significantly altered.

After absorbing the radiation transported by photons, a molecule quickly tends to return to its
lower energy levels. Such ‘relaxation” processes allow a molecule return to its minimum
allowed energy level. The relaxation may occur in different ways. The process can simply bring
a molecule back to its ground state, or it can lead to the formation of new molecules, through
interactions among these excited molecules and/or reactions with other atoms/molecules pres-
ent in the system. When simply returning to its ground state a molecule does not undergo
chemical transformation, and the energy surplus is dissipated in two different ways: a non-radi-
ating process and a radiating process. In the first case, usually the kinetic energy of the mole-
cules increases and causes more frequent “hits” among other molecules, leading to overall
heating of the system as the energy is released. In the radiating case, radiation is emitted. In
the case of development of new molecules the energy surplus is used for the creation of new
chemical bonds.

When the surplus energy from a molecule dissipates the radiation is emitted, at a longer
wavelength with respect to the incoming radiation. For example, the absorption of a photon may
make an electron “leap” to an orbital with much higher energy, without passing through the
allowed intermediate energy levels of the molecule. On returning to the ground state, the elec-
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tron passes through all the intermedi-
ate levels and it emits photons with = o R
energy equal to the difference between ]
the two successive levels. Thus, it can
happen that a molecule may absorb !
energy at a certain wavelength and
make a “quantum leap”, but on its way
back to the ground state it emits two or
more packets of lower energy and
longer wavelength. Nonetheless, we
must stress that the absorption of radi-
ation is a probabilistic event. Other fac- ' ' PorE =

F

tors will contribute to determine if and S
how a molecule will absorb a potential-
ly absorbable incoming radiation.

Figure 3.7. Infrared spectrum of carbon dioxide. Peaks of absorbance
(minimum transmittance) are outlined for both stretching ‘type 2’ (VS; see
text) and bending (VB) vibrations of the molecule.

As mentioned previously infrared
radiation does not have enough energy

to break covalent bonds. IR radiation prerm ETIEY tGamcund ohbe
with the proper wavelength/energy can IR

induce a quantum leap in the energy

state of molecule, corresponding to the =irchchmeg ()

vibration of a bond. Such molecules
can be identified on the basis of the IR
wavelength that they can absorb
though their so-called ‘infrared-spec-
tra”. (Fig. 3.7).

Once again we can use the molecule
of carbon dioxide as an example. The
two double C=0O covalent bonds are
somewhat “elastic”. They are not to be
considered as solid bars connecting
atoms, but more like coils. They are
capable of stretching, squeezing and
bending, thus allowing vibrations as
responses to the absorption of energy.
Two types of bond vibrations can occur
through the absorption of IR: ‘stretching
vibrations’ and ‘bending vibrations'. In
turn, the stretching vibrations are divid-
ed into two subtypes. In the first case of
CO,, the carbon atom remains still,
while the two oxygen atoms simultane-
ously get farther and closer to the car-
bon, moving in opposite straight direc-
tions in phase with each other (let us
call them “type 17, Fig. 3.8 A). In the
second case the carbon and one of the
oxygen atoms move toward each other,
while the other oxygen moves away. All
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Figure 3.8. Interaction of the carbon dioxide molecule with infrared rays
(IR) and microwaves.

movements are in a straight line, until the phase and all motions reverse (let us call it “type 2”
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Fig. 3.8 B). The bending vibrations of the atoms, in contrast, do not move along a single straight
axis. Each bending counts as two vibrations, since it can occur above or below the plane of the
axis. In this case, we have two similar subtypes: e.g. in CO, in the first case the two oxygen
atoms oscillate above and below the plane moving in the same perpendicular direction (Fig. 3.8
C), while in the second case the direction is oblique (Fig. 3.8 D). Similarly to what happens with
coils it is easier to bend them than to stretch or squeeze them. The required energy depends
on the nature of the motion, on the “rigidity” and strength of the bonds, and on the mass of the
atoms that move. So, different energies and IR wavelength are needed: during bending vibrations IR
with A = 15.000 ym (lower energy) are absorbed, while for stretching vibrations IR with A = 4.237
um (higher energy) are needed (Figs. 3.7 and 3.8).

Another factor that must be taken into account is the change of the distribution of the electric
charge (dipole variation) which is needed by the molecule in order to absorb IR. Using carbon
dioxide again to illustrate this idea, the oxygen tends to retain bonding electrons more than car-
bons, oxygen is more electronegative than carbon. So, carbon has a partial positive charge
(+20) and each oxygen atom has a partial negative charge (-d): an 079-c+29_0-9 three-pole is
formed. In the CO, molecule only type 2 stretching vibrations are allowed. In fact in type 1 vibra-
tions, due to the symmetry of the molecule, the movement of the two oxygen atoms is sym-
metrically opposite and there is no variation in the dipoles, i.e. the net distribution of electric
charge does not change.

The infrared absorption spectra are typical of a specific molecule and are also commonly indi-
cated as “infrared or vibration fingerprints” of a molecule. These can be detected using an
infrared spectrometer. The radiation emitted by an incandescent filament is directed through a
sample hold in an IR-transparent container with fixed thickness. If the passing IR radiation has
the correct wavelength (the analyst can vary it in a preset range), it will induce a quantum ener-
gy leap in the molecules of the sample corresponding to bond vibrations.

It is this absorbance and re-emission of IR energy that explains how carbon dioxide con-
tributes to the greenhouse effect. The CO, molecules absorb the energy of specific IR wave-
lengths of the solar radiation (direct and reflected). Its molecules reach a higher energy level
and bonds vibrate for a short while. They then return to the ground state, emitting IR radiation
with longer wavelengths. Part of this emitted radiation is once again directed towards the ter-
restrial surface which partially absorbs it and heats up.

Carbon dioxide and water vapour (H,O absorbs IR with A = 2.5 ym and A = 6.5 ym) are the
main greenhouse gases, but any molecule capable of absorbing IR is a potential greenhouse
gas. Some other examples are methane (CH,), nitrous oxide (N,O), ozone (Og), and chloroflu-
orocarbons (CFCs, like CFCl3). On the contrary nitrogen (N,) and oxygen (O,) molecules are
not greenhouse gases. Their bonds can vibrate, but since they are symmetrical and electrical-
ly neutral (made of same atoms, with same electronegativity), the vibration of their bonds does
not induce dipole variations and they do not absorb infrared radiation.

It is worth noting that microwaves (A is approximately 10° um) are much lower in energy in
relation to UV and IR radiation and do not induce bond breaking or vibrations. However,
microwaves possess sufficient energy to cause rotation of molecules in interactions with spe-
cific wavelengths (Fig. 3.8). In the common microwave ovens, the wavelength is set for increas-
ing the rotational speed of water molecules. The fast rotation of such molecules present in the
foodstuff creates friction, which in its turn, causes the heating that cooks the food. This is sim-
ilar to what happens when we rub our hands on very cold days to heat them up. So, as a mat-
ter of fact, microwaves “stew” foods with the water that is contained within the food itself.

The interactions between electromagnetic radiation and matter are fundamental for main-
taining proper life conditions on our planet. Only some specific wavelengths may be absorbed
by molecules. These interactions can be exploited to understand the nature of, as well as, to
measure the concentration of compounds (i.e. spectrometric methods).
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3.5. Carbon dioxide - The main greenhouse gas

Primo Levi (Turin, 1919 - Turin, 1987) was an Italian chemist and writer, who was arrested dur-
ing the Second World War as a member of the anti-Fascist resistance and deported to the
Auschwitz concentration camp in 1944. After surviving that experience, in his book entitled The
Periodic Table, he outlined that carbon dioxide is one of the main requirements for living beings
and one of the main products of their decomposition; it is not a major constituent of the atmos-
phere, but a small trace residue of little note, thirty times lower in concentration compared with
argon. Nevertheless, all the living beings originate from this trace impurity; plants, animals and
humans. With all their history over the millennia, their varied opinions, nobility and shame,
derive their life from this gas.

In his essay Levi, also traces the history of a carbon atom, from limestone (CaCOj) and then
passing to a molecule of CO,, then to a glucose molecule (CgH,0g) in a leaf, and to the tis-
sues of the author’s brain himself. That atom which has a millenary history will continue to ‘live’
indefinitely.

The continuity of matter is well synthesized by a concept reported in the I-Ching book (also
known as Book of Changes), written in China about 3,000 years ago: “in our world nothing is
created and nothing is destroyed, but everything transforms into something else”. A similar the-
ory was enounced by Heraclites (6t1-5t" century BC), the Greek philosopher who proposed the
concept of panta rei; everything flows (and evolves). We could say that such philosophical the-
ories are correct at an atomic level: while the atoms themselves do not change, they evolve and
modify their original states through different inorganic and organic compounds and molecules
and often returning back again to their previous forms in infinite Ioops1 .

