Visibility, Climate, and the Ozone Layer

By the end of this chapter the reader will be able to:

« discuss the roles of visibility, climate, and stratospheric ozone on human health and welfare

o explain why even pristine air does not permit unlimited visibility

» describe the roles that anthropogenic air pollutants might have on modifying visibility and
climate

» differentiate “good ozone” from “bad ozone”
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Figure 5-2 Examples of fates of solar energy that contribute
to the Earth’s heat balance. Short-wave solar
energy can: (A) be absorbed in the atmosphere or
surface regions; (B) be scattered back into deep
space; or (C) be re-radiated as long-wave (heat)
energy from the Earth. Not shown is the role of
heat from the Earth’s core and mantle, which
serves to heat the surface from below.

Source: The University of California Air
Pollution Health Effects Laboratory, with kind
permission.

large amounts of energy. This released energy (E) is at
the expense of a loss of solar mass (M), which can be
calculated using Einstein’s famous equation E = Mc¢?,
¢ being the speed of light in empty space.

The amount of energy from the sun that reaches the
orbit of the Earth per square meter per unit time is

termed the solar constant. The solar constant varies as a
result of still poorly-understood “weather” phenomena
on the sun, including sunspots, prominences, and solar
flares. The average solar constant, measured at the
top of the Earth’s atmosphere, is about 1.9 calories
per cm? per second (1.37 kilowatts per m?). This value
is not really constant, as small variations are observed.
The solar energy that reaches the Earth’s surface is
less than 50 percent of that reaching the top of the
atmosphere. This energy reaching the Earth’s surface,
which is seasonal, is much more variable than is the solar
constant.

The albedo, which can be modified by air pollutants,
in conjunction with the variable solar constant, which is
independent of air pollutants, together have effects on
the Earth’s temperature and climate. The term pollutant
radiative forcing describes a change in the heat balance
of the Earth that is produced by the addition of tropo-
spheric air pollutants. A negative forcing generates a
cooling effect, and a positive value produces heating.
Generally speaking, particles produce negative forcing
and greenhouse gases produce positive forcing, but
secondary phenomena (e.g., particle characteristics and
changes in the biosphere) can lead to exceptions to these
general effects.

Why Models Are Important

Changes in visibility and climate can be both directly
measured and mathematically modeled. Direct measure-
ments provide important current data, but good models
are required for predicting future changes. Visibility
models are more advanced than climate models, so
there is currently more controversy with respect to the
effects of air pollutants on climate predictions than for
the effects on visibility predictions. As the current cli-
mate models evolve, predictions are expected to become
more accurate (see Section II).

II. VISIBILITY AND AIR POLLUTION
Vision

Human vision (as shown in simplified form in
Figure 5-3) is far more complex and interesting than
either a “digital” or a “conventional film” camera. Both
an eye and a camera rely on a lens to focus an image on a
surface that transforms light into another form of energy.
During this energy transformation process the informa-
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Figure 5-3 Simplified diagram of how light, smog, and the eye interact to determine the visibility of a distant surface feature.
Absorption of light by particles and gases (indicated by an asterisk) decrease the illumination, and extraneous light
scattered into the eye generates haze. Note that the image on the retina is modified by retinal processing and by

several regions of the brain.

Source: The University of California Air Pollution Health.Effects Laboratory, with kind permission.

tion content of the original image can be altered. The
digital camera converts light directly (via the photo-
electric effect) into an electrical signal, which then
produces a digital image. In contrast, the retina of the eye
generates a chemical image, and then modifies the image
depending on the image intensity, constancy, movement,
contrast, and other factors (e.g., what the brain has
directed the eye to look for), before a final image is sent
as electrical signals by the optic nerve to the brain.
Further processing takes place in multiple regions of
the brain before the image is consciously perceived.
In short, human vision is highly interactive and subject
to intention, training, and experience. Unlike cameras,
humans can “choose” to see the flowers or the weeds,
the trees or the haze, and even to totally i gnore parts of
the visual field. Human vision cannot be replicated by
cameras or by other scientific instruments. This compli-
cates the concept of just what visibility means, and how
it can be measured in the presence of air pollutants.

Visibility

Visibility is conveniently defined in terms of the abil-
ity of the human visual system to discern objects in a
background. An object’s shape, color, contrast, and its
illumination intensity affect its visibility. Contrast, which

can be defined as a difference in light intensity between an
object and its background, must be about 2 to 3 percent
in order to be perceived by the human visual system.
Daytime visibility is also defined as the distance at which
a prominent dark object on the horizon can be seen.
Nighttime visibility is based on measuring the loss of
intensity of a distant unfocussed light source, such as a
beacon or a star. There are other definitions of visibility,
such as those used in aviation, but simply the ability to
see distant surface objects during daytime is the most
applicable to air pollution considerations. Clean technol-
ogies and air quality regulations have steadily improved
visibility. In our time, the anthropogenic pollutant effects
on visibility are modest, so visibility distances are mea-
sured in terms of tens or more kilometers, rather than
meters. As a result, modern anthropogenic pollutants in
developed nations may need improvement, but they do
notusually produce a significant visibility-linked hazard.
There are some exceptions, such as the effects of glare
on aircraft pilots and vehicle drivers. However, modern
efforts to improve visibility are based on psychological
and economic considerations, rather than on improve-
ments in safety.

Visibility potentially influences the enjoyment of
daily activities, some psychological states (including the
sense of well-being), and behavior. Dr. Nicole Hyslop
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(208 Beefly reviewed the importance of good tropo-
spiheme wasibility and expansive natural vistas on pheno-
meme sach as stress-reduction, the aesthetic experience,
amd peopenty values. Good visibility is known to improve
the walee of real estate. The effects of good visibility on
st 2me behavior are neither well established, nor
well saderstood. More research in this area is clearly
mesded Although Dr. Gary Evans, et al. (1988) found
chamees in psychological parameters that were associated
with phwsochemical smog in Los Angeles, they used only
the omome concentration, which is only associated with
poor wasbility, as their air pollution measure. Therefore,
the actual contribution of visibility to the results of their
smady. although likely, is unknown. They found no sig-
nifacamt influences on depression or hostility, but there
was 2 sismificant association between smog levels and
amwiety. The association remained after they controlled
for the effects of socioeconomic status, age, and ambient
temperature. Although the psychological effects of poor
vissality have not been extensively studied, what is
known supports the widespread belief that good visibility
is imd==d valuable. Thus, it is important to quantify the
effiects of anthropogenic air pollution on visibility and to
=stamate the costs associated with improving visibility
so that cost—benefit analyses can be performed when
impeovements are desired. Clearly, the costs of air pollut-
ant abatements to improve visibility are easier to evaluate
than are the emotional benefits of improved visibility.

