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PREFACE

Physical geography is that branch of natural science which
deals with the study of processes and patlerns in the natural
environment like the atmosphere,biosphere and geosphere, as
opposed to the cultural or built environment, the domain of human
geography.

Human geography is the study of how humans have affected
and been affected by the environment and why civilizations are
where they are. It talks about culture, arithmetic density, migration,
population, etc.

The main purpose of this subject is to explain the spatial
characteristics of the various natural phenomena associated with
the Earth’s hydrosphere, biosphere, atmosphere, and lithosphere.
It covers the topics relating to the surface of the earth - the landforms,
glaciers, rivers, climale, oceans, earlh-sun inleraction, hazards, and
more. India is a land of incredible diversity. The diversity of the
Indian population is matched by the incredible physical diversity.
The sixteen official languages of India, the five major religions,
and the caste system create somewhat chaotic conditions for the
nation.

Every few million years, even the polarity of the Earth's
magnetic field reverses (called a geomagnelic reversal, where
magnetic north and south “switch”). While scientists still do not



fully understand why geomagnetic reversals occur, the presence
of changing magnetic orientations preserved in rocks containing
iron was a fundamental clue in unravelling the puzzle of Plate
Teclonics.

Within the natural sciences, the term hard science is sometimes
used to describe those subfields which some people view as relying
on experimental, quantifiable data or the scientific method and
focus on accuracy and objectivity, These usually include physics,
chemistry and biology. By contrast, soft science is often used to
describe the scientific fields thal are more reliant on qualitative
research, including the social sciences.

During research and compilation, the author has also taken
assistance/references/literature from various websites via Internet.

The author, therefore humbly, acknowledges the contributions
of all these eminent writers/scholars alongwith their respeclive
publishers and blogs from whose learned writings/displays
references/literature has been taken while compiling this book

—Author



[

CONTENTS

Preface v
1. Introduction |
2. Hydrologic Cycle 38
3. Remote Sensing and GPS 51
4, Climate and Weather 76
5. Glaciers 96
6. Soil, Rivers and Streams 115
7. Desert : 142
8. The Earth's Atmosphere 175
9. Physical Oceanography 199
10. Volcanoes and Earthquake 221

Bibliography 245

Index 247



Y AR w4 ] | -——

i 1
LT | T
Fue
1 ] 3
Ll e

‘“"-ll- I_II ik

« sl =

% ¢ NIF Ny
Rl el e 1 e
rida) fppd sl bida b b =

e &

= = Al.ﬂl-.

L .




1

INTRODUCTION

Physical Geography is a sub-discipline of two much larger
lields of study - Geography and Earth Sciences. The main purpose
of this subject is to explain the spatial characleristics of the various
nalural phenomena associated with the Earth's hydrosphere,
biosphere, atmosphere, and lithosphere. It covers the topics relating
to the surface of the earth - the landforms, glaciers, rivers, climate,
oceans, earth-sun interacton, hazards, and more.

It is also known as geosystems or physiography. It is one of
the two major subfields of geography. Physical geograp hy is that
branch of natural science which deals with the study of processes
and patterns in the natural environment like the atmosphere,

biosphere and geosphere, as opposed to the cultural or built
environment, the domain of human geography.

Within the body of physical geography, the Earth is often split
either intoseveral spheres or environments, the mainspheres being
the atmosphere, biosphere, cryosphere, geosphere, hydrosphere,
lithosphere and pedosphere. Research in physical geography is
often interdisciplinary and uses the systems approach. The
discipline of geography is divided into two major branches: 1)
physical geography and 2) cultural or human geography. Physical
geography encompasses the geographic traditionknown as the
Earth Sciences Tradition. Physical geographers look at the
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landscapes, surface processes, and climate of the earth - all of the
activity found in the four spheres (the atmosphere, hydrosphere,
biosphere, and lithosphere) of our planet.

Physical geography consists of many diverse elements. These
include: the study of the earth’s interaction with the sun, seasons,
the composition of the atmosphere, atmospheric pressure and wind,
storms and climatic disturbances, climate zones, microclimales,
hydrologic cycle, soils, rivers and streams, flora and fauna,
weathering, erosion, natural hazards, deserts, glaciers and ice
sheets, coastal terrain, ecosystems, and so very much more.

Knowing about the physical geography of the planet is
important for every serious student of the planetbecause the natural
processes of the earth (which is what the study of physical
geography encompasses) affect the distribution of resources, the
conditions of human settlement, and have resulted in a plethora of
varied impacts to human populations throughout the millennia.
Since the earth is the only home to humans, by studying our planet,
we humans and residents of the planet earth can be better informed
to help take care of our only home.

DIFFERENCE BETWEEN PHYSICAL GEOGRAPHY
AND HUMAN GEOGRAPHY

Physical geography is that branch of natural science which
deals with the study of processes and patterns in the natural
environment like the atmosphere,biosphere and geosphere, as
opposed to the cultural or built environment, the domain of human
geography.

Within the body of physical geography, the Earth is often split
either into several spheres or environments, the main spheres being
the atmosphere, biosphere, cryosphere, geosphere, hydrosphere,
lithosphere and pedosphere. Research in physical geography is
often interdisciplinary and uses the systems approach.

Human geography is manufactured items and how things
are produced using humans help and physical geography is the
creation of environment and natural production.

Human geography is the study of how humans have affected
and been affected by the environment and why civilizations are



Introduction 3

where they are. It talks about culture, arithmelic density, migration,

population, etc. Physical geography, however, is the study of the

physical characteristics of Earth (minus the human aspect), such
as mountains, oceans, rivers, elc.
Why Study Physical Geography:

1. . Tounderstand basic physical systems that affect everyday life
(e.g. earth-sun relationships, water cycle, wind and ocean
currents).

2. To learn the location of places and the physical and cultural
characteristics of those places in order to function more
effectively in our increasingly interdependent world.

3. Todevelop a mental map of your community, stale, country
and the world so that you can understand the “where” of
places and events.

4, Tounderstand the geography of past timesand how geography
has played important roles in the evolution of people, their
ideas, places and environments.

5. Toexplain how the processes of human and physical systems
have arranged and sometimes changed the surface of the Earth.

6. Tounderstand the spatial organization of society and see order
in what often appears to be random scattering of people and
places.

7. To recognize spatial distributions at all scales - local to
worldwide —in order to understand the complex connectivity
of people and places.

8. Tobe able tomake sensible judgments about matters involving
relationships between the physical environment and society.

9. To appreciate Earth as the home of humankind and provide
insight for wise management decisions about how the planet’s
resources should be used.

10. Tounderstand global interdependence and to become a better
global citizen.

Four Spheres of the Earth

Earth is blanketed by an atmosphere consisting of 78.0%
nitrogen, 20.9% oxygen, and 0.92% Argon. The atmosphere has
five layers: troposphere, stratosphere, mesosphere, thermosphere,
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and exosphere. 75% of the atmosphere’s gases are in the bottom-
most layer, the troposphere.

The magnetic field created by the internal motions of
the core produces the magnetosphere which protects the Earth's
atmosphere from the solar wind. As the earth is 4.5 billion years
old, it would have los! its atmosphere by now if there were no
proteclive magnetosphere.

The atmosphere is composed of 78% nitrogen and 21% oxygen.
The remaining one percent contains small amounts of other gases
including CO, and water vapors. Water vapors and CO, allow
the Earth’'s atmosphere to cateh and hold the Sun’s energy through
a phenomenon called the greenhouse effect. This allows Earth's
surface to be warm enough to have liquid water and support life.

In addition lo storing heat, the atmosphere also protects living
organisms by shielding the Earth’s surface from cosmic ra ys. Note
that the level of Protection is high enough to prevent cosmic
rays from destroying all life on Earth, yet low enough to aid

‘_T'}E ml.ftatifms that have an important role in pushing forward
diversity in the biosphere

The area near the surface of the earth can be divided up into
four inter-connected “geo-spheres:” the lithesphere, hydrosphere,
biosphere, and almosphere. Scientists can classify life and material
on ornear the surface of the earth to he in any of these four spheres.