The carbon cycle is a fascinating example of the never-ending cycles of matter (Fig. 3.9).
Each year, about 215 billion tons of carbon are removed from the atmosphere and “fixed”.

i Bl B P

Figure 3.9. Simplified scheme of the carbon cycle. Fluxes are reported as metric tons of carbon. Data may be slightly different from
the ones reported in the text because the come from different sources (Institute for the Application of Calculations, National Council of
Researches, CNR; Napoli, Italy

14.There are some infrequent exceptions like reactions at a subatomic level, nuclear fusion and fission, or spontaneous decay of
radioactive isotopes.
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There are some infrequent exceptions like reactions at a subatomic level, nuclear fusion and fis-
sion, or spontaneous decay of radioactive isotopes. A little more than half (110 billion tons) of this car-
bon is used in photosynthetic processes and becomes carbohydrates, which ultimately is converted
into other vegetable matter and subsequently animal biomass forms. Most of the other CO, is dis-
solved into the oceans, where it is biologically concentrated in the structure of corals and in the shells
of molluscs, finally becoming the minerals and rocks of the marine bottoms. In this way the terrestri-
al surface (limestone) along with oceans and their bottoms represent a very rich CO, reservoir. The
concentration of this molecule in the different components of the ecosphere is in a steady state, or
dynamic equilibrium, where the same quantity of CO, is removed and restored into the various com-
ponents, keeping the overall concentration constant.

Part of the carbon dioxide is released back into the atmosphere. Plants and animals die and their
biomass is decomposed by microorganisms to CO, and other molecules. Living matter that enters
the food chain is also largely converted back to CO, and H,O and molecules of the anabolism (pro-
teins, enzymes, etc.) and energy back-up (complex hydrocarbons, fats, etc.). Animals and plants
exhale CO,, the carbonates in rocks can release CO, in the air due to atmospheric factors (e.g. acid
rain). Furthermore, carbon dioxide is present in natural volcanic emissions. Part of this emitted atmos-
pheric CO, is then reabsorbed and the cycle goes on and on. Some scientists have estimated that
the average carbon atom cycled through the different components of the ecosphere about 20 times
since the formation of the Earth.

If our planet was only dealing with natural pollution, which evolved with our planet itself, then its
feedback mechanisms would be able to maintain a sustainable steady state. Humans are not a com-
mon animal, even if they breath, eat, produce metabolic waste and live and die like other animals.
Humans have no predators or competitor species, so they can multiply at their own discretion and
manipulate the natural environment, not obeying the natural rules of genetics and ecology of animal
populations. Unfortunately, there is a price to pay: pursuing a fast social and economic development
during the last century, with the advantages provided by the industrial revolution, humans did not con-
sider or show sufficient care for the environment and altered the natural equilibria. The anthropogenic
activities of today produce CO, at too high a rate and the natural feedback process are not able to
reach a new equilibrium. So, this gas keeps on accumulating in the atmosphere along with other
greenhouse gases generated as a result of human activities and origin.

Large scale and rapid combustion processes, consume fossil fuels in little time, compared
with the time required to accumulate the solar energy stored in carbon compounds over mil-
lions of years. Fuels are burned in an oxygen-rich atmosphere, so carbon combines with oxy-
gen yielding CO, and other combustion products. The Industrial Revolution, born in Europe in
the late 1800’s, was supported by coal, which was used to drive steam engines in mines, fac-
tories, and locomotives and ships. In recent times, coal is still widely used in many parts of the
world for the generation of electricity which still involves steam generators. The discovery of oil
and its derivatives allowed the widespread diffusion of smaller vehicles, namely cars and
trucks. The Industrial Revolution completely changed human lifestyles and our demand for fur-
ther sources and fluxes of energy.

The increase in energy production and the subsequent consumption of fossil fuels, determined the
rapid release of combustions products into the atmosphere. CO, makes up the majority of such com-
pounds and its atmospheric concentration passed from 290 ppm in 1860 to 370 ppm (approx.) at the
present time. The growth rate in the concentration is constantly increasing, being now 1.5 ppm of CO,
per year (Tab. 3.2). Each year we use a quantity of fossil fuels corresponding to a carbon content of
five billion tons. According to estimates made by the American Chemical Society (2000), the major
source of CO, in the USA is due to power utilities (35%) and transportation (31%), followed by indus-
trial use (21%), residential use (7%), and, finally, commercial use.

Deforestation by burning may significantly alter the carbon cycle and it affects the atmospheric CO,
concentration in two ways: a) it removes a large sink for CO, and b) adds a large source of CO, to
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the atmosphere (via burning after tree-cutting and/or decomposition of the leftover vegetable bio-
mass). In natural conditions the forests act as the lungs of the planet, they use CO, to produce O,
and sugars through photosynthesis and produce CO, due to their respiration. After decomposition,
the carbon of plant tissues enter the carbon cycle and possibly add to the formation of new CO, mol-
ecules. These mechanisms have a large contribution that maintain constant concentrations of carbon
dioxide in the atmosphere, but deforestation dramatically reduces the CO, fixation capability through
photosynthesis, resulting in a net increase in the concentration of this gas. A forest surface equal to
150,000 Km? (approximately equivalent to half the surface area of Italy) is annually cut down or —
much worse — burned down. If trees are burned, besides losing photosynthetic capability, a significant
amount of carbon dioxide is formed from the combustion (1-2 billion tons per year). In the case of cut
trees, if organic debris is left on place, the decomposition of vegetable biomass slowly forms CO..
Even substituting the forests with crop fields and using the wood for construction, 80% of the photo-
synthetic potential is lost19.

Another very important factor that should not be disregarded is the amount of carbon stored in the
soil. Indeed, there is more carbon stored in the soils covering the earth’s surface than in all of the bio-
mass covering the Earth’s surface! When land is cleared and the soil subsequently disturbed, a sig-
nificant amount of the carbon stored in the soil is lost through microbial processes, further adding to
the levels of atmospheric CO,. This issue needs considerable attention and recognition. The carbon
stored in the soil has been accumulated through the vegetation growing on that soil and hence orig-
inally captured by photosynthesis. Better land management processes that restore soil carbon to
higher levels at equilibrium, may offer a potential partial solution to off-setting the release CO, result-
ing from the burning of fossil fuels.

The total quantity of carbon released in the atmosphere by human activities (from fuels and defor-
estation) is about 6-7 billion tons per year. Oceans and the biosphere absorb almost half of this car-
bon and the rest stays in the atmosphere as an additional quantity (3 billion tons per year) and joins
the natural background (740 billion tons per year; Fig. 3.9).

At a global level, carbon dioxide is the most troublesome pollutant connected to the greenhouse
effect and the global warming phenomenon. We know that the atmospheric carbon surplus (see
above) is due to an overproduction of 11 billion tons of CO,, per year. In order to understand the future
scenarios, we must know how much carbon dioxide is produced by human activities year after year.
In this respect computerized predictive modelling may be of great help (§ 3.2; Box 3.2).

3.6. Other greenhouse gases

Recent estimates suggest that about half of global warming of the planet is due to other green-
house gases (GHGs). The second contribution after CO, comes from methane (CH,), which
has a superior intrinsic capacity of absorbing IR with respect to carbon dioxide. The atmos-
pheric concentration of methane is relatively low, but the present value of 1.7 ppm represents
a doubling in comparison to the pre-industrial era. Furthermore, since 1979, a 1% increase per
year has been detected (Tabs. 3.2 and 3.3; Fig. 3.3).

Other greenhouse gases, firstly ozone (Oj), contribute in a minor way to the phenomenon
(Fig. 3.10).

We have to keep in mind that not all the GHGs have the same efficiency for IR absorption
and subsequent warming of our planet. Such capability is assessed using the Global Warming
Potential (GWP), which compares other GHGs to CO, which was assigned a value
GWP =1 (Tab. 3.3).

15. Data from American Chemical Society, 2000.



Tab. 3.2. Variation of the concentration of the main greenhouse gases from pre-industrial times to 1994 (American Chemical
Society, 2000).

Greenhouse gas CO, CH, N,O
Concentration in pre-industrial times 280 ppm 0.70 ppm 0.28 ppm
Concentration in 1994 358 ppm 1.7 ppm 0.31 ppm
Annual increase rate +1.5 ppm/yr +0.01 ppm/yr +0.0008 ppm/yr
Atmospheric avg. life time 50-200 yrs 12 yrs 120 yrs

3.6.1. Methane

According to the Intergovernmental Panel
on Climate Change (IPCC), methane (CH,)
accounts for 17% of the overall global
warming effect (Fig. 3.10).