Light Scattering by Air Molecules
{and Very Small Particles)

When light of a given frequency is scattered, as by air
molecules or by particles, the scattered light may have
the same, or a different, frequency. If the frequency is
unchanged, Rayleigh (i.e., elastic) scattering has occurred.
Rayleigh scattering is more effective at short wave-
lengths (e.g., as for blue light), which contributes to the
blue color of the sky. If the incident light is absorbed
and reemitted at a different wavelength then Raman
scattering, a form of inelastic scattering has occurred,
and the scattering molecule either gains (i.e., is excited)
or loses energy in the process. Raman scattering can
emit light photons, along with energy changes in the
vibration, rotational, and electronic states of the scattering
molecules. As a result, Raman scattering of laser beams
(both land-based and satellite-based) can be used to
remotely monitor air pollutants. Remote sensing is useful
for sampling gases in hostile or inaccessible envi-
ronments such as smokestacks, flames, and planetary

atmospheres. Remote sensing is one of the environment-
related functions of the U.S. National Aeronautics and
Space Administration (NASA).

Light Scattering by Particles

The scattering of light by particles is strongly depen-
dent on the particle size, as well as its index of refrac-
tion. If the particle’s diameter (or another characteristic
dimension) is less than 1/10 of the wavelength of the
incident light, then the scattering is weak and predomi-
nantly of the Rayleigh type, as was previously described.
For particles with diameters that are on the order of
the size of the wavelength of light (i.e., particles with
diameters between 0.1 and a few um), Mie theory (from
the German physicist, Gustav Adolf Feodor Wilhelm
Ludwig Mie, 1869-1957) is used to predict the scattering
intensity and directional patterns (Figure 5-1). The the-
ory is complex, so scattering calculations are performed
on modern computers. Mie scattering by larger parti-
cles is more intense in the forward direction (the same
direction as the incident light is traveling) than is seen
for smaller particles. Because Mie scattering patterns
for visible light are not strongly dependent on the wave-
length, the scattered light is similar to the incident light
in color, Hence, fog appears to be white when illuminated
by an automobile headlight.

Mie scattering is extensively exploited in particle
sizing instruments because the directional pattern of
scattered light is strongly influenced by the particle’s
diameter.

A rainbow is produced by the refraction and reflec-
tion of incident light (e.g., sunlight) by water droplets.
Refraction is the bending of a light beam by an interface
(e.g., between air and a water droplet) at which the index
of refraction, and hence the speed of light change. The
angle of refractive bending is dependent on the color
(i.e., wavelength) of light as is seen when using a glass
prism. Therefore, as white light enters a water droplet,
it is refracted at the surface, separated into component
colors, and then reflected back toward the source by the
back of the droplet (which acts as a mirror). The net effect
is a circular rainbow if viewed from a large height above
the droplets. The rainbow will appear as an arc by a
viewer on the surface, because the bottom half of the
rainbow is intercepted by the ground.

Light Absorption by Particles

Although all particles scatter light, both elemental
carbon and some soil particles also significantly absorb




light. Such absorption adds energy to the particle in the
form of heat and/or molecular excitation. Light absorp-
tion is represented by the “imaginary” part, iy, of the
index of refraction, M, of a substance. The “real” part, x,
represents light scattering, which can be directly observed:
M= x+ly. (Eq. 5-1)

The light absorption loss is not readily observed by
outdoor instruments. For visibility and climate model-

ing, both light scattering and light absorption must be
considered.

Air Pollutants that Impair Visibility

The absorption and scattering of light by air pollutants
produces both light extinction and haze effects and,
thus, degrade visibility (Figure 5-3). Light extinction is
the loss of intensity of a light beam that is caused by the
combined effects of absorption and scattering by gases
and particles. Haze is extraneous light scattered into the
eye by gases and particles in the air.

Particulate pollutants are almost always more effective
than gaseous pollutants with respect to both light absorp-
tion and scattering. Although all gas molecules will
scatter light elastically (without an energy change, as in
Rayleigh scattering), only colored gases absorb light
(which involves an energy exchange in the absorber).
Since molecular scattering by gases has a relatively
small effect on light extinction, the only anthropogenic
pollutant gas that significantly affects visibility is the
brownish nitrogen dioxide (NO,). In contrast, all of
the particulate air pollutants that are in the fine and coarse
size ranges (excluding ultrafine particles) will produce
measurable light extinction when they are present in
significant concentrations. Environmental monitoring
and laboratory research have identified the following
gas and particulate classes as important with respect to
visibility degradation:

e gaseous nitrogen dioxide;

e particulate sulfates;

* particulate nitrates;

° organic particles;

¢ elemental carbon particles;

* fine soil particles;

* coarse particle mass (both natural and anthropo-
genic); and

* sea salt particles.
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Light scattering can change for water-soluble par-
ticles, because they will grow in high relative humid-
ity conditions. The effect of relative humidity on particle
sizes, and thus their light extinction properties, is depen-
dent on the particle composition, the current relative
humidity, and even the relative-humidity history. There-
fore, two additional factors must be taken into account
for the visibility effects of particles: the original size
range and the relationship between particle size and rela-
tive humidity. With respect to the original size range, the
two categories “small” and “large” are used for assessing
visibility, mainly because routine monitoring data are
available on those ranges. Each class of particles, i, that
grow in high humidity conditions has a characteristic
mathematical water growth function, f,(RH). This func-
tion must be considered for each class of particles that
are hygroscopic (i.e., they absorb water). The light
extinction model used in the U.S. EPA’s Infegrated
Science Assessment for Particulate Matter (U.S. EPA,
2009) employs three water growth functions:

* f.(RH), for small sulfate and nitrate particles;
* f,(RH), for large sulfate and nitrate particles; and
e f.(RH), for sea salt.