The names uf the four spheres are derived from the Greek
words for slone (litha), air (atmo), water (hydro), and life (bio).

Lithosphere

The ”HE'LD_E'P]'IEI'E is the solid, rack y erust covering enlire planet.
This crust is inorganic and is composed of minerals. [t covers the

entire surface of the earth from the top of Mount Everest lo the
bottom of the Mariana Trench.,

Hydrosphere

The hydrosphere is composed of all of the water on or near the
earth. This includes the oceans, rivers, lakes, and even the moisture
in the air. Ninety-seven percent of the earth’s water isin the oceans.

The remaining three percent is fresh water; three-quarters of the
fresh water is solid and exists in ice sheets
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Biosphere

The biosphere is composed of all living organisms. Plants,
animals, and one-celled organisms are all part of the biosphere.
Most of the planet’s life is found from three meters below the ground
lo thirty meters above it and in the top 200 meters of the oceans and

SCd5.

Atmosphere

The atmosphere is the body of air which surrounds our planet,
Most of our atmosphere is located close to the earth’ssurface where
it is most dense. The air of our planet is 79% nitrogen and just

under 21% oxygen; lhe small amount remaining is composed of
carbon dioxide and other gasses,

All four spheres can be and often are present in a single location.
For example, a piece of soil will of course have mineral material
from the lithosphere. Additionally, there will be elements of the
hydresphere present as moisture within the soil, the biosphere as
insects and plants, and even the atmosphere as pockets of air
between soil pieces.

INDIAN PHYSICAL GEOGRAPHY

India occupies the greater part of a peninsular subcontinent
fronting on two great arms of the Indian Ocean—the Arabian Sea
on the west and the Bay of Bengal on the east. Just offits southern
coast lies the island nation of Sri Lanka, separated from the
mainland by the Palk Strait. Land boundaries are shared with
Pakistan, China. Nepal, Bhutan, Burma, and Bangladesh. On the
northwestern frontier is the disputed territory of Kashmir; although
India claims all of Kashmir, it holds only the southern part, the rest
being occupied by Pakistan,

Land

India has three distinct physical regions: the Himalayas, the
Ganges Plain, and the Deccan Plateau.

The Himalayas extend along the nation's northern border,
forming a high mountain wall, 100 to 150 miles (160 to 240 km)
wide, that separates the Indian subcontinent from Asia’s interior.
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The region consists of a complex system of mountain ranges that
divide into three roughly parallel chains: the Siwalik Hills, Lesser
Himalayas, and Great Himalayas. Several other ranges sirike off
from the Himalayas along the Burmese border.

In the towering, snow-covered ranges of the Great Himalayas
are many of the world’s highest peaks. Though the highest summits
are in Nepal and China, numerous peaks in India exceed 20,000
feet (6,100 m) above sea level. Kanchenjunga, the nation’s highest,
reaches 78,209 feet (8,598 m). Heights of 5,000 to 15,000 feet (1,500
to 4,500 m) mark the Middle Himalayas, which, in turn, give way

to low foothills of less than 4,000 feet (1,200 m) in the Ouler
Himalayas.

Huge glaciers and snowfields on the flanks of the higher ranges
feed rivers that flow southward through deep gorges and narrow,
steep-sided valleys to the Ganges Plain.

The Ganges Plain is a broad, alluvial lowland, 100 to 300 miles
(160 to 480 km) wide, spanning the country south of the Himalayas.
It consists mainly of the fertile basin of the Ganges River. The land
is generally flat, with a slight downward slope toward the east.
Much of India’s farmland and many of its largest cities are on the
plain, one of the most densely settled areas on earth. Only the Thar

(Great Indian) Desert, an almost barren area in the west, is sparsely
populated and little used.

The Deccan Plateau, often called simply the Deccan, occupies
the peninsula south of the Ganges Plain. It is roughly triangular in
shape and consists of a vast tableland broken by river valleys, with

areas of rolling hills. The land 51up~e5 gently downward toward
the east.

Fringing the Deccan on the north are the Chota Nagpur Plateau
and a maze of low mountains, including the Vindhya and Satpura
ranges, in the wesl. Elsewhere the plateau is bordered by
escarpments, known as ghats. The Western Ghats, 3,000 to 5,000
feet (900 to 1,500 m) high, form a sheer wall that drops abruptly to
anarrow coastal plain along the Arabian Sea. The Eastern Ghats,
in contrast, consist of low, disconnected ranges that slope gently
toward a broader coastal plain along the Bay of Bengal. Al the
southern end of the peninsula, connecting the Eastern and Western
Ghats, are the Nilgiri, Anaimalai, and Cardamom hills.



Introduction 7

Water

India’s principal river is the Ganges. It flows from the western
Himalayas to the Bay of Bengal—a distance of more than 1,500
miles (2,400 kmy). Together with such tributaries as the Yamuna,
Son, Ghaghara, and Gandak, the Ganges drains most of the
mountains and the plains and part of the Deccan. In the northeas!
the Brahmaputra River follows a tortuous course through the
Assam Valley from China and merges with the Ganges to form a
vast delta, lying partly in India and partly in Bangladesh. The
Raviand Sutlej rivers, part of the Indus system, flow across northern
India to Pakistan.

The Deccan is drained primarily by the eastward-flowing
Mahanadi, Godavari, Krishna, and Cauvery rivers. They form large,
fertile deltas at their mouths on the Bay of Bengal. The Narmada
and Tapti are the only sizable rivers flowing to the Arabian Sea.

India’s rivers are used extensively for irrigation; they are also
used for hydroelectric power and navigation. Of particular
importance is the Indus River system, which provides water for
the dry Punjab region of India and Pakistan. The Indus Waters
Treaty of 1960 allocates the waters of the Ravi and Sutlej to India
and the waters of the Indus and its other major tributaries to
Pakistan. Bhakra Dam, on the Sutlej River, is the largest of many
dams in India and one of the highest dams in the world.

Climate

Sheltered by the Himalayas from the climatic extremes of Asia’s
interior, most of India has a tropical or subtropical climate, strongly
influenced by the monsoonal wind system of southern Asia. In
India the monsoons are characterized by an outward flow of
relatively cool, dry air from central Asia during winter and a reverse
flow of warm, moist air from the sea in summer. Other factors—
such as latitude, elevation, nearness to the oceans, and location on
the windward or leeward side of mountains—help determine the
climate of any given area. In the Himalayas, for example, climate
varies from humid subtropical in the eastern foothills to perpetually
cold in the highest ranges.

Three seasons are generally recognized in India—the cool, the
hot, and the rainy.
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The cool season lasts from QOctober or November until early
March. Average temperatures in December and January, the cooles!
months, vary from about 55° F. (13° C.) on the northern ed ge of the
Ganges Plain to between 70° and 80° E. (217 and 27° C.) in the
coastal cities of the south. For most of the country this is the dry
season. A notable exception is the southeastern coast, which
receives much of its annual rainfall with the winter, or northeast,
monsoon in October, November, and December. There is heavy
snowfall in the Himalayas.

The hot season prevails from about mid-March until June; it is
extremely dry. Temperatures rise rapidly over most of the country,
reaching averages of 85° to 95° F, (29°t035° C.}in May, the hottest
month. Daytime highs often exceed 100° F. (38° C.), especially on

the Ganges Plain. Nights bring only slight relief from the intense
heat.