It comes from a large number of sources,
both anthropogenic and natural ones. The
latter represent the major contribution to
the atmospheric concentration of this gas,
but this is a classical case of “anthro-
pogenic magnification”. In effect, human
activities contribute to and add more of this

gas into the atmosphere altering the previ-  Figure 3.10. Contribution of different greenhouse gases (or their clas-
ous equilibrium. ses) to the global warming of the planet (International Panel for Cli-
. mate Change, IPCC; 2001).

CH, is a natural gas commonly present
underground and continuously leaks out through fissures in the rocks. In addition to this natu-
ral occurrence, human activities add more CH, derived from exploitation of natural underground
deposits and oil refining. Methane is a common product of the decomposition of vegetable bio-
mass. In addition to sources originating from natural biogeochemical cycles, humans artificial-
ly contribute additional sources where methane is produced according to natural processes, but
at a faster rate. Good examples are landfills and deforested areas. In some cases the natural
gas produced by landfills (mainly a mixture of CO,, methane and other hydrocarbons) is
pipelined and used for indoor heating. It is mostly released into the atmosphere through vents.
Agricultural activities also contribute to the atmospheric concentration of methane, e.g. with cul-
tivated rice paddies and intensive breeding (high number of animals in a limited space) of
bovine, ovine, and similar species. Grazing animals are ruminants and possess their own sym-
biotic bacteria in their complex digestive system, which is fundamental for digesting the cellu-
lose present in their food (mostly grasses). Grass is degraded through anaerobic fermentation in
the digestive structure called the ‘rumen’. Besides the degradation of cellulose to simpler carbohy-
drates, this process also forms methane. The latter is then released in the atmosphere through the
orifices of the digestive apparatus. If we consider that a cow can produce 500 litres of methane per
day we appreciate that the global quantity is very significant. Some estimates report about 73 mil-
lion tons of methane per year is produced by ruminants worldwide! Similarly, termites have symbi-
otic bacteria in their gut, which help them to digest wood and also produce CH,. In order to have
an idea of the magnitude of the phenomenon, let us consider that on Earth, there are about
500,000 termites per each human being.

There are also other possible sources for the emission of methane into the atmosphere. For
example, the warming of the planet can augment the release of this gas from oceanic sediments,
from marshes, peatlands, and the permafrost. In the latter, the perennially frozen soil and ice, a
notable quantity of methane is trapped and an increase of temperature may cause an increased
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release of this gas. Fortunately, the average life of methane in the atmosphere is relatively short
(12 years) in comparison to that of carbon dioxide (50-200 years) and other greenhouse gases
(Tab. 3.2)

CH, is readily converted to less dangerous molecules, which then enter into other cycles
resulting in further transformations. As a matter of fact, the complexity of the formation from
numerous sources and subsequent chemical transformation pathways of methane make it diffi-
cult to understand and evaluate the contribution of this gas to global warming.

Next we will deal with other greenhouse gases, that have a minor contribution to global warm-
ing. Notably most of these are involved in the greenhouse effect and the destruction of the
stratospheric ozone layer.

3.6.2. Ozone

In the VIl and XIV cantos of lliad and in the XIl and XIV cantos of Odyssey, the ancient Greek
poet Homer (around 800 BC), described the sour odour and sharp taste that air has after a
thunderstorm. In late 1700s the same odour was noted in the vicinity of some electrical
machines. It was believed that such a phenomenon was due to the presence of electricity in the
air. The term ozone comes from the ancient Greek ‘ozein’ (smelling) and was firstly attributed
to this gas by Christian F. Schénbein (1799-1868) in 1840, a professor at the University of Basel
(Switzerland). He understood that such odour was due to the presence of a gas, formed by
electrical discharges in the air.

The ozone molecule (O3) was first isolated 40 years ago, so this gas has only been studied
for a relatively short time. A significant amount of scientific literature concerning this gas is now
available in the present day, because it is connected to two relevant phenomena: the increas-
ing concentration of the tropospheric ozone and the depletion of the stratospheric ozone layer.
At the stratospheric level, O; has a fundamental role in blocking excess UV rays (see Chapter
4) from reaching the earth’s surface and at a tropospheric level it is a pollutant, and dangerous
to health and the environment. Its irritating effect on the respiratory system starts from con-
centrations16 > 0.1 ppm = 214 ug per m°. Ozone is a major component of photochemical
smog, and is also a greenhouse gas. The limit for concentration of this gas in the atmosphere
reported by European laws is 180 ug per m3.

As a greenhouse gas, according to the IPCC, ozone is third in order of contribution (13%) to
the global warming effect. Moreover, Oj is the precursor of the chemical species OH™ and NOg,
the major oxidants present in the atmosphere. Ozone can significantly influence the average
life-times of other greenhouse gases present in the air, like methane and hydrochlorofluorocar-
bons (HCFCs, see § 3.6.3), hence having an indirect role in the greenhouse effect.

It is not easy to estimate the exact contribution of this gas to the global warming. O5 is not a
primary pollutant (see also § 2.1), so there are no natural or anthropogenic direct sources. This
gas is a typical secondary pollutant, which is formed at ground level by a series of photochem-
ical reactions. In the stratosphere it is formed by the interaction of UV and molecular oxygen
(O,; § 4.2). About 10-15% of the tropospheric ozone is generated in the stratosphere. The pho-
tochemical reactions for O5 formation involve different molecules, such as hydrocarbons and
nitrogen oxides (NOy), which are considered as its precursors. The correlation between the
concentration of the latter and that of O3 is multifaceted and this complicates studies on the
ozone contribution to the greenhouse effect.

The role of O3 in IR absorption strongly depends on its altitude and geographic location.
Some estimates indicate that the net effect of the reduction of the stratospheric ozone layer dur-
ing the last 50 years is a cooling of the planet surface. At the tropospheric level its increased
concentration leads to warming.

Thanks to the development of the analytical method (Schénbein) used for the quantization of

31 J



ozone in the troposphere back in 1850s, we can now reliably compare present values with past
ones. In Europe, the ozone level in the low troposphere stayed constant until 1950, but since
then and up to the year 2000, a constant increase of about 1% per year has been measured.
Today, at medium latitudes, the background concentration of this gas is about 0.03-0.07 ppm.

3.6.3 Other greenhouse gases

Nitrous oxide (N,O), also known as “laughing gas”, is commonly used as anaesthetic in dental
and general surgery. Nitrous oxide mostly comes from natural sources (oceans and soils), and
not from mainly combustion processes. Generally, N,O is produced by bacterial action as part
of the nitrogen cycle by aerobic nitrification, in which NH,™* is oxidized to NO,", releasing N,O
along the way. It is also a product of anaerobic denitrification, in which NO;™ and NO,™ are
reduced to molecular nitrogen (N,) and a by-product of other bacterial metabolic pathways.
However, anthropogenic emissions of nitrous oxide are increasing, and as for methane, they
are principally connected with agriculture. N,O is volatilized from nitrogenous fertilizers, such
as ammonia, urea, and ammonium nitrate. The conversion to N,O is especially high for anhy-
drous ammonia, which is cheap and widely used. For example, it is estimated that about 5% of
nitrogen in fertilizer applied to fields in the vicinity of Ontario, Canada, is converted to N,O
(about 11% to NO,). The production of N,O may be accelerated in tropical soils, as a conse-
quence of deforestation. N,O is also produced by coal combustion (from organic nitrogen),
some industrial processes, and biomass burning.

The atmospheric N,O concentration has increased by about 12% since pre-industrial times at a
rate of 0.25% per year over last decade. In the atmosphere, this gas has an average life of 120 years
and its global warming potential (GWP) is much higher than CO, and CH, (Tabs. 3.2 and 3.3).
Chilorofluorocarbons (CFCs, also called Freons) are xenobiotic compounds, they were not
present in nature until humans started their production around the year 1930.
Chlorofluorocarbons are rarely described by their official IUPAC17 name, but rather, by their
trade names. The nomenclature of CFCs is based on a two-figure code: the first one indicates
the number of carbon atoms in the molecule, the second one the number of fluorine atoms.
Using this system trichlorofluoromethane (CFCl,) is called CFC-11, due to the presence of one
fluorine atom and one carbon atom. Likewise, dichlorodifluoromethane (CF,Cl,) is called CFC-
12, and so on. Presently, the use of CFCs is prohibited in all nations that subscribed to the
“Montreal Protocol on Substances that Deplete the Ozone Layer’ (1987). They were common-
ly used in recent years as spray propellants, fire extinguishers, refrigerating fluids (in refrigera-
tors and air conditioning systems), expanders, and solvents. Besides being involved in deple-
tion of the ozone layer, they are very powerful greenhouse gases. They are important as they
trap, on Earth, the IR wavelengths of the “atmospheric window”: the region of absorption spec-
trum between 8 ym and 11 ym where IR generally is not absorbed and can escape to space.
For example CFC-12 (CF,Cl,; Tab. 3.3) is a very effective greenhouse gas as it also absorbs
in the same wavelength range.