Modeling Light Extinction

In order to model the effects of air pollution on visibil-
ity, the effects of individual pollutants must be identified.
Quantifying the effects of specific air pollutants on visi-
bility is not a trivial task. The first problem is to define the
visibility parameter of interest. For regulatory consider-
ations that parameter is light extinction, which is the loss
of intensity of a light beam that is caused by the combined
effects of absorption and scattering by gases and particles.
The light extinction coefficient, b,,,, is used to represent
the loss of light intensity per unit of path length:

B =00t by,

scat

(Eq. 5-2)

where b, is the scattering coefficient and b, is the
absorption coefficient. When a light beam of intensity
I, passes through the air, its intensity is decreased to 1.
The loss of intensity of light when passing through a
path length, /, is

I/, = exp(-b,, x ). (Eq. 5-3)

This loss of light intensity is what is used to model vis-
ibility reduction. Each air pollutant has its own extinction
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on visibility in large urban centers and major agricultural
areas. Long-range transport of ammonia can also impact
downwind areas. It is probable that some of the visibility
impact of nitrate particles in the Eastern U.S. is due to
precursor ammonia transported from the upper Midwest
agricultural region. Such long-range transport can com-
plicate the design of local effective abatement strategies
to improve visibility.

Crustal material (fine soil) and coarse particulate
mass are significant contributors to visibility degradation
in dry regions. Such regions include the Southwestern
desert areas and the Central Great Plains. The absorp-
tion coefficient strengths for fine soil and coarse mass
(Equation 5-5) are small compared to those for sulfate,
nitrate, organic mass, and elemental carbon. Thus, these
latter pollutants can dominate over fine soil and coarse
mass in dry regions that have significant combustion
pollutant sources.

Haze Events

Haze events produced by “dust” can be characterized
by the source of soil and other resuspended particles,
including:

+ local windblown dust;

e transported regional dust;

» Jong-range transported dust (e.g., Asian dust clouds
that travel thousands of kilometers); and

« miscellaneous undetermined sOUIces (e.g., unpaved
roads, construction, mining, ete.).

Using these four source categories, an analysis of 610
“worst dust haze” periods in the Western U.S. was
conducted. Regionally-transported dust produced
39 percent of the haze episodes, mainly in Arizona,
New Mexico, Colorado, Western Texas, and Southern
California. Thirty-three percent of the haze periods were
attributed to local windblown dust. Asian dust influ-
enced 9 percent of the periods, almost all in the spring
and mainly in the Northwest (where local ground cover
is substantial). The undetermined category was respon-
sible for 19 percent of the haze episodes. Clearly, the
control of local haze can be difficult in view of long-
range transport contributions. Also, dust control can be
costly considering thatitis generated by winds, and has
a significant natural component.

Visibility Temporal Trends

Because the effects of weather on visibility are highly
variable, it is necessary to have long-term (e.g., five

years or more) data in order to see the effects of anthro-
pogenic emissions. The U.S. EPA (2009) reported trend
data between 1995 and 2004 in 47 sites, including U.S.
cities, national parks, and other non-urban locations. The
haze days were classified as the 20 percent “worst,” and
the 20 percent “best” days; the remaining 60 percent
“average” days were not reported. The “worst” haze days
improved at 28 percent of the sites, showed no trend at
64 percent of the sites, and deteriorated at 9 percent of the
sites (the total, 101 percent, is due to round-off errors).
The “best” haze days had 68 percent of the sites show-
ing an improvement, 21 percent showing no trend, and
2 percent (only the Great Sand Dunes in Colorado)
showing a deterioration. These favorable trends were
generally consistent with trends in emissions, which
have steadily decreased.

IIL. CLIMATE AND AIR POLLUTION
Introduction

In order to begin to understand climate, the energy
(i.e., heat) balance of the Barth must be appreciated.
Figure 5-2 depicts the fates of the incoming solar radi-
ation (also called short-wave radiation) and the Earth’s
heat radiation (also called long-wave).

The climate is influenced by both small and large
scale phenomena including solar events, the Earth’s
orbit, land and ocean masses, and the entire Earth’s
atmosphere. Diverse interactions, between ocean and air,
biota and temperature, and clouds and thermal radiations,
plus possible chaotic behaviors (i.e., large changes are
produced by tiny perturbations in initial conditions)
also influence climate. Weather, which is only one of the
relevant phenomena, is highly —chaotic, and thus difficult
to accurately predict more than a few days into the
future. Thus, climate is more difficult to understand
than is visibility.

Unlike visibility, where an increase in air pollutant
concentrations will produce straightforward degrada-
tions, the effects of air pollutants on climate can pro-
duce both cooling, and/or warming effects. Also, the
magnitudes of the effects of pollutants on climate are
not as easy to measure or even estimate as those for
visibility. As a result, climate-change predictions tend
to be controversial.

Another problem in assessing the effects of anthro-
pogenic air pollutants on climate is caused by the very




large effects of natural forces. The natural forces that
affect the Earth’s climate include the following:

* the solar constant—energy flux from the sun
measured at the Earth (e.g., at the top of the atmo-
sphere, or on the surface of the Earth).

* the Earth’s orbit—The eccentricity (shape of the
orbital ellipse), obliguity (axis tilt with respect to the
sun), and precession (wobbling of the Earth’s axis)
all change periodically.

* volcanic eruptions—enmit particles and gases.

* ocean temperature profile—which varies in associa-
tion with various natural parameters (e.g., volcanic
activity and weather phenomena).

 sea ice—related to salinity and temperature of the
ocean.

* continental drifi—which slowly changes the Earth’s
albedo.

* natural greenhouse gases—e.g., water vapor, meth-
ane, and carbon dioxide.

The anthropogenic factors that influence the Earth’s
climate include the following air pollutants:

e carbon dioxide—produced mainly by combustion.

* methane—produced by agricultural plant and animal
waste and other organic decay.

e nitrous oxide—from combustion.

e chlorofluorocarbons—associated with manufactured
chemicals.

* particulate material—from many sources.

Underlying these factors are:

* the population—more people means more pollution
will be generated. .

* the level of prosperity—more prosperous economies
can afford to incorporate cleaner, greener, more
efficient technologies.

* a commitment to environmental quality—which
includes commitments to perform research and use
cleaner technologies.

* the knowledge base—improvements in knowledge,
instrumentation, and modeling are required to
identify and control factors that adversely affect the
Earth’s climate. :

As can be deduced from the previous material,
effective climate actions may require considerable inter-
national cooperation. The emissions from food produc-
tion, power generation, manufacturing, and transportation
have their impacts on the greater climate regardless
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of where they are released. However, one of the still
unresolved questions is whether or not the anthropogenic
contributors to climate changes are significant in com-
parison with the natural forces. In order to resolve this
question valid climate models are required.