The rainy season begins in June with the onset of the summer,
or southwest, monsoon and con tinues through September. Most of
India receives more than 80 Per cent of its annual rainfall during
this period. In addition to rain, the summer monsoon brings a
reduction in the heat, but causes high, often oppressive, hu midity.
The heaviest rains, totaling more than 100 inches (2,540 mm) a
yeat, occurin the northeast and along the Malabar Coast in the
southwest. At Cherrapunii, in Meghalaj,ra state in the northeast,
the annual average is abuqt 425 inches (10,800 mm)—one of the
highest in the world. Elsewhere rainfall usually varies from 20 to

80 inches (500 to 2,000 mm) a year, On| y the Thar Desert receives
less than 10 inches (250 mm),

The summer mt:rnsmn. isvital to India’s a griculture. The liming
and the amount of the rains can mean the difference between a
successful harvest and widespread crop failure and fainine.

Vegetation

Long ago, most of India was forested. Except in the more remote
mountains and hills, the trees were cut for firewood or timber, orto
make room for agriculture. Today, forests cover only about a fifth of
the land, with much of the rest bei ng farmland. Scrub, dry grasses,
and desert plants are the principal vegetalion on most of the
remaining land.
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to Triton's, but these gases are frozen when farther from the
Sun.

Other bodies within the Solar System have extremely thin
atmospheres not in equilibrium. These include the Moon
(sodium gas), Mercury (sodium gas), Europa (oxygen), Io (sulfur),
andEnceladus (water vapor).

The atmospheric composition of an extra-solar planet was first
determined using the Hubble Space Telescope. Planet HD
209458b is a gas giant with a close orbil around a star in
theconstellation Pegasus. The atmosphere is heated to temperatures
over 1,000 K, and is steadily escaping into space. Hydrogen, oxygen,
carbon and sulfur have been detected in the planet’s inflated

atmosphere.

ORBITAL CHARACTERISTICS

The Earth spins on an imaginary line called an axis that runs
from the north pole to the south pole, while also orbiting the sun. It
takes Earth 24 hours to complete a rotation on its axis, and roughly
265 da}ra to cgmp]el‘e an orbit around the sun.

The Earth’s axis of rotation is tilted in relation to the ecliptic
plane, an imaginary surface through Earth’s orbit around the sun.
This means the northern and southern hemispheres will sometimes
point toward or away from the sun depending on the time of year,
varying the amount of light they receive and causing the seasons.

Earth’s orbit is not a perfect circle, but is rather an oval-shaped
ellipse, like that of the orbits of all the other planets. Earth is a bit
closer to the sun in early January and farther away in July, although
this variation has amuch smaller effect than the heating and cooling
caused by the ti]t of Earth’s axis. Earth happens to lie within the
so-called “(Ggldilocks zone” around its star, where temperatures
are just right to maintain liquid waler on its surface.

History

Earth probably formed at roughly the same time as the sun
and other planets some 4.6 billion years ago, when the solar system
coalesced from a giant, rotating cloud of gas and dust knownas the
solar nebula. As the nebula collapsed because of its gravity, it spun
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faster and flattened into a disk. Most of the material was pulled
toward the center to form the sun. Other particles within the disk
collided and stuck together to form ever-larger bodies, including
the Earth. The solar wind from the sun was so powerful that it
swept away most of the lighter elements, such as hydrogen and
helium, from the innermost worlds, rendering Earth and its siblings
into small, rocky planets. '

Scientists think Earth started off as a waterless mass of rock.
Radicactive materials in the rock and increasing pressure deep
within the Earth generated enough heat to melt Earth’s interior,
causing some chemicals to rise to the surface and form water, while
others became the gases of the atmosphere. Recent evidence
suggests that Earth’s crust and oceans may have formed within
about 200 million years after the planet had taken shape.

The history of Earth is divided into four eons — starting with
the earliest, these are the Hadean, Archean, Proterozoic, and
Phanerozoic. The first three eons, which together lasted nearly 4
billion years, are together known as the Precambrian. Evidence for

life has bee found in the Archaean about 3.8 billion years ago, but
life did not become abundant until the Phanerozoic.

:I'he Phanerozoic is divided into three eras — starting with the
EE-IIIEELI these are the Paleozoic, Mesozoic, and Cenozoic. The
Paleozoic Era saw the development of many kinds of animals and

plants in the seas and on land, the Mesozoic Era was the age of

dinosaurs, and the Cenozoic Era we are in currently is the age of
marnmals.

: Most of the fossils seen in Paleozoic rocks are invertebrate
animals lacking backbones, such as corals, mollusks and trilobites.
Fish are first found about 450 million years ago, while amphibians
appear roughly 380 million years ago. By 300 million years ago,
large forests and swamps covered the land, and the earliest fossils
of reptiles appear during this period as well.

The Mesozoic saw the ascendence of dinosaurs, although
mammals also appear in the fossil record about 200 million years

ago. During this time, flowering plants became the dominant plant
group and continue to be so today.

The Cenozoic began about 65 million years ago with the end of
the age of dinosaurs, which many scientists think was caused by
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a cosmic impact. Mammals survived to become the dominant land
animals of today.

COMPOSITION & STRUCTURE

~ Atmosphere

The atmosphere is roughly 78 percent nitrogen, 21 percent
oxygen, with trace amounts of water, argon, carbon dioxide and
other gases. Nowhere else in the solar system can one find an
atmasphere loaded with free oxygen, which ultimately proved vital
to one of the other unique features of Earth — us.

Air surrounds Earth and becomes thinner farther from the
surface. Roughly 100 miles (160 kilometers) above Earth, the air is
so thin that satellites can zip through with little resistance. Still,
traces of atmosphere can be found as high as 370 miles (600
kilometers) above the surface.

The lowest layer of the atmosphere is known as the
troposphere, which is constantly in motion, causing the weather.
Sunlight heats the Earth’s surface, causing warm air to rise. This
air ultimately expands and cools as air pressure decreases, and
because this cool air is denser than its surroundings, it then sinks,
only to get warmed by the Earth once again.

Above the troposphere, some 30 miles (48 kilometers) above
the Earth’s surface, is the stratosphere. The still air of the
stratosphere contains the ozone layer, which was created when
ultraviolet light caused trios of oxygen atoms to bind together into
ozone molecules. Ozone prevents most of the sun’s harmful
ultraviolet radiation from reaching Earth’s surface.

Water vapor, carbon dioxide and other gases in the atmosphere
trap heat from the sun, warming Earth. Without this so-called
“greenhouse effect,” Earth would probably be too cold for life to

exist, although a runaway greenhouse effect led to the hellish
conditions now seen on Venus.

Earth-orbiting satellites have shown that the upper atmosphere

actually expands during the day and contracts at night due to
heating and cooling,.
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Magnetic field

The Earth’s magnetic field is generated by currents flowing in
Earth’s outer core. The magnetic poles arealways on the move,
with the magnetic north pole recently accelerating its northward
motion to 24 miles (40 km) annually, likely exiting North America
and reaching Siberia in a few decades.

Earth’s magnetic field is changing in other ways, too —
globally, the magnetic field has weakened 10 percent since the 19th
century. These changes are mild compared to what Earth’s
magnetic field has done in the past— sometimes the field completely
flips, with the north and the south poles swapping places.

When charged particles from the sun get trapped in Earth’s
magnetic field, they smash into air molecules above the magnetic

poles, causing them to glow, a phenomenon known as the aurorae,
the northern and southern lights.

Chemical Composition

Oxygenis the most abundant element in rocks in Earth's crust,
composing roughly 47 percent of the weight of all rock. The second
most abundant element is silicon at 27 percent, followed by
aluminum at 8 percent, iron at 5 percent, calcium at 4 percent, and
sodium, potassium, and magnesium at about 2 percent each.

The Earth’s core consists mostly of iron and nickel and
potentially smaller amounts of lighter elements such as sulfur and
oxygen. The mantle is made of iron and magnesium-rich silicate
rocks. (The combination of silicon and oxygen is known as silica,
and minerals that contain silica are known as silicate minerals.)