Since 1980 and in order to preserve the ozone layer, the compounds used as substitutes of
CFCs are the hydrochlorofluorocarbons (HCFCs) and the hydrofluorocarbons (HFCs). They are
quite ozone-safe since they contain less chlorine. Furthermore their average life in the atmos-
phere is shorter than that of CFCs (Tab. 3.3). The production of HCFCs will be discontinued in
2020 in industrialized countries, since they are also very efficient GHGs.

Other substitutes for CFCs are the perfluorocarbons (PFCs), hydrocarbons in which all the
hydrogen atoms are substituted by fluorine. They are very efficient GHGs, with a very high
GWP ranging from 7,000 to 12,000. They are used instead of CFCs as refrigerants and semi-
conductors, besides being by-products of aluminium and uranium metallurgy.

16. At standard conditions (1 atm, 0°C) 1 ppm of O, corresponds to approx. 2,140 ug of Oz per ms.
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One of the highest GWP (> 22,000; Tab. 3.3) belongs to sulphur hexafluoride (SFg), a mole-
cule which is very stable in the atmosphere. SFg is used as a thermal and electric insulator. This
gas is present in very low concentrations, but its rate of increase in concentration is very high:
4.6% per year.

Collectively CFCs, HCFCs, HFCs, PFCs, and SFg are also termed as trace gases, since they
are present in very low concentrations in the atmosphere (around 108 %). Nonetheless, their
collective contribution to the global warming is significant due to the elevated GWP values (Tab.
3.3; Fig. 3.10) these gases possess.

Tab. 3.3. Global warming potential (GWP) and average life expressed in years of some greenhouse gases (GHGs). Data from
University of Urbino (2003), American Chemical Society (2000), and Carassiti et al. (1995)*.

GHG Formula GWP AVG Life GHG Formula GWG AVG life
CO, 1 50-200 HCFC-22 CHF,CI 1780 14
CH, 7 12 HCFC-141b CH,-CCI,F 713 71
N,O 158 120 HCFC-142b CH,-CF,CI 1850 17.8
SFg 22450 stable HCFC-124 CHFCI-CF4 599 6
CFC-11 CFClg 4680 60 HFC-125 CHF,-CF4 3450 26
CFC-12 CF,Cl, 10720 120 HCFC-152a CHF,-CH;4 129 1.5
CFC-113 CF,CI-CFCl, 6039 90 HFC-134a CH,F-CF, 1400 14
CFC-114 CF,CI-CF,CI 9860 200 HFC-143a CH3-CF4 440 40

*: “Un’introduzione alla chimica dell’atmosfera”

in La Protezione dellAmbiente in ltalia —

I. Bertini, R. Cipollini and P. Tundo Eds. Published by the Societa Chimica Italiana, Consiglio
Nazionale delle Ricerche and the Interuniversity Consortium “Chemistry for the Environment.

3.7. Some scenarios

The influence of human impact on the global warming of our planet is a recognised by almost
all concerned/interested scientists. However, the complexity in the prediction of the evolution of
this phenomenon often generates disagreement about its actual severity. A few examples of
scenarios derived from modelling are reported in the following pages.

The first question obviously concerns the greenhouse gases (GHG’s). Their overall atmos-
pheric concentration is increasing by 1.5% per year. This is mostly due to the increase in the
world population and to modern industrial and agricultural practices. The world population has
tripled during the last century and it is predicted to double or triple again in the next 100 years.
Industrial production is 50 times higher than that of 50 years ago and it will possibly double in
the next 50 years. Energy production increased by 23%, mostly because of the use of fossil
fuels. This has caused a rise in the atmospheric concentration of CO, and this value is pre-
dicted to double within the years 2030-2050 with respect to the estimates of 1860. All these fac-
tors could lead to an increase in the global average temperature and present models predict an
increase ranging from 1.0 °C to 3.5 °C.

The scenario of year 2100 could be similar to the situation of our planet in its hottest times of
130,000 years ago. The global average temperature was 16 °C, the polar ice caps were small-
er and the mean level of the oceans was higher (+5 m). If something like this should happen
today, many islands and countries like The Netherlands and most of the Bangladesh would be
submerged. Millions of people would be forced to leave their homelands. An even worse sce-
nario could derive from the melting of the polar ice sheets, resulting in sea level rises in the
range of 0.15-0.95 m. Many famous coastal cities and towns like New York, Miami, Venice, and
Bangkok would be endangered.

An increased average temperature would also threaten human and animal health. The warm-
ing could favour a faster multiplication of pathogenic agents and, consequently, a faster and

17.  IUPAC: International Union of Pure and Applied Chemistry.
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wider diffusion of epidemics. Furthermore, the higher temperature would allow the expansion of the
distribution areas of pathogens actually confined to limited regions (e.g. tropical pathogens). Such dif-
fusion could be direct or indirect, i.e. caused by the migration of the vectors (e.g. flies and mosqui-
toes). A similar mechanism could result in the spread of malaria to Europe and United States.

Let us now look at some specific examples of limited scenarios derived from computerized predictive
modelling.

An increase in the global average temperature should make the solubility of gases in water decrease.
Then oceans and other superficial waters should release more carbon dioxide to the atmosphere,
entering a consequent noxious loop. On the other side an increased surface temperature should favour
more rapid multiplication and development of phytoplankton (microscopic photosynthetic beings), lead-
ing to increased major fixation of CO, through photosynthesis. Another scenario is that the warming
could alter the circulation of marine water masses along with the nutrients they carry along (mainly nitro-
gen and phosphorous), resulting in negative effects for the phytoplankton.

The increased global average temperature should lead to a contraction of the ice shelves in the
areas of the extreme latitudes. This in turn could cause a reduction of the albedo, diminishing reflec-
tion (and increasing absorption) of the solar radiation and leading to a further increase of tempera-
ture, resulting again in a deleterious loop.

Global warming could also allow trees to live at higher latitudes. Since they perform more efficient
photosynthesis than mosses and lichens, the net result should be that of a major CO,-sink effect. In
addition, the higher average temperature should contemporarily lead to a major desertification at
lower latitudes, because of diminished precipitation and increased evaporation. Due to the decrease
of photosynthetic activity, the net global effect of this deforestation/desertification would be significant
and possibly negative.

Global warming could cause major evaporation of water present at ground level and this would lead
to increased atmospheric humidity and boost the greenhouse effect, since water vapour is a green-
house gas. There would also be more clouds. Low clouds add to the greenhouse effect, while high
clouds contribute to reflection and dispersion of the solar radiation. The net global effect due to the
presence of clouds seems to be a decrease of temperature.

Another cooling effect can come from the presence of atmospheric aerosols. The latter are gener-
ally formed by very small particles of ammonium sulphate, (NH,),SO,, which are formed through
reactions of nitrogen compounds and sulphur dioxide (SO,) emitted from both natural sources (vol-
canoes, etc.) and anthropogenic (use of fossil fuels, etc.) sources. The global chilling effect is due to
the increased reflection and diffusion of the incoming solar radiation.

Some of the reported scenarios are quite catastrophic, but we have to consider that such potential
events are likely to occur in a gradual way. Humanity will have the chance to adopt proper counter-
measures, if a proper environmental policy is adopted at a global level (monitoring and protection).

4. The depletion of the ozonosphere

The ozonosphere commonly extends from 20 to 35 km of altitude (stratosphere), but it can
reach 50-55 km (superior stratosphere and mesosphere). In this layer oxygen concentrates in
its triatomic form, ozone (O5; see also § 3.6.2). The latter is formed from regular diatomic oxy-
gen (O,) upon absorption of UV wavelengths, thus stopping excessive quantities of this radia-
tion reaching the surface of our planet. Due to the absorption of UV in the ozonosphere, high-
er temperatures are found than in the contiguous layers.

The well known “ozone hole” is a phenomenon taking place over Antarctica. Each year during
the austral spring (September-November) the concentration of stratospheric ozone diminishes in
Antarctica’s sky, due to natural fluctuations. This phenomenon faces an anthropogenic magnifi-
cation. Since 1980, because of some anthropogenic pollutants, the reduction in the concentration
of ozone is more severe year after year. The mass-media termed this phenomenon as the
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Antarctic “ozone hole” due to the lower O; concentrations found in such areas of the ozonos-
phere. In recent times a minor ozone hole was discovered at North Pole, over the Arctic Sea.

4.1. The ozone cycle

Most of the ozone (about 90%) is formed at around 30 km in altitude, over the equator where there

Box 4.1, The natural ozone cycle. is @ maximum in solar irradiation. Curiously, UV

rays can catalyze both the formation and deple-

Photosynthesis of ozone: tion of ozone molecules. UV-C rays with A < 242
a) Op + (A < 242 nm)—> 2 O~ nm (see also § 1.2) can dissociate Oo to atomic
a)0:+0p O3 oxygen (O) which presents hi?h reactivity.