The Greenhouse Effect and Greenhouse Gases

The greenhouse effect, one of the known climate
forcing factors, is itself well-understood scientifically.
The term “greenhouse,” derived from horticulture, refers
to a building with a transparent roof and sometimes
one or more transparent sides. Solar energy in the visible
spectrum (short-wave radiation) passes freely into the
greenhouse, where it is largely converted to heat, thereby
warming the building’s interior. Heat loss from the build-
ing is due to two factors, convection (classical heat flow)
and radiation in the infrared region (long-wave radiation).
The building’s insulating roof and walls reduce the con-
vective heat loss, and they absorb infrared radiation.
Thus, heat input exceeds heat loss, and the greenhouse
becomes significantly warmer than the outside envi-
ronment. Greenhouses are used to germinate and grow
vegetables and ornamental plants during seasons when
the outside temperature is low. Given information on the
outdoor temperatures, winds, and sunshine, greenhouses
can usually be designed to produce a distinct indoor
climate. Greenhouses are important contributors to food
production, as well as simple models for understanding
the Earth’s climate.

The Earth and its atmosphere act like a greenhouse
in that certain greenhouse gases, such as water vapor,
carbon dioxide, and methane permit solar short-wave
radiation to warm the Earth’s surface, but absorb long-
wave radiation, which reduces radiant heat loss. Green-
house gases, and their warming effects, are essential to
life as we know it. The primary greenhouse gases are
produced by natural sources, but anthropogenic activities
are known to increase atmospheric levels of carbon
dioxide and methane. Human activities also produce
chlorofluorocarbons, nitrous oxide, ammonia, and other
infrared absorbing gases. The relative importance of
natural vs. anthropogenic sources of greenhouse gases
in climate forcing is not well understood. Significant
increases in carbon dioxide coincide with the history of
increased use of fossil fuels, which has raised concern
over an anthropogenic role in climate change.

Predicting the influence of greenhouse gas concen-
trations on the Earth’s climate falls into the realm of
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climate modeling. The models must take into account
not only greenhouse gas concentrations, but also their
lifetimes in the atmosphere, their sinks, and their short-
term and long-term influences on other climate forcing
factors. One poorly-understood factor is the effect of
greenhouse gases on the Earth’s vast biota, which utilizes
carbon dioxide and produces oxygen.

Climate Models

Mathematical models both give and take: They are
indispensable scientific tools, but they live in an
artificial reality (Exhibits 5-1, 5-2. and 5-3). Models
are not only useful for their predictive potential,
but they are also important for identifying the rele-
vant factors and data that are needed to understand a
system, problem, or question. Models also link the
presumed relevant factors in some logical manner in
order to represent interactions that influence a system’s
behavior. Such interactions include up-regulation,
positive feedback, inhibition, and negative feedback
among the model elements. When a system is as com-
plex as the Earth’s climate, model formulation is dif-
ficult because each component of the system can have
poorly-understood, even undiscovered, impacts on other

ER

components. Furthermore, the Earth’s climate is influ-
enced by small-scale events that occur in an uncountable
number of spatial domains in the Earth’s seas, land,
atmosphere, and biosphere, as well as events occurring
on the sun.

From a physics perspective, climate is a large-scale
phenomenon that emerges from the complex behaviors
of many smaller-scale sub systems. As a result, modern
climate models and their projections require enormous
computing power and large computer codes. The codes,
which currently include interactions of energy with air
and water, are under continual development. Although
incomplete, they have had some impressive early suc-
cesses in modeling the climatic effects of past cata-
strophic air pollution events. The volcanic eruption of
Mount Pinatubo in 1991 ejected more than 5 cubic km
(about 1 cubic mile) of material (solids and gases) as
high as 35 km (22 miles) into the atmosphere, and some
of the ejecta traveled several times around the Earth
reducing the amount of solar energy that reached the
surface. Over the year following the eruption, the global
temperature dropped 4°C in the Northern and Southern
hemispheres. The measured drop in temperature closely
matched the predictions of the climate code, “GISS
Model EGCM.”

Exhibit 5~1 Comments on models.

Mathematical models and “real-world™ physical systems exist i
of all things (e.g., objects, events, and phenomena), independent

languages, and beliefs.

Using the Earth’s climate as an example o
responding mathematical-model simulations.
structures) in the sun and the Earth theoretically co
(e.g., computer codes) are finite and limited in their complexity.
layers of the atmosphere and oceans, winds and ocean currents,
of electromagnetic radiation and heat; and (3) a model structure

sensitivity to small-scale perturbations, and stabili
complex systems, such as the climate, exhibit short-
the response to a given stimulus) and multiple feedback loops

changes in state or a return to the original state after a perturbat
are preferred in nature because unstable systems tend to v
they encounter a perturbation that is su
structure, especially at the small scale, n
and other mathematical models are create
of known mathematics), belief, and reason. Real-
modelers is incredibly difficult.

or many of the characteri

n separate realms. The real world can be defined as the totality

models, which include simulations of the real world, are human ¢

f a real-world system, its characteristics can be
The climate is unlimited in complexity, as allo
ntribute to the state of the climate and its
These simulations include (1) large-scale components (e.g., known

structure in which the level of complexity exists at all scales of siz
ty in the sense th
and long-term hysteresis (& type of memory

anish in time. However, even stable systems can become unstable if
fficiently large. Model simulations cannot easily repr

d by humans and are therefore limited by
world systems have none of

of human perceptions, languages. and beliefs. Mathematical
onstructions. Such models are limited by human perceptions,

compared and contrasted to cor-
{ the atoms (and even sub-atomic
future. Mathematical simulations

continents, desserts, and mountain ranges); (2) the behavior
that describes selected interactions. The climate has a fractal
e. It exhibits chaotic behavior that is characterized by
at it secks quasi-stable states (called attractors). Also,
in which the history modifies
(both positive and negative), which can either lead to rapid
jon. Systems with negative feedback, and therefore stability,

esent the natural range of fractal
stics of chaotic and complex systems. In sum, computer codes
perception, language (especially the language
these limitations. The task faced by climate
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Exhibit 5-2 Additional comments on models.

The topics presented in this chapter, visibility, climate, and stratospheric ozone, are model intensive. That is, mathematical
models provide much of our understanding about these phenomena. Mathematical models use the precise language of mathematics
to describe real-world systems. The success of mathematical modeling is indisputable, as is evidenced by the astounding
accomplishments of physics, engineering, chemistry, physiology, and countless other science-based disciplines. One can argue that
all physical systems obey (or are constrained by) the rules of mathematics. Philosophers even debate whether humans discover or
create mathematics. Whatever the case, scientists place a considerable amount of confidence in the power of mathematical models
as a tool for understanding and predicting the behavior of natural phenomena, including those described in this chapter.