Internal Structure

The Earth’s core is abou: 4,400 miles (7,100 kilometers)
wide, slightly larger than half the Earth’s diameterand roughly
the size of Mars. The outermost 1,400 miles (2,250 kilometers) of
the core are liquid, while the inner core —about four-fifths as big
as Earth’s moon at some 1,600 miles (2,600 kilometers) in diameter
— is solid.

Above the core is Earth’s mantle, which is about 1,800 miles
(2,900 kilometers) thick. The mantle is not completely stiff, but can
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flow slowly. Earth’s crust floats on the mantle much as a wood
floats on water, and the slow motion of rock in the mantle shuffles
continents around and causes earthquakes, volcanoes, and the
formation of mountain ranges.

Above the mantle, Earth has two kinds of crust. The dry land
of the continents consists mostly of granite and other light silicate
minerals, while the ocean floors are made up mostly of a dark,
dense volcanic rock called basalt. Continental crust averages some
25 miles (40 kilometers) thick, although it can be thinner or thicker
in some areas. Oceanic crust is usually only about 5 miles (8
kilometers) thick. Water fills in low areas of the basalt crust to form
the world’s oceans. Earth has more than enough water to
completely fill the ocean basins, and the rest of it spreads onto
edges of the continents, areas known as the continental shelf.

Earth gets warmer toward its core. At the bottom of the
continental crust, temperatures reach about 1,860 degrees F (1,000
degrees C), increasing about 3 degrees F per mile (1 degrees C per
kilomeler) below the crust. Geologists think the temperature of
Earth’s outer core is about 6,700 to 7,800 de grees F (3,700 to 4,300
degrees (), and the inner core may reach 12,600 degrees F (7,000
degrees C), hotter than the surface of the sun. Only the enormous
pressures found at the super-hot inner core keep it solid.

Structure

Earth's Atmosphere

The atmosphere is a mixture of nitrogen (78%), oxygen (21%),
and other gases (1%) that surrounds Earth, High above the planet,
the atmosphere becomes thinner until it gradually reaches space.
It is divided into five layers. Most of the weather and clouds are
found in the first layer.

The atmosphere is an important part of what makes Earth
livable. It blocks some of the Sun's dangerﬂlﬁ rays from reaching
Earth. It traps heat, making Earth a comfortable temperature. And
the oxygen within our atmosphere is essential for life.

Over the past century, greenhouse gases and other air
pollutants released into the atmosphere have been causing big
changes like global warming, ozone holes, and acid rain.
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The Earth’s atmosphere consists, from the ground up, of
the troposphere (which includes the planetary boundary layer or
peplosphere as lowest layer), stratosphere (which includes
theozone layer), mesosphere, thermosphere (which contains
the ionosphere), exosphere and also the magnetosphere. Each of
the layers has a different lapse rate, defining the rate of change in
temperature with height. '

Three quarters of the atmosphere lies within the troposphere,
and the depth of this layer varies between 17 km at the equator and
7 km at the poles. The ozone layer, which absorbsultraviolet energy

from the Sun, is located primarily in the stratosphere, at altitudes
of 15 to 35 km.

The Karman line, located within the thermosphere at an
altitude of 100 km, is commonly used to define the boundary
between the Earth’s atmosphere and outer space. However, the
exosphere can extend from 500 up to 10,000 km above the surface,
where it interacts with the planet’s magnetosphere.

Circulation

The circulation of the atmosphere occurs due to thermal
differences when convection becomes a more efficient transporter
of heat than thermal radiation. On planets where the primary heat
source is solar radiation, excess heat in the tropics is transported
to higher latitudes. When a planet generates a significant amount
of heat internally, such as is the case forJupiter, convection in the

atmosphere can transport thermal energy from the higher
temperature interior up to the surface.

Importance

From the perspective of the planetary geologist, the atmosphere
is an evolutionary agent essential to the morphology of a planet.
The wind transports dust and other particles which erodes
the relief and leaves deposits (eolian processes). Frost and
precipitations, which depend on the composition, also influence
the relief. Climate changes can influence a planet’s geological
history. Conversely, studying surface of earth leads to an

understanding of the atmosphere and climate of a planet - both its
present state and its past.
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For a meteorologist, the composition of the atmosphere
determines the climate and its variations. For a biologist, the
composition is closely dependent on the appearance of the life and
its evolution.

Biosphere

The biosphere is the global sum of all ecosystems. It can also
be called the zone of life on Earth, a closed (apart from solar and
cosmic radiation) and self-regulating system. From the
broadest biophysiological point of view, the biosphere is the
global ecological system integrating all living beings and their
relationships, including their interaction with the elements of
the lithosphere, hydrosphere and atmosphere.

The biosphere is postulated to have evolved, beginning through
a process of biogenesis or biopoesis, at least some 3.5 billion years
ago. In a broader sense; biospheres are any closed, self-regulating
systems containing ecosystems; including artificial ones such
as Biosphere 2 and BIOS-3; and, potentially, ones on other planets
Or Moons.

The term “biosphere” was coined by geologisi Eduard Suess in
1875, which he defined as:

“The place on Earth’s surface where life dwells.”

While this concept has a geological origin, it is an indication
of the impact of both Darwin and Maury, [Nicheolas Morken on
the earth sciences.

The biosphere’s ecological context comes from the 1920s,
preceding the 1935 introduction of the term “ecosystem” by
Sir Arthur Tansley. Vernadsky defined ecology as the science of
the biosphere. It is an interdisciplinary concept for integrating
astronomy, geophysics, meteorology, biogeography, evolution,
geology, geochemistry, hydrology and, generally speaking, all life
and earth sciences.

Narrow Definition

Some life scientists and earth scientists use biosphere in a more
limited sense. For example, geochemists define the biosphere as
being the total sum of living organisms (the “biomass” or “biota”
as referred to by biologists and ecologists). In this sense, the



32 Physical Geography

biosphere is but one of four separate components of the geochemical
model, the other three being lithosphere, hydrosphere, and
atmosphere. The narrow meaning used by geochemisls is one of
the consequences of specialization in modern science, Some might
prefer the word ecosphere, coined in the 1960s, as all encompassing
of both biological and physical components of the planet. ,

The Second International Conference on Closed Life Systems
defined biospherics as the science and technology of analogs and
models of Earth’s biosphere; i.e., artificial Earth-like biospheres.
Others may include the creation of artificial non-Earth biospheres—
for example, human-centered biospheres or a native Martian
biosphere—in the field of biospherics.

Gaia Hypothesis

In the early 1970s, Lynn Margulis, a microbiologist from the
United Stales, added to the hypothesis, specifically noting the ties
between the biosphere and other Earth systems. For example,
when carbon dioxide levels increase in the atmosphere, plants grow

more quickly. As their growth continues, they remove more and
more carbon dioxide from the atmosphere.

Many scientists are now involved in new fields of stu dy that
examine interactions between biotic and abiotic factors in the

biosphere, such as geobiology and geomicrobiology.

Ecosystems occur when communities and their physical
environment work together as a system. The difference between this
and a biosphere is simple, the biosphere is everything in general terms.

EXTENT OF EARTH'S BIOSPHERE

Every parl of the planet, from the polar ice caps to the Equator,
supports life of some kind. Recent advances in microbiology have
demonstrated that microbes live deep beneath the Earth's terrestrial
surface, and that the total mass of microbial life in so-called
“uninhabitable zones” may, in biomass, exceed all animal and
plant life on the surface. The actual thickness of the biosphere on
earth is difficult to measure. Birds typically fly at altitudes of 650 to
1,800 metres, and fish that live deep underwater can be found down
to -8,372 metres in the Puerto Rico Trench.
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There are more extreme examples for life on the planet:
Riippell’s vulture has been found at altitudes of 11,300 metres; bar-
headed geesemigrale at altitudes of at least 8,300 metres; yaks live
at elevations between 3,200 to 5,400 metres above sea level;
mountain goats live up to 3,050 metres. Herbivorous animals at
these elevations depend on lichens, grasses, and herbs.