Actually, atomic oxygen is a radical 8 and is cor-

Photolysis of ozone: . e O i . _
b) Og + (240 nm < A < 340 nm) 0-+0, rectly symbolized as O-. O- quickly, which com

b) O+ O3 —» 205 bines with O, to produce Os. In the opposite reac-
tion radiation with 240 nm < A < 340 nm (UV-A,

UV-B, and some UV-C; see also § 1.2), induce

a photolysis19 of ozone, splitting the O3 molecule
2t 0 B 6.0, and O (Box 4.1).

T e 4=  The photosynthesis of ozone at a tropospheric
Tl - T m | level (around 10% of total) takes place in similar
"_uilr '_l__" _|' 1= = | ways, but the major source of radical oxygen is
= ot i f = | nitrogen dioxide leading to O, formation accord-

1-&_"" I = | ingto &) equation.
B =t = Both ozone photosynthesis and photolysis are

catalyzed by UV rays, but there are wavelengths
Figure 4.1. Concentration of stratospheric ozone in Dobson Units (DU).

A: tridimensional representation of the Antarctic ozone hole (Goddard (and energy) SpeCiﬁC to each reaction. The com-
Space Flight Center, NASA; USA). South America is visible as a shade bination of these two photochemical reactions
aBt: tgzeotzg ziztgzgtfrg;;ngtie boreal hemisphere on September 1st, IeaFis o a dynamlc eqU|I|br|um (S_teady State)
2002 (World Meteorological Organization, United Nations which keeps the ozone concentration at a con-
Specia/ized Agency). Europe is visible in the centre of the low half stant value, meanwhile aIIowing it to absorb the
of the image. excess of UV radiation. It is estimated that in this
way 4,000 tons of ozone can be produced per second entering the ozone cycle, which maintains the
steady state. From equatorial latitudes, part of the ozone is transported towards the poles by the
stratospheric winds, which finally flow in the polar vortexes.

Observations from satellites and from the terrestrial surface led to the determination of the average
distribution of ozone, in relation to the latitude and season (Fig. 4.1 A, B). Ozone in the atmosphere is
commonly measured as the quantity of gas present in an air column with a fixed section, which extends
from the ground to the uppermost limit of the atmosphere expressed in Dobson Units (DU)20.

At tropical latitudes, seasonal fluctuations cause the 0zone concentration to range from 250 to 300 DU.
Such values are practically stable, since the photochemical activity is due to the solar irradiation which

18. A chemical species with high reactivity, due to the presence of one (or more) unpaired electron(s).

19 Scission by light.

20 The Dobson Unit (DU), so called after the scientist G.M.B. Dobson (1889-1976), a pioneer investigator into atmospheric ozone,
expresses the atmospheric concentration of ozone in the air column. If all the ozone in a column with fixed section, reaching from the
ground fo the top of the atmosphere, were compressed in a single layer of pure ozone - at a temperature of 0°C and a pressure of 1
atm - the thickness of that layer, measured in hundredths of a millimetre, would be the concentration of ozone in Dobson Units. For
example, if the thickness of this O3 film were 0.01 mm, we could say that we have a concentration of 1 DU. The latfter value is equivalent
to about 2.69x10' ozone molecules in a column with a cross section of 1 cm? or to a volume of 5x10° m® of O3 (0°C; 1 atm).

It is easier to express the concentration of O3 over the air column because the instrument that measures ozone concentrations is
called the Dobson spectrophotometer. It works by measuring the fransmittance of solar radiation at two wavelengths absorbed by
ozone, comparing such values with transmittance of two non-absorbed wavelengths. The lowest ozone concentration was 85
Dobson Units, measured by a Total Ozone Mapping (TOM) Spectrometer on a Russian satellite over Antarctica in 1993. A balloon
flown from the U.S. research station at the South Pole measured 90 Dobson Units on October 6th, 1993.
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is constant. At different latitudes high variations are found, with the major O3 concentration found at
medium to high latitudes. Longitudinal differences in O concentration are limited and are mostly due
to the variations over seas and land. Furthermore, significant annual natural oscillations can be found
(up to 40%) and local sporadic events (e.g. volcanic eruptions) may cause variations up to 10%.
Significant shifts may be caused by local climatic factors too.

4.2. The depletion of ozone

The cyclic depletion of the stratospheric ozone is fundamentally due to the presence of air pollutants that
can degrade Og through different reactions, which are favoured by seasonal climatic conditions. The con-
taminants involved are usually stable in the atmosphere, but they are degraded by UV irradiation in the
stratosphere and release chlorine and bromine radicals (Cl* and Br®), which are very reactive with ozone.

Such halogen radicals are mostly of anthropogenic in origin and derive from chlorofluorocarbons
(CFCs), also known as “freons” and bromofluorocarbons or “halons” (which may also contain chlorine).
Both of these classes of compounds include highly active greenhouse gases. As already mentioned
CFCs, are carbon compounds containing fluorine and chlorine, formerly used as propellants and refrig-
erants. Other molecules involved in the release of halogen molecules are the hydrochlorofluorocarbons
(HCFCs), substitutes of CFCs that are less likely to produce active chlorine, but still efficient greenhouse
gases. Halons, commonly used for fire extinguishers, contain bromine, which is even more reactive than
chlorine in destruction of ozone. Fortunately, they are less common than CFCs and HCFCs and their
atmospheric concentration is much lower. All the volatile substances containing chlorine and bromine are
potential ozone-depleting agents, for example, chlorinated solvents like chloroform (CHCIy), 1,1,1-
trichloroethane (CH5CCls) and carbon tetrachloride (tetrachloromethane, CCl,).

The presence of halogenated air contaminants has interfered with the ozone cycle. The funda-
mental role of Cl and Br in the formation of “o0zone holes” has been generally accepted. However, the rel-
ative importance of such halogens for O depletion in different regions of the atmosphere has not yet been
clearly explained. The depletion of this gas is relevant during the Austral winter (June-September) when
the solar irradiation is lower and the action of the polar vortexes isolates large air masses enriched in Cl
and Br. When the temperature drops down to -80°C clouds with high content of gaseous nitric acid (from
NO,) are formed: they are the so-called ‘polar stratospheric clouds'. The latter act as a catalytic environ-
ment allowing the occurrence of a series of unusual reactions. These finally lead to the release of
molecular chlorine (Cl,) and bromine (Br,), from halogenated pollutants through a series of reactions
(see Box. 4.2). With the beginning of the Austral spring, the increase in insolation disperses the polar
stratospheric clouds and the radiation causes the scission of Cl, and Br, into monatomic radicals.
They initiate the chain reactions, finally ending with the depletion of the ozone. The radicals act as cat-
alysts themselves and repeatedly combine with 0zone forming one molecule of oxygen and one of
chlorine (or bromine) monoxide (CIO or BrO). The latter reacts with an oxygen radical (derived from
photolysis of O, or Og) giving off one molecule of oxygen and regenerates one halogen radical and
restarts the reaction sequence all over again. In this way a few halogen radicals can lead to the deple-
tion of many ozone molecules. The chain reaction of ozone depletion stops when CI* and Br” react
with compounds like methane (CHy), hydrogen peroxide (H,O,) or molecular hydrogen (Ho), since
halogen radicals do not reform and the chain reactions stop.

In conclusion, the fundamental factors for the depletion of the ozone are: the presence of the polar
vortexes, the presence of cold temperatures formed inside the vortex which lead to the formation of
the polar stratospheric clouds, the catalytic action of such clouds which convert the inactive chlorine
and bromine reservoirs to more active forms of chlorine and bromine, the return of a major solar irra-
diation which allows formation of halogen radicals and gives way to the ozone depletion cycles.

The ozone hole currently covers an area a little bigger than Antarctica and extends nearly 10 kmin
altitude in the lower stratosphere.
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Box 4.2. The chain reactions leading to ozone destruction by halogenated pollutants (Cl and Br).

The chain reactions of ozone depletion at the Poles, involving chlorinated and brominated pollutants.

The main reservoirs of chlorine are hydrochloric acid (HCI) and chlorine nitrate (CIONO,), derived from the
breakdown products of the CFCs. Dinitrogen pentoxide (N,Og) is a reservoir of nitrogen oxides (NO,) and
also plays an important role in this particular atmospheric chemistry. Nitric acid (HNO3) has a significant role
since it maintains high levels of active chlorine (as explained below).

Production of molecular chlorine and bromine.