Another way of looking at mathematical models of natural phenomena is that they are often only “educated guesses” about
the real world. The degree to which a model describes the real world, including its future behavior, is the primary measure of
its success. History shows that the early models are seldom successful, so models generally evolve over time in order to reduce
their errors. Climate models are no exception. Simple global heat-balance models treat the Earth as a homogenous ball that
intercepts solar energy and radiates some heat back into space. Constants in the simple models include the solar constant, the
Earth’s albedo, the Earth’s radius, the Stefan—Boltzmann constant (the radiant energy per unit time of a blackbody per degree
absolute temperature), and the Earth’s emissivity (which corrects for its deviation from a perfect blackbody). Such models can
predict the Earth’s average temperature accurately by adjusting the values selected for the albedo and the emissivity. The
simple models can be improved by adding sophisticated sub-models that represent the multilayered atmosphere, cloud effects,
a dynamic ocean, ice and snow variations, vegetation coverage, the land-to-ocean heat transfer, and other factors. The construction
of complex models requires input from a large number of experts and a computer code that challenges the capabilities of modern
computers. Complex climate models are under development by several groups including NASA, NOAA, MIT, NCAR, Princeton’s
CFDL, the Max Planck Institute, etc. Each model can then be used to make predictions of the future climate of the Earth, given
assumptions about future land use, natural and anthropogenic air pollutant emissions, solar emissions, etc. In short, simple
models eventually lead to complex models, each of which is unique.

In addition to their utility, models also have their dark side. It is easy to confuse the neat rows of numbers from printed
computer outputs with factual information about the modeled systems (e.g., the Earth’s climate). Physicists, climatologists,
and other qualified scientists may understand the model’s limitations and assumptions (and the difference between computer
output and truth). However, the general public, legislators, and others may not. Hence, uninformed debates occur over the
validity of complex models. To make the situation worse, some modelers refer to their computer runs as “experiments,” and
the (perhaps erroneous) computer outputs as “experimental data.” Also, for computer programs, “validation” can mean that the
original mathematical specifications are met, which may not guarantee that the computer results are accurate representations
of the behavior of the “real-world” system.

Considerable effort is applied to testing and validating complex models in order to evaluate their applicability to the real
world. However, the absolute validation of complex models is still, in most cases, an elusive goal. This goal is an exciting and
engrossing ongoing endeavor for the involved scientists.

With respect to climate models, the ultimate goal of climate prediction has not yet been reached. For updates on climate models,
the Web sites of the groups that are developing them are informative. The Intergovernmental Panel On Climate Change (IPCC),
established by the United Nations Environment Programme (UNEP), reviews the state of climate models, their predictions, and
the implications for governmental actions to protect the Earths’ climate (http://www.ipcc.ch/).

In order to include land masses and biological pro-
cesses in the codes, these phenomena are first modeled
in sub-codes that can eventually be added to the larger
climate codes. Such modular codes have enormous
complexity. Dozens of climate codes are now under
development by various agencies and scientific groups.
Each code differs in their assumptions and selection
of phenomena that are modeled. Interestingly, although
the models vary in their structures and detailed pre-
dictions, they all successfully demonstrate the trend

that large increases in greenhouse gases might have
on increasing global temperatures. However, it is not
clear that the negative feedback mechanisms, such as
changes in the biota on greenhouse gases, are sufficiently
represented.

How Accurate Are the Climate Models?

Validation of climate models is both important and
complex. As a part of this process, a given model is
used to address past events and their known effects on
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$ it 53 The NCAR community climate model.

T8 National Center for Atmospheric Research (NCAR) (in Boulder, Colorado) was established as an institute upon a 1956
—eeemmendation from the National Academy of Sciences. NCAR had initial funding from the National Science Foundation.
S tuded in its mission, NCAR was to work on “fundamental problems of the atmosphere,” to provide large-scale facilities, and
became a “center,” but the mission was essentially unchanged.

%= 1983 the NCAR created a global atmospheric model called the “Community Climate Model” (CCM) and made it available
4 & sesearch community. This early model of the atmosphere has evolved considerably since its inception. The CCM is still
wmier development, largely by incorporating sub-models, with additional financial support from the U.S. Department of Energy

s smstitute an interdisciplinary approach. The “institute” later

W and the National Aeronautics and Space Administration (NASA). Major steps in the development of the CCM involved
Wisme (1) global ocean and sea ice models and (2) the impacts on climate of sulfate aerosols and greenhouse gases, including
e dioxide. Recognition of the importance of land use and biological factors in modifying climate has led to coupling
eal other detailed models to the CCM. As a result, the model’s name was changed to the Community Climate System Model
JOCSM). The CCSM is now under development with several ambitious goals including (1) coupling several component models

S = single framework; (2) making the model available to the bro

ad climate research community; (3) engaging the community

& “limate researchers in development of the (CCSM); (4) addressing important questions, such as the global climate system;

2=d (5) using the model to support policy decisions.

| Tn the coming years the NCAR expects 1o increase its computing power (which will improve spatial resolution and allow for
longer time simulations); provide more-sophisticated physics, chemistry, and bio geochemical phenomena; incorporate improved
fluid dynamics simulations; and incorporate advances in satellite observations and other improved measurements. For those
interested in following the progress of the CCSM the NCAR Web site (http:f’/www.ncar.ucar.edu/orgaﬁization]about) is a good

informative starting point.

i

climate. An event as significant as the Pinatubo eruption
can usually be effectively modeled, but such events are
rare. How well do the climate models predict temperature
changes for other, more subtle, forcing events? In order
to answer this question, accurate records of the climate
plus equally accurate records of the forcing events are
required. Also, long-term records are needed to test
climate models because of the variability in the data,
and the small resultant changes in climate. Adequately
reliable long-term climate data comes from ice cores
and seabed cores that provide a measure of historical
air and ocean temperatures. Such cores can be read
like tree rings to obtain temperatures OVer the past
several thousand years. Ice cores also have trapped air
bubbles that can provide a record of the historic atmo-
spheric composition. In addition, aerosol particle com-
positions and concentrations that were produced by
major fires, volcanic eruptions, and meteoritic impacts
can be estimated by ice core analyses.

The basic climate models show correlations between
solar irradiation levels and periods of climate extremes,
such as ice ages. Yet, changes in solar heating of the
Earth due to orbital eccentricity, axial inclination, and
precession alone are not great enough to induce the
observed changes. It appears that small changes in the

Earth’s ocean temperature can trigger the release of large
quantities of the greenhouse gases, carbon dioxide, and
methane. The higher atmospheric levels of such gases
may then amplify the climate changes. Thus, greenhouse
gases can produce climate changes and/or result from
such changes. The answer to the question (How accurate
are climate models?) posed at the beginning of this
section is difficult to answer. However, the modern
climate models have evolved to fit the Earth’s past tem-
perature data fairly well.