Microscopic organisms live at such extremes that, taking them
into consideration puts the thickness of the biosphere much greater.
Culturable microbes have been found in the Earth’s upper
atmosphere as high as 41 km (25 mi) (Wainwright et al., 2003, in
FEMS Microbiology Letters). It is unlikely, however, that microbes
are active at such altitudes, where temperatures and air pressure
are extremely low and ultraviolet radiation very high. More likely
these microbes were brought into the upper atmosphere by winds
or possiblyvolcanic eruptions. Barophilic marine microbes have
been found at more than 10 km (6 mi) depth in the Marianas
Trench (Takamia et al., 1997, in FEMS Microbiology Letters).

Microbes are not limited to the air, water or the Earth’s surface.
Culturable thermophilic microbes have been extracted from cores
drilled more than 5 km (3 mi) into the Earth’s crust in Sweden (Gold,
1992, and Szewzyk, 1994, both in PNAS), from rocks between 65-
75 °C. Temperature increases with increasing depth into the Earth’s
crust. The speed at which the lemperature increases depends on
many factars, including type of crust (continental vs. oceanic), rock
type, geographic location, ete. The upper known limit of
temperature at which microbial life can exist is 122 °C
(Methanopyrus kandleri Strain 116), and it is likely that the limit
of life in the “deep biosphere” is defined by temperature rather
than absolute depth.

Our biosphere is divided into a number of biomes, inhabited
by broadly similar flora and fauna. On land, biomes are separated
primarily by latitude. Terrestrial biomes lying within the Arctic
and Antarctic Circles are relatively barren of plant and animal life,
while most of the more populous biomes lie near the equator.
Terrestrial organisms in lemperate and Arctic biomes have relatively
small amounts of total biomass, smaller energy budgets, and
display prominent adaptations tocold, including world-spanning
migrations, social adaptations, homeothermy, estivation and
multiple layers of insulation.
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Specific Biospheres

When the word is followed by a number, it is usually referring
to a specific system or number. Thus:

§ Biosphere 1, the planet Earth

§ Biosphere 2, a laboratory in Arizona which contains 3.15 acres
(13,000 m?) of closed ecosystem.

§ BIOS-3, a closed ecosystem at the Institute of Biophysics
in Krasnoyarsk, Siberia, in what was then the Soviet Union.

§ BiosphereJ (CEEF, Closed Ecology Experiment Facilities), an
experiment in Japan.

Geosphere

The geosphgre is considered that portion of the Earth system
that includes the Earth’s interior, rocks and minerals, landforms
and the processes that shape the Earth's surface. The Earth itself
(contrary to Christopher Columbus) is not a perfect sphere. It is
what is called an oblate spheroid, with a radius of 6,357 kilometers

(km) from the Earth's center to the North Pole and 6,378 km from
the center to the Equator.

Prior to advanced instruments and spacecraft, 17th-cen tury
scientist Sir Isaac Newton predicted a similar shape based on the
effects of the Earth’s daily rotation and his studies of other planets.
Geodesy (the study of the Earth's shape) is a very important science,
in that it is critical for helping us understand satellite orbits, create

maps and navigate on the planet using devices such as the Global
Positioning System (GPS).

The term geosphere is often used to refer to the densest parts
of Earth, which consist mostly of rock and regolith. The geosphere
consists of the inside of the Earth or other planets or bodies.

In Aristotelian physics, the term was applied to four
spherical natural places, concentrically nested around the center
of the Earth, as described in the lectures Physica and Meteorologica.
They were believed to explain the motions of the four terrestrial
elements: Earth, Water, Air and Fire.

In modern texts and in Earth system science, geosphere refers
to the solid parts of the Earth and is used along with atmosphere,
hydrosphere, and biosphere to describe the systems of the Earth
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(the interaction of these systems with the heliosphere is sometimes
listed). In that context, sometimes the term lithosphere is used
instead of geosphere. However, the lithosphere only refers to the
uppermost layers of the solid Earth (oceanic and continental crustal
rocks and uppermost mantle).

Since space exploration began, it has been observed that the extent
of the ionosphere or plasmasphere is highly variable, and often much
larger than previously appreciated, at times extending to the
boundaries of the Earth’s magnelosphere or geomagnetosphere. This
highly variable outer boundary of geogenic matter has been referred
to as the “geopause,” to suggest the relative scarcity of such matter
beyond it, where the solar wind dominales.

The Earth’s interior is arranged somewhat like a layer cake,
consisting of a series of layers that change in density, mineral
composition and thickness with depth. Directly below the crust is
the mantle. It consists of two parts, an upper layer thatis less dense
and relatively brittle and a lower {much thicker) layer that is more
dense and plastic (it deforms without breaking). The crust and
upper mantle combined form the brittle upper layers of the Earth's
interior called the lithosphere. The npper mantle is also called the
asthenosphere.

The mantle makes up the largest volume of the Earth’s interior.
The region beneath the mantle is called the core, and consists of
two parts, a liquid outer core that is around 2250 km thick and a
solid inner core 1220 km thick. The core is primarily made up of
iron, with a small amount of nickel. The liquid iron in the outer
core is particularly important in that it is the primary source of the
Earth’s magnetic field. Unlike a common magnet, though, the north
and south ends of our “global magnet” are not exactly situated at
Earth's poles. Instead, the magnetic north pole is actually situated
in northern Canada, and the magnetic south pole resides north of
Antarctica and south of Australia. Another interesting feature of
the magnetic poles is that their precise location moves over time.

Every few million years, even the polarity of the Earth’s
magnetic field reverses (called a geomagnetic reversal, where
magnetic north and south “switch”), While scientists still do not
fully understand why geomagnetic reversals occur, the presence
of changing magnetic orientations preserved in rocks containing
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iron was a fundamental clue in unravelling the puzzle of Plate
Tectonics. Almost all of our direct knowledge of the Earth's interior
is from the upper 10 km. Our knowledge of the remaining 6,300 km
is based largely on indirect evidence from seismology, laboratory
studies of igneous and metamorphic rocks, computer models and
meteorites.

MNatural Science

The natural sciences are branches of science that seek to
elucidate the rules that govern the natural world by using scientific
methods. The term “natural science” is used to dislinguish the
subject matter from the social sciences, which apply the scientific
method to study human behavior and social paltterns; the
humanities, which use a critical or analytical approach to study
the human condition; and the formal sciencessuch as mathematics

and logic, which use an a priori, as opposed to factual method ology
to study formal systems.

Natural sciences are the basis for applied sciences. Together,

the natural and applied sciences are distinguished from the social
sciences on the one hand, and the humanities on the other.,

Though mathematics, statistics, and computer science are not

considered natural sciences, for instance, they provide many tools
and frameworks used within the natural sciences,

Alongside this traditional usage, the phrase natural sciences is
also sometimes used more narrowly to refer to natural history. In
this sense “natural sciences” may refer to the biology and perhaps
also the earth sciences, as distinguished from the physical sciences,
including astronomy, physics, and chemis try.

Within the natural sciences, the term hard science is sometimes
used to describe those subfields which some people view as relying
on experimental, quantifiable data or the scientific method and
focus on accuracy and objectivity. These usually include physics,

chemistry and biology. By contrast, soft science is often used to
describe the scientific fields that are more reliant on qualitative
research, including the social sciences.

This discipline is the science of celestial objects and phenomena
that originate outside the Earth’s atmosphere. It is concerned with
the evolution, physics, chemistry, meteorology, and motion of
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celestial objects, as well as the formation and development of the
universe.

Astronomy includes the examination, study and modeling
of stars, planels, comets, galaxies and the cosmos. Most of the
information used by astronomers is gathered by remote observation,
although some laboratory repreduction of celestial phenomenon
has been performed (such as the molecular chemistry of
the interstellar medium).