The central feature of this unusual chemistry is that the chlorine reservoir species HCl and CIONO, (and the
respective bromine counterparts) are converted into molecular halogens:

a) HCl + CIONO, — HNOj; + Cl,

b) CIONO, + H,0 —HNOj, + HCIO
¢) HCl + HOCI  — H,0 + Cl,

d) N,Og + HCI  — HNO; + CIONO
e) N,Os + HO —2 HNO;

The nitric acid (HNOjg) formed in these reactions remains in the ‘polar stratospheric clouds’, so that the gas
phase concentration of nitrogen oxides (NO,) is reduced. This phenomenon, called ‘denoxification’ is very
important as it slows down the rate of removal of CIO, that would otherwise occur by the reaction with NO,,
giving off CIONO2. This contributes to maintain high levels of active chlorine.

The role of sunlight and the catalytic destruction of ozone.

The depletion of the ozone molecule is caused by chlorine and bromine radicals. Thanks to the catalytic
effect of the polar stratospheric clouds, during the austral spring the reservoir forms of the ozone destroying
species, chlorine and bromine, are converted to reactive radical forms. Firstly, molecular halogen undergoes
photolysis (solar radiation is represented by its energy, hv):

Cly + hv—>2CI°
Br, + hv—> 2 Br*

Now the ozone-depletion chain reactions can start. The production of active chlorine requires sunlight, and
sunlight possibly drives the two following catalytic cycles:

(1) ClO+CIO+M ——ClLO,+M
Cl20, + hv — cl*+ IO,
ClO, + M —>ClI'+0,+M
2 (Cl+ + Og) —> 2 (CIO + Oy)

net: 20, —>30,

Where M is an atmospheric ‘helper’ molecule, with a sort of catalytic effect.
Similar reactions occur for bromine.

(1) CIO + BrO —> Br'+ClI"+ 0O,
Cls + O3 —> ClIO+0,
Bre + Oy —> BrO+ 0O,

net: 20, —> 30,

The dimer of the chlorine monoxide radical (Cl,0,) involved in cycle (1) is thermally unstable, so these reac-
tions can occur efficiently at low temperatures. This is why the low winter temperatures of the polar vortex
are fundamental. Cycle (1) is thought to be responsible for most of the ozone loss in Antarctica (70%). In the
warmer Arctic region, a large amount of ozone may be depleted by cycle (ll).




4.3. Effects of the ozone hole on human health and environment

At present, the ozone hole does not represent an imminent threat to the human health, since
its major effects are concentrated in relatively uninhabited areas.

Since UV rays can damage DNA and RNA, living organisms exposed to sunlight commonly
developed protection systems to avoid excessive radiation. Some animals have skin blocking
pigments or have very efficient DNA-repair systems. Others avoid the radiation by hiding in
shady zones during the hours of maximum insolation. However, such mechanisms would be
insufficient in the case of a further significant decline in ozone concentration, leading to a sig-
nificantly augmented UV radiation.

One undisputed effect of long-term exposure to solar radiation is the premature aging of the skin
due to UV-A, UV-B and UV-C. Even careful tanning kills skin cells, damages DNA and causes per-
manent changes in skin connective tissue, which leads to wrinkle formation in later life. Possible
eye damage can result from high doses of UV light, particularly to the cornea, which is a good UV
absorber. High doses of UV can cause a temporary clouding of the cornea, called “snow-blind-
ness”. Chronic doses were tentatively linked to the formation of cataracts. A higher incidence of
cataracts is found at high altitudes, in countries like Tibet and Bolivia; and at lower latitudes
(approaching the equator). This is attributed to higher levels of exposure to solar radiation.

In general, UV-A is the least harmful, but can contribute to the aging of skin, DNA damage,
and possibly, skin cancer. It penetrates deeply into the skin without causing sunburn. High
intensities of UV-B light are hazardous to the eyes and exposure can cause photokeratitis (UV
keratitis). UV-B light in particular has been linked to skin cancers such as melanoma. UV-C rays
are the most energetic and dangerous type of ultraviolet radiation. Little attention was given to
UV-C rays in the past, since they are normally filtered-out by the ozone layer and do not reach
the Earth. However, thinning of the ozone layer has caused increased concern about the poten-
tial for UV-C light exposure.

DNA and RNA molecules especially absorb UV-B radiation, which can break bonds in their
chains. The radiation ionizes DNA molecules in skin cells, causing covalent bonds to form
between adjacent thymine bases, producing thymidine dimers. The latter do not base-pair nor-
mally and can cause distortion of the DNA helix, stalled replication, gaps, and incorrect incor-
poration. These can lead to mutations, which can result in cancerous growth. The risk of skin
cancer is greater for the light-skinned people. A 1% decrease in the ozone layer would cause
an estimated 2% increase in UV-B radiation reaching the ground, possibly resulting in an aver-
age 5% increase of carcinomas. Most of the skin carcinomas (90%) are attributed to UV-B
exposure. Many skin cancers are rarely fatal, with the most dangerous one being the malignant
melanoma. There appears to be a correlation between brief high-intensity exposures to UV and
eventual appearance of melanoma (even after 10-20 years).

Another negative effect on human health is the development of immunodeficiency, which is
an alteration to the immune system (production of antibodies and immunity cells) resulting in
an increased vulnerability to diseases.

In order to avoid excessive UV radiation it is advisable to protect the eyes and skin, especially
when travelling at equatorial latitudes where maximum insolation is found. Nonetheless, correct
UV doses also have a positive effect: they induce the production of vitamin D in the skin and
some experts retain that many premature deaths from cancer are due to insufficient UV-B expo-
sure (apparently via vitamin D deficiency).

One method that scientists use to analyze amounts of ‘dangerous UV-B’ is to expose sam-
ples of DNA to light and then count the number of breaks in the DNA. In this way, scientists
found that significant doses of solar radiation can penetrate as far as about 2.5 meters into non-
turbulent oceanic waters.
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From an ‘environmental’ point of view, UV can damage microscopic marine organisms and
plants. The penetration of increased amounts of UV-B light caused great concern about the health of
marine plankton that densely populate the superficial sea waters. Augmented solar radiation causes
the natural defensive mechanism of most chlorophyll-containing cells to produce more light-absorb-
ing pigments, but this reaction is not triggered by UV-B radiation. Another possible response of plank-
ton is to sink deeper into the water, but this reduces the amount of visible light they need for photo-
synthesis, thereby reducing their growth and reproduction rate. In other words, the amount of food
and oxygen produced by plankton could be reduced by excessive UV exposure, without killing indi-
vidual organisms. UV levels are over 1,000 times higher at the equator than at the polar regions, so
it is presumed that marine life at the equator is much better adapted to the higher UV doses than
organisms in the polar regions. The current concern of marine biologists is the more sensitive
Antarctic phytoplankton, which normally receive very low amounts of UV. These microscopic plants
are at the base of the local marine food chain. The only large-scale survey of Antarctic phytoplankton
carried out so far, found a 6-12% drop in phytoplankton productivity. This was detected in the period
of maximum effect of the ozone hole (about 10-12 weeks), with an overall 2-4% loss. This is a signif-
icant, but not dramatic decrease. Furthermore, some species may be more sensitive and present lev-
els of UV radiation may be close to the noxious level. Thus, even in case of a limited augmentation
in UV radiation, a decrease in the variety and abundance of phytoplankton species could occur, caus-
ing alterations to the whole marine community.

Higher level plants are also sensitive sensible to UV-B. As a general rule excessive irradiation caus-
es a reduction of the plant’s leaf surface area, thus reducing the plant’s capacity to “capture” light and
perform photosynthesis. Usually, during irradiation experiments, a general decay and smaller dimen-
sions in the leaf's surface can be detected. Many ecosystems have yet to be studied. Investigators
have focused on temperate forests, grasslands, tundra, alpine regions and agricultural areas. Results
are generally not encouraging and one report estimates that a decrease of 25% of the ozone con-
centration may cause a corresponding loss in some soy crops. High variability is found, with ‘wild
types’ of soy crop being usually more resistant than respective agricultural species. In another study,
over 200 agricultural plants were tested and more than half showed sensitivity to UV-B light. Others
showed negligible effects or even a small increase in vigour. Also within a single species significant
variability was found: e.g. one variety of soybean showed a 16% decrease in growth, while another
variety showed no effect. According to these results, an increase in UV-B radiation could cause a shift
in population, rather than a large die-off of plants.

An increase in UV-B will cause increased amounts of ozone to be produced at lower levels in the
atmosphere. We need to keep in mind that tropospheric ozone is a noxious pollutant and a main com-
ponent of the photochemical smog (§ 3.6.2). While some scientists have hailed the protection from
UV offered by this ‘pollution-shield’, some plants are very sensitive to damage by the photochemical
smog.