Successful climate models must consider many fac-
tors, including:

« solar irradiation levels;

« levels of greenhouse gases;

» atmospheric aerosol levels;

« heat exchange between the ocean and atmosphere;

« ocean currents and other oceanic phenomena;

o deforestation and other land changes;

« heat from the Earth’s core and undersea vents;

« snow and ice coverage;

« cloud formation and cloud dissipation phenomena;
and

 dynamics of plant, animal, and microbial popu-
lations.




The above phenomena are not all well understood,
so various models and modelers incorporate them in
different ways. Also, some phenomena, such as cloud
effects, cannot be accurately modeled because their small
scale cannot be resolved in global-scale models. Other
difficult problems in the climate models include:

» the effects of some phenomena, such as El Niiio;

» feedback mechanisms that reverse the climate
changes;

* “fipping-point” phenomena, for which corrective
feedback mechanisms cannot reverse the climate
changes;

* the effects of human population growth on fuel
usage, greenhouse gases, and land utilization; and

* the future volcanic eruptions, their locations, mag-
nitudes, and timing.

Before projecting climate change with any of the
available models, one must first adjust the model’s
many parameters so that the model accurately predicts
past climate periods. This “setup” process will be done
differently by different modelers. The choices in setting
up the models are numerous, so a given computer code
could be set up in perhaps hundreds of different ways.
Since all of the versions of computer codes could not
be valid, there is a need to evaluate which of their
predictions are correct. One method used for dealing
with this complex task is to perform a large number of
independent computer runs, and then treat their results
more-or-less as votes for the various outcomes: warming
vs. cooling vs. no change. Thousands of runs using vari-
ous models on the effect of, say doubling the level of
atmospheric carbon dioxide, generates a “large ensemble”
of different results. Some results predict no warming,
and a larger number predict significant warming by the
year 2100. Most of the warming predictions are in the
1 to 5°C range. Experiments such as this raise several
questions, including the following:

* Are the climate models advanced enough to be

trusted?

» Is the “large ensemble” approach to prediction
reliable?

* How serious is the predicted warming over this
century?

= Can the observed carbon dioxide increase, and the
predicted warming, be prevented?

e What are the economic costs of limiting future
anthropogenic greenhouse gas emissions?
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What Should be Done to Protect the Climate?

Many would argue that the modeling efforts are
sufficiently compelling to prompt instituting immediate
restrictions on greenhouse gas emissions. Many such
controls, such as promoting greater energy efficiency
(e.g., more efficient vehicles, appliances, home heating
and cooling systems, etc.) are safe and easy choices to
make whether or not they protect the climate. Measures
such as replacing oil-fired and coal-fired electric power
plants with nuclear, solar, wind, geothermal, and hydro-
electric technologies raise issues of increased cost and/or
decreased capacity to meet peak demands. Other control
measures, such as externally-enforced restrictions on
combustion emissions by undeveloped and/or developing
nations and heavily taxing carbon dioxide emissions,
are highly controversial and contentious. Greater use of
nuclear power, which trades waste disposal concerns
for freedom from greenhouse gas emissions, is gaining
in popularity as a climate-protecting strategy among
governments and environmental advocates. As an aside,
the issue of climate modeling has entered the political
realm, which clouds the scientific development of climate
science (see Exhibit 5-4).

Climate and Particulate Air Pollution

Natural and anthropogenic phenomena generate
a great variety of aerosol particles. As such particles
interact with electromagnetic radiation, they may also
impact the climate. The U.S. EPA performed an analysis
of the effects of aerosol particles on the Earth’s climate
(U.S. EPA, 2009), addressing both direct and indirect
impacts. The “direct” effects of aerosol particles relate
to their effects on the Earth’s albedo. Sulfate particles,
and to a lesser extent, some other particle types, increase
the albedo and thus reduce the solar radiation that
reaches the Earth’s surface. In contrast, black carbon
and other colored particles absorb solar radiative energy
and thus heat the atmosphere. Thus, the direct effects
include both cooling and heating of the Earth. The
“indirect” effects of aerosol particles involve their roles
in cloud formation and in precipitation from clouds.
The major impact of clouds is that they reflect incident
solar energy. The predicted net effect of the direct
and indirect effects produces a cooling effect on the
Earth’s climate. An estimate of the net radiative global
forcing by aerosol particles is 1.3 negative watts/m?
(range: —2.2 to —0.5 watts/cm?). This range of reduction
is supported both by satellite measurements and by
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Exhibit 54 “Climate-Gate.”

“Climate-Gate” (also “Climategate”) is a derogatory term that refers to an incident that brought international attention on
climate-change scientists. The scientists were accused of misrepresenting, deleting, and suppressing data, and not making their
computer codes available for examination. The evidence undermined the claim that anthropogenic carbon dioxide emissions were
a2 major cause of catastrophic global warming. The term “Climate-Gate™ was derived from the Watergate scandal that destroyed
the U.S. presidency of Richard M. Nixon in the early 1970s. The Watergate, a hotel and office complex in Washington, D.C.,
housed the Democratic National Committee headguarters. On June 17, 1972 five men that were connected to president Nixon
broke into the headquarters. The investigation of the break-in led to the discovery of other questionable acts in which the president
was involved, eventually leading to his resignation. Since that time, the suffix “gate” has been used to represent a scandal of major
significance and ruinous consequences. .

As climate models evolved they began to predict that the Earth’s future climate could be impacted by human activities.
Both land use (e.g., the destruction of forests), and especially the burning of fossil fuels, were projected to produce catastrophic
global warming. Because the remedies to prevent this warming also had dire consequences, scrutiny of the climate modeling,
and the modelers themselves, became intense. The science behind the models was challenged on many fronts, and skeptics
squared-off against the modeling proponents. Most major scientific bodies and individual climatologists defended the predicted
warming and its anthropogenic causes. The topic became politicized and both sides sought ways to discredit each other.

The international Intergovernmental Panel on Climate Change (IPCC) was established to objectively evaluate the climate
projections and make recommendations to governments. The IPCC supported the idea that anthropogenic activities, especially
carbon dioxide emissions, were responsible for global warming, and that immediate action was required.