While the origins of the study of celestial features and
phenomenon can be traced back to antiquity, the scientific
methodology of this field began to develop in the middle of the
17th century. A key factor was Galileo’s introduction of the
telescope to examine the night sky in more detail.

The mathematical treatment of astronomy began with
Newton’s development of celestial mechanics and the laws of
gravitation, although it was triggered by earlier work of astronomers
such as Kepler. By the 19th century, astronomy had developed into
a formal science, with the introduction of instruments such as
the spectroscope and photography, along with much-improved
telescopes and the creation of professional observatories.
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Hyprorocic CYCLE

The hydrologic cycle, also known as the water cycle or H,O
cycle, describes the continuous movement of water on, above and
below the surface of the Earth. Water can change states
among liquid, vapor, and solid at various places in the water cycle.
Although the balance of water on Earth remains fairly constant
over time, individual water molecules can come and gp, in and out
of the atmosphere. The water moves from one reservoir to another,
such as from river to ocean, or from the ocean to the atmosphere, by
the physical processes of evaporation, condensation, precipitation,
infiltration, runoff, and subsurface flow. In so doing, the water
goes through different phases: liquid, solid, and gas.

EARTH’'S WATER CYCLE

Water is always on the move. Rain falling where you live may
have been water in the ocean just days before. And the water you
see in a river or stream may have been snow onahigh mountaintop.

Water can be in the atmosphere, on the land, in the ocean, and
even underground. Itis recycled over and over through the water
cycle. In the cycle, water changes state between liquid, solid (ice),
and gas (water vapor). Most water vapor gets into theatmosphere by
a process calledevaporation. This process turns the water that is at
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the top of the ocean, rivers, and lakes into water vapor in the
atmosphere using energy from the Sun. Water vapor can also form
from snow and ice through the process of sublimation and can
evaporate from plants by a process calledtranspiration.

The water vapor rises in the atmosphereand cools, forming
tiny water droplets by a process called condensation. Those water
droplets make up clouds. If those tiny water droplets combine with
each other they grow larger and eventually become too heavy to
stay in the air. Then they fall to the ground as rain, snow, and
other types of precipitation.

Most of the precipitation that falls becomes a part of the ocean or
part of rivers, lakes, and streams that eventually lead to the ocean.
Some of the snow and ice that falls as precipitation stays at the
Earth surface in glaciers and other types of ice. Some of the
precipitation seeps into the ground and becomes a part of

the groundwater.

Water stays in certain places longer than others. A drop of water
may spend over 3,000 years in the ocean before moving on to another
part of the water cycle while a drop of water spends an average of
justeight days in the atmosphere before falling back to Earth.

The hydrologic cycle involves the exchange of heat energy,
which leads to temperature changes. For instance, in the process of
evaporalion, water takes up energy from the surroundings and
cools the environment. Conversely, in the process of condensation,
water releases energy to its surroundings, warming the
environment. The water cycle figures significantly in the
maintenance of life and ecosystems on Earth.

Even as water in each reservoir plays an important role, the
water cycle brings added significance to the presence of water on
our planet. By transferring water from one reservoir to another, the
water cycle purifies water, replenishes the land with freshwater,
and transports minerals to different parts of the globe. It is also
involved in reshaping the geological features of the Earth, through
such processes as erosion and sedimentation. In addition, as the
water cycle also ;nvolves heat exchange, it exerts an influence on
climate as well.

The sun, which drives the water cycle, heats water in oceans
and seas. Water evaporates as water vapor into the air. Ice and
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snow can sublimate direcfly into water vapor. Evapotranspiration
is waler transpired from plants and evaporated from the soil. Rising
air currents take the vapor up into the atmosphere where cooler
temperatures cause it to condense into clouds. Air currents move
water vapor around the globe, cloud particles collide, grow, and
fall out of the sky as precipitation. Some precipitation falls as snow
or hail, sleet, and can accumulate as ice caps and glaciers, which
can store frozen water for thousands of years. Most water falls
back into the oceans or onto land as rain, where the water flows
over the ground as surface runoff. A portion of runoff enters rivers
in valleys in the landscape, with streamflow moving waler towards
the oceans.

Runoff and groundwater are stored as freshwater in lakes. Nol
all runoff flows into rivers, much of it spaks into the gl'ﬂm"d
as infiltration. Some water infiltrates deep into the ground and
replenishes aquifers, which store freshwater for long periods of
time. Some infiltration stays close to the land surface and can seep
back into surface-water bodies (and the ocean) as groundwater
discharge. Some groundwater finds openings in the land surface
and comes out as freshwaler springs. Over time, the water returns
to the ocean, where our water cycle started.

Changes over Time

The water cycle describes the processes that drive the
movement of water throughout the hydrosphere. However, much
more water is “in storage” for long periods of time than is actually
moving through the cycle. The storehouses for the vast majority of
all water on Earth are the aceans. It is estimated that of the
332,500,000 m#® (1,386,000,000 km®) of the world’s water supply,
about 321,000,000 mi® (1,338,000,000 km?) is stored in oceans, or
about 95%. It is also estimated that the oceans supply about 90% of
the evaporated water that goes into the water cycle.

During colder climatic periods more ice caps and glaciers form,
and enough of the global water supply accumulales asice to lessen
the amounts in other parts of the water cycle. The reverse is true
during warm periods. During the last ice age glaciers covered
almost one-third of Earth’s land mass, with the result being that
the oceans were about 400 £t (122 m) lower than today. During the
last global “warm spell,” about 125,000 years ago, the seas were
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about 18 ft (5.5 m) higher than they are now. About three million
years ago the oceans could have been up to 165 ft (50 m) higher.

The scientific consensus expressed in the 2007 Intergovernmental
Panel on Climate Change (IPCC) Summary for Policymakers is for the
waler cycle to continue to intensify throughout the21st century, though
this does not mean that precipitation will increase in all regions. In
subtropical land areas — places that are already relatively dry —
precipitation is projected to decrease during the 21st century,
increasing the probability of drought. The drying is projected to be
strongest near the poleward margins of the subtropics (for example,
theMediterranean Basin, South Africa, southern Australia, and
the Southwestern United States). Annual precipitation amounts are
expected to increase in near-equatorial regions that tend to be wel in
the present climate, and also at high latitudes. These large-scale
patterns are present in nearly all of the climate model simulations
conducted at several international research centers as part of the 4th
Assessment of the IPCC. There is now ample evidence that increased
hydrologic variability and change in climate has and will continue
have a profound impact on the water sector through the hydrologic
cycle, water availability, water demand, and water allocation at the
global, regional, basin, and local levels.

Glacial retreat is also an example of a changing water cycle,
where the supply of water to glaciers from precipitation cannol
keep up with the loss of water from melting and sublimation.Glacial
retreat since 1850 has been extensive.

Human activities that alter the water cycle include:

agriculture

industry

alteration of the chemical composition of the atmosphere
construction of dams

deforestation and afforestation

removal of groundwater from wells

water abstraction from rivers

urbanization

L L Lon Wn Con Ln U AR

Effects on Climate

The water cycle is powered from solar energy. 86% of the global
evaporation occurs from the oceans, reducing their temperature
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by evaporative cooling. Without the cooling, the effect of
‘evaporation on the greenhouse effect would lead to a much hi gher
surface temperature of 67 °C (153 °F), and a warmer planet.

Aquifer drawdown or overdrafting and the pumping of fossil
water increases the total amount of water in the hydrosphere that is
subject to transpiration and evaporation thereby causingaccretion
in water vapour and cloud cover which are the primary absorbers
of infrared radiation in the Earth's atmosphere. Adding water to
the system has a forcing effect on the whole earth system, an accurate
estimate of which hydrogeological fact is yet to be quantified.