4.4. Connections between ozone depletion and greenhouse effect

Reading this chapter you hopefully realized that links and interconnections between the depletion of
the ozone layer and the greenhouse effect have often been indicated. These are good examples of
what global climate change means. This is a phenomenon which occurs across the world due to many
factors, which are frequently interconnected and need to be all considered, thus increasing the com-
plexity of the phenomenon (§ 3.2). For brevity and simplicity, apart from brief references, we preferred
not to deal with other aspects, which may also be connected to climate change, such as acid rain and
photochemical smog formation. In this final section about 0zone, we would like to outline the most sig-
nificant differences and similarities between ozone depletion and the greenhouse effect. This is clear-
ly an extreme simplification and needs to be considered as such, however, it is still a valid tool to help
focus on some fundamental aspects (Tab. 4.1).
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Tab. 4.1. Relationship between the greenhouse effect and the depletion of the ozone layer.

Effetto serra

Distruzione ozonosfera

Atmospheric layer involved

Mainly troposphere.

Stratosphere.

Involved gases

Greenhouse gases (CO,, H,O, CH,, N,O,
CFC, HCFC); in minor misura O,
a livello troposferico.

O, stratospheric, Oz, NO, and HNO,
CFCs (freons), HCFCs, bromo-fluoro-
carbons (halons).

Radiation involved

IR, absorbed by the atmosphere
and partially re-emitted towards
the Earth.

UV which degrades halogenated
atmospheric gases, finally resulting in
a release of CI* and Br® which initiate
O4-depletion chain reactions.

Nature of the problem

The increase of the atmospheric
concentration of the greenhouse
gases is very probably contributing
to the global warming of our planet
some manner.

The diminished ozone concentration
is causing an increase in UV radiation
reaching the terrestrial surface. Due to
a lower Oj concentration, UV-C may
reach the terrestrial surface.

Main causes

Excessive emission of CO, due to the
use of fossil fuels and deforestation;
increased CH, emission from.

agricultural and zoo technical practices.

Emission of chlorofluorocarbons and
bromofluorocarbons from spray cans,
and refrigerating systems, foaming
agents, and solvents: they finally relea
se CI" and Br*® which deplete O,.

Possible consequences

Global warming with climate changes
and alteration of crop productions.
Partial melting of polar caps and
consequent increased average level
of seas and oceans.

Increased number of cases of skin
cancer, damage to phytoplankton
and subsequent dystrophy in seas
and oceans.

Possible solutions

Reduce use of fossil fuels; limit or
terminate the deforestation.

Substitute CFCs and other ozone-
depleting molecules with eco-compa-
tible compounds.

5. Future perspectives

First of all we must emphasize once again that the greenhouse effect is born along with the
appearance of atmospheric gases, since some of them are able to absorb and emit infrared
radiation (i.e. CO,, CH,, and H,0O). This phenomenon is not a negative event, and on the con-
trary it is necessary to maintain proper life conditions (temperature) on Earth. According to the
American Chemical Society, the main concern of scientists is that the evidence is accumulat-
ing regarding a significant increase of the average temperature of the planet, which may be par-
tially due to the continuously growing anthropogenic emissions of greenhouse gases (GHGs).

5.1. Facts on the greenhouse effect

Definitive evidence that the global warming is (partly) due to the excessive emission of GHGs
is not yet available, even if today the majority of scientists believe that this is true.

We know for sure that a higher concentration of carbon dioxide in the atmosphere contributes
to raising the average temperature at the earth’s surface. The evidence comes from the com-
parison of the actual temperatures of Earth and Venus and the mechanism of absorption and
release of infrared radiation by GHGs.

Analytical data shows that that the atmospheric CO, concentration has been increasing since
1860. Correspondingly, there are reliable indications that human activities, like the use of fossil
fuels and the deforestation, may have contributed to the increase in the concentration of CO.,.

We have consistent experimental data showing that, similar to the CO, concentration, the aver-
age temperature of the planet has been rising since 1860. This is supported by the analysis of
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deep ice cores, computer model-
ling, the growth rings of the trees
and the growth rate of corals. All
this evidence leads to a common
indication that a 0.5+0.2 °C
increase of the average tempera-
ture at the earth’s surface has
occurred during the last century,
which possibly ranks as the
warmest one since 1400.

It is most probable that carbon
dioxide, along with other GHGs of
anthropogenic origin contributed
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Figure 5.1. European average emissions of carbon dioxide and other greenhouse
gases in 2003 and target values of the Kyoto protocol for Europe. The values of 1990
are indicated as index value 100, Europe is requested an overall 8% reduction within

to the au gm ented mean t empera- 2008-2012 (index value 92). European Environmental Agency (EEA; 2003).

ture of the last century. Scientific evidence now supports this hypothesis, even if this evidence
does not yet constitute definitive proof.

The facts and evidence described do not necessarily suggest that the average temperature of
our planet will keep on increasing in the future due to excessive anthropogenic emissions of
GHGs. The uncertainty is also due to the complexity of all the related phenomena and their
interconnections and that computer modelling is not yet 100% reliable on a global scale.

5.2. The Kyoto Protocol

Notwithstanding the uncertainty of future scenarios about global warming, the scientific clues
led to the ratification of the so-called “Kyoto Protocol” by most of the nations worldwide. In
December 1997, more than 160 countries collaborated to bring about a global program for the
gradual reduction of greenhouse gas emissions by industrialized and developing countries to
be implemented in the quadrennial period, 2008-2012. During the Marrakech Conference
(November 2001), the first 40 countries signed the protocol and a further 120 nations signed
the agreement by November 2003. The protocol is now finalised as, with the ratification of
Russia in October 2004, all the conditions requested for its actual application are satisfied: rat-
ification by at least 55 countries producing at least 55% of the greenhouse emissions. Among
the bigger industrialized countries, the USA and Australia did not ratify the protocol.

A recent comprehensive report about the status of the greenhouse emissions in Europe in relation
to the protocol was issued in December 2003 by the European Environmental Agency (EEA).

According to the EEA, European countries are generally late in getting the objectives fixed at
Kyoto for Europe: 8% reduction of emission of GHGs with respect to values of 1990 within
2012. Ten European countries will probably not reach the national goals without additional
reduction policies. Unfortunately, it seems unlikely that both the local and the EU communitar-
ian policies will not make it possible to reach the reduction rate within the deadline date (Fig.
5.1). With the presently adopted measures, an overall reduction as low as 0.5% in GHGs is pre-
dicted by 2010. This is why several directives of the European Commission provided for addi-
tional issues concerning the reduction of emissions, which could collectively lead to a final
reduction of 5.1%. Such measures include: a commercial agreement about GHGs, incentives
for use of renewable resources for energy production and for combined energy/heat produc-
tion, decrease of energy consumption in large residential buildings and factories and the use of
low energy-consumption domestic appliances. Further measures include adoption of biofuels
for public transportation (e.g. natural gases), reduction of carbon dioxide emissions from motor
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vehicles, reduction of landfilling for biodegradable wastes, recovery and use of natural gases
(e.g. methane) produced by landfills and the general diminution of use/production of halo-
genated gases (CFCs, HCFCs, etc). The will of the governments of the European Union is that
of exploiting the flexibility of the Kyoto protocol to its maximum extent and, in some cases, to
introduce methods for active removal of atmospheric carbon.

5.2.1 The European goals of the Kyoto Protocol

The final aim of the Kyoto
Protocol is a significant contribu- < AR
tion to reach a sustainable emis- cadsa I ol gt o e
sion of GHGs worldwide. This
means protection of the environ-
ment and preservation of climate,
in a compatible way with the
socio-economic  development.
Such a goal is very demanding
and could only be reached with
an overall 50-70% reduction in
levels of GHGs. "

The Kyoto Protocol is just a first = . - r
step forward, providing for the et A =
partial and gradual reduction of g

the emissions of six GHGs: CO,,

CH,, HCFCs, PFCs, N,O and
SFg. All member states of the
European Union ratified the Kyoto

Figure 5.3. . Predictions of average reduction of carbon emission for European coun-
tries within 2010 (as millions of carbon dioxide metric tons). European Environmental
Agency (EEA; 2003).

Protocol which, as already stated,

sets a target for an overall 8% reduction in GHGs by 2012. Subsequently, the member states
agreed on national “burden-sharing” values, with varying percentages according to the socio-
economic status and real chances of reduction in all EU countries. An 8% reduction was also
asked of the new member states, except for Poland and Hungary (6%). In these countries emis-
sions have decreased since 2001. With the sole exception of Slovenia, it seems likely that they
can reach their goal within the deadline. For the 15 long-time EU member states, emissions in
2001 were just reduced by 2.3% with respect to the values of 1990. According to predictions,
only five of these nations will be able to reach their own goal, thanks to their national policies
(France, Germany, Luxembourg, Sweden, and United Kingdom) and others seem destined to
fail without additional policies, with worst results predicted for Ireland, Portugal, and Spain.
According to EEA, in 2001, the percent contribution to the emission of GHGs from the different
economic sectors was:

© 28% from energy production (including power plants and oil refineries, which mainly emit CO,);
e 21% from motor vehicles and land transportation (mainly production of CO, and NO,; SOy);
¢ 20% for manufacturing (CO,, NO, and fluorinated gases);

o 10% agriculture (CH, from cattle, NO, from fertilizers);

e the remaining comes from residential uses (utilization of fossil fuels for heating).