Although many sources of data on the climate were used by the IPCC, the Climatic Research Unit (CRU) of the University
of East Anglia in England supplied some of the key temperature data. In November, 2009 thousands of e-mails and other
documents were illegally hacked and distributed worldwide via the Internet. The two sides of the climate warming debate
accused each other of misconduct. The contents of some of the e-mails were troublesome. It was clear that the CRU scientists
were concerned about attacks on the anthropogenic global warming hypothesis, and they discussed ways of fighting back in
their private e-mail messages. Accusers claimed that the emails provided evidence of hiding important data, deleting sensitive
files, thwarting requests made under the United Kingdom’s Freedom of Information Acts, making plans to interfere with the
peer-review process, and not sharing computer codes. The CRU scientists claimed that their private communications had been
taken out of context and misrepresented.

Investigations were quickly launched by the University of East Anglia and British police. The CRU Director resigned his
position pending the results of the investigation. The IPCC also planned to investigate. The lessons are clear. When a research
finding becomes politicized, the normal slow deliberate scientific process that provides for challenge and eventual acceptance
(or rejection) is disrupted. Warring sides, interested in winning instead of seeking the truth, can engage in personal attacks,
dishonesty, and other destructive and wasteful activities.

climate models. It should be noted that the global
radiative forcing by greenhouse gases is positive (about
2.9 + 0.3 watts/m?), which opposes the apparent cooling
effects of particles. Also, although particles tend to
reduce the incident solar radiation at the top of the
atmosphere, smog can also absorb solar energy and lead
to local heating at lower altitudes.

IV. STRATOSPHERIC OZONE
Why is Stratospheric Ozone Important?
Ozone (O,) has a dual role with respect to its effects

on living systems (i.e., microbes, plants, and animals).
In the troposphere (the lowest 10 km of the Earth’s

atmosphere), inhaled ozone in elevated concentrations
has adverse effects on the respiratory tracts of mammals.
Thus, tropospheric ozone is sometimes called bad ozone.
Conversely, in the stratosphere ozone absorbs solar
ultraviolet (UV) radiation. If all of the solar UV radiation
that falls on the Earth reached the surface, terrestrial life
as we know it would vanish. Thus, stratospheric ozone
is commonly called good ozone. Even at relatively low
levels (e.g., normal levels) UV radiation can contribute
to skin cancer and eye damage in humans. It is important
for people to limit their skin exposure to sunlight by
using topical sunscreens, and also to wear UV protec-
tive glasses in order to control the adverse effects of
UV radiation on their eyes. The “suntan,” which became
popular in the 20th century, is no longer regarded as a




sign of good health by medical experts. Both basal cell
and squamous cell skin carcinomas are known to be pro-
duced by sunlight, especially in light-skinned individuals.
Eye damage from UV exposure includes, acutely, an
inflammation of the tissues, and chronically, cataracts,
independent of skin color.

Fortunately, the Earth has a substantial layer of ozone
in the stratosphere (Figure 5-5). This layer is very
effective in absorbing UV radiation, especially in the
shorter wavelengths (Figure 5-6). However, a substantial
long-term thinning of the stratospheric ozone “blanket”
would pose a threat to life and health. As a result, a
considerable amount of effort is being directed toward
monitoring, modeling, and otherwise understanding
ozone chemistry in the stratosphere.

Ozone Measurement, Formation, and Destruction

Stratospheric Ozone Measurement

The preferred unit of measurement for ozone depends
on the location. In the rroposphere, where ozone levels are
small, ppm (parts per million) or ppb (parts per billion)
units are used; such units are ratios of the volume frac-
tion of ozone in relation to the total air. So, if one knows
the volume of air inhaled, the dose of ozone to the body
can be calculated. In the stratosphere, although ppm
units of measurement are sometimes used, the Dobson
Unit (DU) is more common because as a thickness unit
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Figure 5-5 Ozone concentration vs altitude. Modified from
NASA’s “Ozone Facts” (http://ozonewatch.gsfc
nasa.gov/facts/ozone.html; assessed 12/26/2009).
Source: The University of California Air Pol-
lution Health Effects Laboratory, with kind
permission.

it is related more directly to the absorption of solar
UV energy.

One Dobson Unit (after G. M. B. Dobson, British
physicist and meteorologist, 1889—1976) is the number
of molecules of ozone that are needed to form a layer of
pure ozone 0.01 mm thick (at 0°C and 1 atm. pressure)
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Figure 5-6 The absorption of ultraviolet radiation in the Earth’s atmosphere. After NASA’s “Ozone Facts” (http://ozonewatch
.gsfc.nasa.gov/facts/ozone.html; accessed 12/26/2009).
Source: The University of California Air Pollution Health Effects Laboratory, with kind permission.
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that would, like a blanket, cover the Earth’s surface
(assuming that the Earth was a smooth ball).

The average thickness of the Earth’s ozone layer is
300 DU. The Dobson unit effectively describes how
thick the ozone blanket is, which is what is needed to
understand its UV protective function. A value of less
than 220 DU at the Antarctic is taken as the definition
of an ozone loss, as lower values were not measured
before 1979. The area bounded by a 220 DU line defines
an ozone hole, which represents a thin layer of ozone.
The size of the Antarctic ozone hole is measured in
tens of millions of square km; roughly centered on the
South Pole, the hole covers a significant portion of the
Earth’s surface.

The thickness of the ozone layer varies both season-
ally and spatially over the surface of the Earth. As ozone
is created by the interaction of solar UV radiation with
oxygen, the stratospheric ozone concentration should
be greatest at the equator. However, other factors, espe-
cially wind transport from the equator toward the poles,
produces greater ozone concentrations at the Earth’s
north and south polar regions. The northern hemisphere
(the Arctic region) has high stratospheric concentrations
of ozone in the spring (March and April). But the southern
(Antarctic region) has its highest concentrations in its
spring (September and October). During the other
seasons, stratospheric ozone is depleted in the Arctic
and Antarctic regions, producing natural cyclic ozone
“holes.” Superimposed on this natural cycle is the break-
down of ozone by chemicals such as nitrogen, chlorine,
bromine, and hydrogen compounds that reach the strato-
sphere. The movement of gases from the troposphere is
normally slow, so persistent ozone-depleting molecules
are of concern. The chlorine, bromine, and some other
compounds are mainly anthropogenic, and they are also
persistent. Thus, increased attention is directed to them.

Ozone Formation and Depletion

Stratospheric ozone chemistry is complex, but well
studied. Ultraviolet radiation (at wavelengths, Av, less
than 240 nanometers) breaks O, molecules into singlet
oxygen (O). The singlet oxygen quickly reacts to re-form
either O, or ozone (O,):

O,+hv - 0+0 (Eqg. 5-6)
0+0 — 0, (Eq. 5-7)
0+0, —» 0,. (Eq. 5-8)

These recombinations reaction require a third mole-
cule, typically N, or O,, to absorb energy during the
reaction, but this third molecule is not shown in the
above reactions.