EFFECTS ON BIOGEOCHEMICAL CYCLING

While the water cycleisitselfa biogeochemical cycle, flow of
water over and beneath the Earthisa key component of the cycling
of other biogeochemicals. Runoff is responsible for almost all of the
transport of eroded sediment and phosphorus from land
to waterbodies. The salinj ty of the oceans is derived from erosion
and transport of dissolved salts from the land.

Cultural eutrophication of lakes is primarily due to
phosphorus, applied in excess to agricultural fields in fertilizers,
and then transported overland and down rivers. Both runoff and

groundwater flow play significant roles in transporting nitrogen
from the land to waterbodies,

The dead zone at the outlet of the Mississippi River is a
consequence of nitrates from fertilizer being carried off agricultural
fields and funnelled down the river system to the Gull of Mexico.

Runoff also plays a part in the carbon cycle, again through the
transport of eroded rock and soil.

Slow Loss over Geologic Time

The hydrodynamic wind within the upper portion of a planet’s
atmosphere allows light chemical elements such as Hydrogen to
move up to the exobase, the lower limit of the exosphere, where the
gases can then reach escape velocity, entering outer space without
impacting other particles of gas. This type of gas loss from a planet
into space is known as planetary wind. Planets with hot lower
atmospheres could result in humid upper atmospheres that
accelerate the loss of hydrogen.
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Bioprecipitation

It is the concept of rain-making bacteria and was proposed by
David Sands from Montana State University before 1983. The
formation of ice in clouds is required for snowand most rainfall.
Dust and soot particles can serve as ice nuclei, but biclogical ice
nuclei are capable of catalyzing freezing at much warmer
temperatures. The ice-nucleating bacteria currently known are
mostly plant pathogens. Recent research su gpests that bacteria may
be present in clouds as part of an evolved process of dispersal.

Ice-nucleating Bacteria are Used in Cloud Seeding

Most known ice-nucleating bacteria are plant pathogens. These
pathogens can cause freezing injury in plants. In the United
States alone, it has been estimated thal frost accounts for
approximately $1 billion in erop damage each year. The ice-
minus variant of P. syringae is a mutant, lacking the gene
responsible for ice-nucleating surface protein production. This lack
of surface protein provides a less favorable environment for ice
formation. Both strains of P. syringae occur naturally, but
recombinant DNA technology has allowed for the synthetic
removal or alteration of specific genes, enabling the creation of the
ice-minus strain.

The introduction of an ice-minus strain of P. syringae to the
surface of plants would incur competition between the strains.
Should the ice-minus strain win out, the ice nucleate provided by
P. syringae would nolonger be present, lowering the level of frost
development on plant surfaces at normal water freezing
temperature (0°C).

Dispersal of Bacteria Through Rainfall

Bacteria present in clouds may have evolved to use rainfall as
a means of dispersing themselves. The bacteria are found in
snow, soils and seedlings in locations such as Antarctica,
theYukon Territory of Canada and the French Alps, according to
Brent Christner, a microbiologist at Louisiana State University. It
has been suggested that the bacteria are part of a constant
feedback between terrestrial ecosystems and clouds. They may rely
on the rainfall to spread to new habitats, in much the same way as
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plants rely on windblown pollen grains, Christner said, with this
possibly a key element of the bacterial life cycle.

Cloud Seeding

Many ski resorts use a commercially available freeze-
dried preparation of ice-nucleating bacteria to produce snow as
required. This is known as cloud seeding.

Biogeochemical Cycle

In ecology and Earth science, a biogeochemical cycle or
substance turnover or cycling of substances is a pathway by which
a chemical element or molecule moves through both biotic
(biosphere) and abiotic (lithosphere, atmosphere, and hydrosphere)
compartments of Earth. A cycle is a series of change which comes
back to the starting point and which can be repeated.

The term “biogeochemical” tells us that biological; geological
and chemical factors are all involved. On the other hand the
circulation of chemical nutrients like carbon, oxygen, nitrogen,
phosphorus, calcium, and water etc. through the biological and
physical world are known as biogeochemical cycle. In effect, the
element is recycled, although in some cycles there may be places
(called reservoirs) where the element is accumulated or held for a
long period of time (such as an ocean or lake for water).

Water, for example, is always recycled through the water cycle,
as shown in the diagram. The water undergoes evaporation,
condensation, and precipitation, falling back to Earth clean and
fresh. Elements, chemical compounds, and other forms of matter
are passed from one organism to another and from one part of the
biosphere to another through the biogeochemical cycles.

Ecological systems (ecosystems) have many biogeochemical
cycles operating as a part of the system, for example the water
cycle, the carbon cycle, the nitrogen cycle, etc. All chemical elements
occurring in organisms are part of biogeochemical cycles. In
addition to being a part of living organisms, these chemical elements
also cycle through abiotic factors of ecosystems such as water
(hydrosphere), land (lithosphere), and / or the air (atmosphere).

The living factors of the planet can be referred to collectively as
the biosphere. All the nutrients—such as carbon, nitrogen, oxygen,
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phosphorus, and sulfur—used in ecosystems by living organisms
are a part of a closed system; therefore, these chemicals are recycled
instead of being lost and replenished constantly such as in an
opensystem.

The flow of energy in an ecosystem is an open system; the sun
constantly gives the planet energy in the form of light while il is
eventually used and lost in the form of heat throughout the trophic
levels of a food web. Carbon is used to make carbohydrates, fats,
and proteins, the major sources of food energy. These compounds
are oxidized to release carbon dioxide, which can be captured by
plants to make organic compounds. The chemical reaction is
powered by the light energy of the sun.

Itis possible for an ecosystem to obtain energy without sunlight.
Carbon must be combined with hydrogen and oxygen in order to
be utilized as an energy source, and this process depends on
sunlight. Ecosystems in the deep sea, where no sunlight can
penetrate, use sulfur. Hydrogen sulfide near hydrothermal
vents can be utilized by organisms such as the giant tube worm. In
the sulfur cycle, sulfur can be forever recycled as a source of energy.
Energy can be released through the oxidation and reduction of
sulfur compounds (e.g., oxidizing elemental sulfur to sulfite and
then to sulfate).

Although the Earth constantly receives energy from the sun,
its chemical composition is essentially fixed, as additional matter
is only occasionally added by meteorites. Because this chemical
composition is not replenished like energy, all processes that
depend on these chemicals must be recycled. These cycles include
both the living biosphere and the nonliving lithosphere,
atmosphere, and hydrosphere.

Reservoirs

The chemicals are sometimes held for long periods of time in
one place. This place is called a reservoir, which, for example,
includes such things as coal deposits that are storing carbon fora
long period of time. When chemicals are held for only short periods
of time, they are being held in exchange pools. Examples of
exchange pools include plants and animals.

Plants and animals utilize carbon to produce carbohydrates,
fats, and proteins, which can then be used to build their internal
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structures or to obtain energy. Plants and animals temporarily use
carbon in their systems and then release it back into the air or

surrounding medium. Generally, reservoirs are abiotic factors
whereas exchange pools are biotic factors. Carbon is held for a
relatively short time in plants and animals in comparison to coal
deposits. The amount of time thata chemical is held in one place is
called its residence.

Important Cycles

The most well-known and important biogeochemical cycles,
for example, include the carbon cycle, the nitrogen cycle, the Oxygen
cycle, the phosphorus cycle, the sulfur cycle and the water cycle.
There are many biogeochemical cycles that are currently being
studied for the first time as climate change and human impacts are
drastically changing the speed, intensity, and balance of these
relatively unknown cycles. These newly studied biogeochemical

cycles include the mercury cycle and the human-caused cycle
of atrazine, which may affect certain species,

Bingecfchenﬁcal cycles always involve hot equilibrium states:
a balance in the cycling of the element between compartments.