From 1990 to 2001, emissions diminished with the sole exception of the transportation sector
where they increased by 20% (mostly due to transportation by road). Furthermore the contri-
bution from transportation via air and sea is not included in the Kyoto protocol and it accounts
for 6% of the European GHG emissions, with an increase of 44% since 1990.
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In the period 1990-2001, emissions in the energy production sector decreased by 2%,
nonetheless production increased by 23% with a favourable ratio between production and
emission.

CO, emissions by manufacturing industries due to the use of fossil fuels decreased by 9%,
thanks to high energy yielding systems. Nitrogen monoxide (NO) emission from adipic acid fac-
tories was cut down by 54%. Production of HCFCs increased by 400% from 1995 to 2001.

NO production by agriculture was reduced, thanks to the limitation in use of nitrogen-based
fertilizers enforced by EU policies. Methane formation by ruminants decreased as a conse-
guence of the reduction of the number of animals and thanks to proper European agricultural
policies. Emissions due to domestic activities (mostly CO,) were constant up to 2001, and since
then they suddenly increased by 7% due to the extraordinary cold winters of the last years,
which induced a major fuel consumption by heating plants. Fortunately, the increased rate
slowed down thanks to the adoption of natural gases and biomass as fuels and to a wider use
of insulating material for house construction.

Concerning waste management, methane production from landfills diminished by 24% thanks
to the publication of a specific European directive and national laws which enforce limitations
for the discharge of non-treated biodegradable wastes and the introduction of systems for bio-
gas collection and reuse.

5.3 Perspectives

In the last section we reported that some EU directives were issued as additional measures for
reduction of GHG emissions in different economic sectors: energy production, transportation,
manufacturing and waste management. Predictive models show that such remedies should be
effective in all sectors (Fig. 5.2).

The sector for the production and use of energy (except transportation) should realise a 6%
net decrement in emissions (vs. values of 1990) by the year 2010, with the implementation of
national additional measures. However, it is likely that the preset levels for the use of renew-
able resources for the combined production of energy and heat will not be reached.

GHG emissions due to transportation will increase by 34% (vs. values of 1990) by 2010. This
will be mostly because of the continuous increase in passenger and freight transportation by
road (unfavourable ratio between ‘carried items’ and number of vehicles), despite the incentives
for transportation by rail or river/sea (favourable ratio between ‘carried items’ and number of
vehicles). Wider use of catalytic mufflers in gasoline-fuelled cars will limit emissions of CO, SO,
and NO,, but will release a little bit more nitrogen monoxide (NO) in the air. Emissions of car-
bon dioxide from cars diminished by about 10% in the period between 1995 and 2001. This
means that the limit of 140 g of CO, emitted per km within the 2008-2009 period, reported in
the agreements with car producers, is technically feasible.

A decrease is predicted for GHG emissions from agriculture, thanks to the continuous reduc-
tion in animal numbers and to the cutback of nitrogen-based fertilizers.

In the manufacturing industries, emissions of NO should continue to decrease until 2010.
However, the positive influence on the greenhouse effect should be negatively counter-bal-
anced by an increased release of hydrofluorocarbons (HCFCs) used for complete substitution
of chlorofluorocarbons (CFCs, freons) and bromofluorocarbons (halons).

The waste management sector should achieve minimum emissions of GHGs (vs. 1990 fig-
ures) by 2010, thanks to the further application of the EU directive enforcing the recovery of bio-
gases from landfills.

All these limitations represent ‘passive tools’, in the sense that they aim to reduce existing
emissions, so that the overall atmospheric concentration of GHGs may decrease because of
mixing and dilution. Besides such passive tools, eight historical EU member states (Austria,
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Belgium, Finland, The Netherlands, Portugal, Spain, Sweden, and United Kingdom) intend to
use ‘active tools’ (CO, sinks) for removal of atmospheric CO,. Within the period 2008-2012,
they will possibly remove 10 million tons of CO, through reforestation activities and an addi-
tional 3 million tons with targeted agricultural practices. The total of this active removal should
reach 4% of the total reduction requested by the Kyoto Protocol for Europe.

Other systems for active reduction of atmospheric CO, were proposed:

1) pumping CO, into the oceanic bottoms;

2) amending oceans with iron salts to promote growth of phytoplankton, thus increasing CO,
removal by photosynthesis.

The first system may theoretically damage the coral reefs, so it was rejected. The second one
was tested on a small scale, but induced growth of phytoplankton induced the multiplication of
its predators too, re-equilibrating the populations and leading to a negligible net effect for
removal of CO,.

5.3.1 The role of Green Chemistry in climate change

Back in 1912, Giacomo Luigi Ciamician (Trieste, 1857 — Bologna, 1922), father of modern pho-
tochemistry, senator of the Realm of Italy for scientific merits, wrote in the worldwide renowned
journal Science 21,

«... On arid lands there will spring up industrial colonies without smoke and without smoke-
stacks; forests of glass tubes will extend over the plains and glass buildings will rise every-
where; inside of these will take place the photochemical processes that hitherto have been the
guarded secret of the plants, but that will have been mastered by human industry which will
know how to make them bear even more abundant fruit than nature, for nature is not in a hurry
but mankind is ...»

Ciamician can be considered as one of the pioneers of modern Green/Sustainable Chemistry
(GC). He realized, well ahead of his time, that besides providing progress and welfare anthro-
pogenic activities showed a significant environmental impact. In the same article in Science, he
wrote:

«... If our black and nervous civilization, based on coal, shall be followed by a quieter civiliza-
tion based on the utilization of solar energy, that will not be harmful to the progress and to
human happiness...»

Today, more than 80 years have passed since Ciamician’s death and our civilization is not
based on solar energy, but on the contrary, we still depend on fossil fuels. Since the early
1990’s a new concept of chemistry, Green or Sustainable Chemistry has started gaining
ground. Green or Sustainable Chemistry has provided a new approach to a discipline histori-
cally (and correctly) connected with pollution. Green Chemistry (GC) is turning chemistry into a
fundamental tool for environmental protection22, completely changing the previous perspec-
tive. Green Chemistry has become one of the main fields of research in chemistry and is also
widely used for industrial production and decontamination.

According to the Working Party on Synthetic Pathways and Processes in Green Chemistry
(2000) of the International Union of Pure and Applied Chemistry (IUPAC; http://www.iupac.org),
Green/Sustainable chemistry is defined as “The invention, design, and application of chemical
products and processes to reduce or to eliminate the use and generation of hazardous sub-
stances.” Another valid definition was given by the European Union’s COST Action D29 (2003;
http://costchemistry.epfl.ch/docs/D29/d29.htm): “Design of products for sustainable applica-
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tions, and their production by molecular transformations that are energy efficient, minimise or
preferably eliminate the formation of waste and the use of toxic and/or hazardous solvents and
reagents and utilize renewable raw materials where possible.”

It becomes clear that the role of the Green/Sustainable Chemistry (GC) in minimizing the
impact of human activities on climate change is fundamental, given that global warming is one
of the main possible final results of anthropogenic pollution. This role is evident in view of the
focus of research and development of this discipline, which include:

+ Pursuing product and process design that takes into consideration the impacts on human
health and the environment, by reducing the use and generation of hazardous materials.

+ Developing processes that contribute to the minimisation of the release of pollutants and the
formation of by-products, residues, and wastes.

+ Pursuing process designs that are practical and widely applicable in a variety of manufac-
turing processes.

+ Developing technological or operational systems that reduce energy and resource con-
sumption and promote the cyclic utilisation of materials and chemicals.

+ Developing innovative technologies that reduce the dependency on non-renewable feed-
stocks by promoting utilisation of renewable feed-stocks.

+ Developing innovative products that enable materials to be recycled into chemical
resources, thus preserving environmental resources.

+ Developing concepts and procedures for anticipating the consequences of chemical prod-
ucts and processes on human health and the environment.

This monograph about the climate change attempts to provide the reader with an understand-
ing of how research in GC may help to control the greenhouse effect and to preserve the
ozonosphere. Some of the fundamental issues addressed through Green/Sustainable
Chemistry include the substitution of halogenated solvents and compounds, the reduction in
energy consumption and the study of alternative fuels, the use of renewable raw materials and
the design of industrial processes with minimal environmental impact.

Scientific knowledge and technical know-how for environmental protection are now available.
National and international policies should provide proper use of the results of research in GC
and should effectively support this discipline and the other ones related to environmental pro-
tection in order to have further valuable results.

21. G. Ciamician, Science 36: p. 385 (1912).
22. For further information please visit the webpage http://www.incaweb.org at the INCA Consortium’s website.
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