The destruction of ozone can occur due to either
direct destruction by ultraviolet light, or by chlorine,
bromine, or hydrogen atoms:

O,+hv — 0,+0 (Eq. 5-9)
Clo +0 - 0, +Cl (Eg. 5-10)
Cl+0, - O, + ClO. (Eq. 5-11)

The reactions, Equations 5-10 and 5—11, are cyclic
in that they utilize and regenerate Cl and CIO. The
regenerated chlorine (Cl) can continue to break down
ozone for many cycles. Thus, a single molecule of Cl1
can destroy 1,000 or more ozone molecules before it is
converted to a relatively unreactive form, such as hydro-
chloric acid (HCI). Similar fates apply to the other mol-
ecules that deplete stratospheric ozone (e.g., bromine,
nitrogen, and hydrogen). Kinetic considerations must
be used to model the lifetimes of ozone and the chemical
species that deplete it. Such chemical kinetics are com-
plex, so they will not be further discussed here. For
more information, atmospheric chemistry texts can be
consulted.

Under natural circumstances the ozone levels will
reach an equilibrium concentration that varies season-
ally. However, anthropogenic compounds such as CFCs
(chlorofluorocarbons) can upset the equilibrium and
steadily deplete stratospheric ozone. When this happens,
it may take several years for the natural ozone levels to
be reestablished.

CFCs and Ozone Destruction

CFCs are primarily used as refrigerants (as replace-
ments for the more toxic, highly-irritating, and flam-
mable ammonia) and as propellants for aerosol spray
cans. CECs are normally stable, but they are broken
down in the stratosphere by ultraviolet radiation where
they participate in ozone destruction. When the ozone
depletion problem was recognized, restrictions on the
production and use of CFCs were quickly implemented.
As a result of the 1987 landmark Montreal Protocol
and its amendments, tropospheric concentrations of
CECs (and thus their transport to the stratosphere) have
decreased. This success story predicts eventual recovery




of the natural stratospheric ozone levels. However, there
are other potential anthropogenic threats to the ozone
layer. Supersonic high altitude transport aircraft exhaust
can also potentially alter stratospheric chemistry. Scientists
and engineers must collaborate on engine and fuel designs
in order to make sure that this promising technology
will also be environmentally friendly. Knowledge of the
chemistry of stratospheric ozone is now well advanced,
and future generations can be protected from exposure
to harmful ultraviolet radiation, if new technologies
that might threaten ozone are introduced in a responsible
manner.

V. SUMMARY OF MAJOR POINTS

This chapter has provided an introduction to three
important aspects of air pollution science: (1) visibility
degradation; (2) climate change; and (3) stratospheric
ozone levels. The importance of these topics results from
their potential impacts on the quality of life, health, and
perhaps even the existence of life on Earth. Substantial
recent scientific progress has greatly improved our
understanding of the potential impacts of air pollutants
on each of these phenomena. As a result, by careful plan-
ning and the deliberate introduction of cleaner tech-

‘nologies, the quality of life for future generations can
be protected.

Visibility has both physical and psychological com-
ponents. Under pristine (pollution-free) conditions,
high-contrast objects such as mountain ranges can
be seen at distances of hundreds of kilometers. Natural
phenomena such as fogs, precipitation, fires, and volcanic
eruptions can greatly impair visibility. Anthropogenic
pollutants such as particulate material and the colored
gas nitrogen dioxide (NQ,) scatter and absorb visible
light. Such interactions both diminish light transmission
and scatter stray light into the visual field, producing
haze. Thus, objects lose their contrast and are obscured
by haze. In order to make improvements in visibility,
direct measurements and computational models are used
to identify problematic pollutants. Regulatory actions
to improve visibility have economic consequences that
must be weighed against the psychological and economic
(e.g., property values) benefits of improved visibility.

The Earth’s climate is primarily controlled by natural
phenomena, but the potential impacts of anthropogenic
phenomena must also be considered in order to prevent
unacceptable changes. The solar constant (which varies),
the Earth’s orbital variation, inclination, and precession
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are beyond our control. However, anthropogenic air
pollutants, especially those related to fuel combustion,
produce aerosol particles and gases that can influence
the average temperature of the Earth. The net effect of
particulate pollutants appears to be cooling, primarily
by increasing the Earth’s albedo, which reduces the
solar radiant energy thatreaches the surface. Greenhouse
gases, such as water vapor, carbon dioxide, and methane,
have large natural sources. Such gases trap long-wave
radiation, which results in climate warming. Recent
concern over the anthropogenic production of carbon
dioxide has led to debates over the role of human activ-
ities on the climate. Sophisticated and rapidly-evolving
computational models are being used in an attempt
to ascertain the various impacts of natural and anthro-
pogenic phenomena on the future climate. Such models
have numerous input assumptions that can make the pre-
dicted role of human activities significant or negligible.
When the models are run multiple times with different
assumptions, they produce a distribution (also called an
ensemble) of predictions about climate changes. Since
a large majority of the predictions indicate a possible
significant global warming, there is pressure to curtail
anthropogenic carbon dioxide emissions. The issue is a
difficult one, as fuel combustion is essential to prosperity
and the provision of lifesaving essential goods, services,
and electrical power. Aside from the obvious benefits of
increased energy efficiency, with an ever-growing human
population, the substitution of fossil-fuel technologies
with cleaner, more sustainable technologies will be
beneficial for generations to come.

Ozone in the stratosphere is often called good ozone
because it absorbs harmful solar ultraviolet radiation.
Without this protective ozone layer; life as we know it
could not exist on the Earth. Ozone is created in the
stratosphere by solar ultraviolet radiation. Stratospheric
ozone is measured by the Dobson Unit (DU), which
describes the average thickness of the stratospheric
ozone. The normal thickness, 300 DU (i.e., 3 millime-
ters), varies with the solar radiation levels and strato-
spheric meteorology. When the DU is 220 or less, it is
called an ozone hole (which is actually the area covered
by a thinning of the protective layer). Compounds
(notably CFCs) used in refrigeration and aerosol spray
cans that are released into the troposphere can reach the
stratosphere and produce cyclic reactions that destroy
ozone molecules. International actions to reduce CFC
emissions have greatly reduced tropospheric concentra-
tions to low levels. Current models predict that such
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