However, overall balance may involve compartments distributed
on a global scale,

As biogeochemical eycles describe the movements of substances
on the entire globe, the study of these is inherently multidisciplinary.
The carbon cycle may be related to research in ecology and
atmosphericsciences. Biochemical dynamics would also be related
to the fields of geology and pedology (soil study).

Condensation

Condensation is the formation of liquid drops of water from
water vapor. It is the process which creates clouds, and so is
necessary for rain and snow formation as well. Condensation in
the atmosphere usually occurs as a parcel of rising air expands
and cools to the point where some of the water vapor molecules
clump together faster than they are torn apart from their thermal
energy.

A very important part of this process is the release of the latent
heat of condensation. This is the heat that was absorbed when the
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water was originally evaporated from the surface of the Earth, a
process which keeps the Earth’s surface climate much cooler thal
it would otherwise be if there were no water.

The heat removed from the surface through evaporation is

thereby released again higher up in the atmosphere when clouds
form.

Another way in which condensation occurs is on hard
surfaces, such as during the formation of dew. Water condensing
on a glass of ice water, or on the inside of windows during winter,
is the result of those glass surfaces’ temperature cooling below
the dewpoint of the air which is in contact with them.
Condensation is the change of the physical state of matter from
gaseous phase into liquid phase, and is the reverse of vaporization.

When the transition happens from the gaseous phase into the
solid phase directly, the change is called deposition.

Condensation is initiated by the formation of atomic/molecular
clusters of that species within its gaseous volume—Ilike rain drop
or snow-flake formation within clouds—or at the contact between

such gaseous phase and a (solvent) liquid or solid surface.

A few distinct reversibility scenarios emerge here with respect
to the nature of the surface.

§ absorptioninto thesurface of a liquid (either of the same species
or one of its solvents)—is reversible as evaporation.

§ adsorption (as dew droplets) onto solid surface at pressures
and temperatures higher than the specie’s triple point—also
reversible as evaporation.

§ adsorption onto solid surface (as supplemental layers of solid)
at pressures and temperatures lower than the specie’s triple
point—is reversible as sublimation.

Condensation commonly occurs when a vapour is cooled and /
or compressed to its saturation limit when the molecular density
in the gas phase reaches its maximal threshold. Vapour cooling
and compressing equipment that collects condensed liquids is
called “condenser”,

Psychromelry measures the rates of condensation from and
evaporation into the air moisture at various atmospheric pressures
and temperatures. Water is the product of its vapour condensation
—condensation is the process of such phase conversion.
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APPLICATIONS OF CONDENSATION

Condensation is a crucial component of distillation, an
important laboratory and industrial chemistry application. Because
condensation is a naturally occurring phenomenon, it can often be
used to generate water in large quantities for human use. Many
structures are made solely for the purpose of collecting water from
condensation, such as air wells and fog fences. Such systems can
often be used to retain soil moisture in areas where active
desertification is occurring—so much so that some organizations
educate people living in affected areas about water condensers to
help them deal effectively with the situation.

Itis also a crucial process in forming particle tracks in a Cloud
Chamber. In this case, ions produced by an incident particle act as
nucleation centres for the vapour to condense on. Numerous living
organisms use water made accessible by condensation. A few
examples are the Australian Thorny Devil, Darkling beetles on the
Namibian coast and Coast Redwoodson the west coast of the United
States.Condensation in build ing construction is an unwanted
phenomenon as it may cause dampness, mold health issues, wood
rot, corrosion and energy loss due to increased heat transfer.
Interstructure condensation may be caused by thermal bridges,
insufficient or lacking damp proofing or insulated glazing.

Evaporation

Evaporation is a type of vaporization of a liquid that occurs
E:me on the surface of a liquid. The other type of vaporization
is boiling, which, instead, occurs on the entire mass of the liquid.

On average, the molecules in a glass of water do not have
enough heat energy to escape from the liquid. With sufficient heat,
the liquid would turn into vapor quickly. When the molecules
collide, they transfer energy to each other in varying degrees, based
on how they collide. Sometimes the transfer is so one-sided for a
molecule near the surface that it ends up with enough energy to
‘escape’ (evaporate).

Liquids that do notevaporate visibly at a given temperature in
a given gas (e.g., cooking oil at room temperature) have molecules
that do not tend to transfer energy to each other in a pattern
sufficient to frequently give a molecule the heal ene rgy Necessary
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to turn into vapor. However, these liquids are evaporating. It is
just that the process is much slower and thus significantly less
visible.

Evaporation is an essential part of the water cycle. Solar
energy drives evapora tion of water from oceans, lakes, moisture in
the soil, and other sources of water. In hydrology, evaporation
and transpiration (which involves evaporation within plant
stomata) are collectively termedevapotranspiration. Evaporation
of water occurs when the surface of the liquid is exposed, allowing,

molecules to escape and form water vapor, this vapor can then rise
up and form clouds.

For molecules of a liquid to evaporate, they must be located
near the surface, be moving in the proper direction, and have
sufficient kinelic energy to overcome liquid-phase intermolecular
forces. Only asmall proportion of the molecules meet these criteria,
so the rate of evaporation is limited. Since the kinetic energy of a
molecule is proportional to its temperature, evaporation proceeds
more quickly at higher temperatures. As the faster-moving
molecules escape, the remaining molecules have lower average
kinetic energy, and the temperature of the liquid, thus, decreases.
This phenomenon is also called evaporative cooling.

This is why evaporating sweat cools the human body.
Evaporation also tends to proceed more quickly with higher flow
rates between the gaseous and liquid phase and in liquids with
higher vapor pressure. For example, laundry on a clothes line will
dry (by evaporation) more rapidly on a windy day than on a still
day. Three key parts to evaporation are heat, atmospheric
pressure (determines the percent humidity) and air movement.

On a molecular level, there is no strict boundary between the
1iquid state and the vapor state. Instead, there is a Knudsen layer,
where the phase is undetermined. Because this layer is only a few

molecules thick, at a macroscopic scale a clear phase transition
interface can be seen.

Evaporative Equilibrium

If evaporation takes place in a closed vessel, the escaping
molecules accumulate as a vapor above the liquid. Many of
the molecules return to the liquid, with returning molecules
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becoming more frequent as the density and pressure of the vapor
increases. When the process of escape and return reaches
an equilibrium, the vapor is said to be “saturated,” and no further
change in either vapor pressure and density or liquid temperature
will occur. For a system consisting of vapor and liquid of a pure
substance, this equilibrium state is directly related to the vapor
pressure of the substance, as given by the Clausius-Clapeyron
relation:

n(B)=-Slm (2 )
P R AT T
where P,, P, are the vapor pressures at temperatures T, T,
respectively, AH__ is the enthalpy of vaporization, and R is
the universal gas constant. The rate of evaporation in an open
system s related to the vapor pressure found in a closed system. If

a liquid is heated, when the vapor pressure reaches the ambient
pressure the liquid will boil.

The ability for a molecule of a liquid to evaporate is based
largely on the amount of kinetic energy an individual particle may
possess. Even at lower temperatures, individual molecules of a

liqufd can evaporate if they have more than the minimum amount
of kinetic energy required for vaporization.
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REMOTE SENSING AND GPS

Remote sensing is the acquisition of information about an object
or phenomenon, without making physical contact with the object.
In modern usage, the term generally refers to the use of aerial sensor
technclogies to detect and classify objects on Earth (both on the
surface, and in the atmosphere and oceans) by means of propagated
signals (e.g. electromagnetic radiation emitted from aircraft or
satellites)

There are two main types of remote sensing: passive remote
sensing and active remote sensing. Passive sensors detect natural
radiation that is emitted or reflected by the object or surrounding
area being observed. Reflected sunlight is the most common source
of radiation measured by passive sensors. Examples of passive
remote sensors include film photography, infrared, charge-coupled
devices, and radiometers. Active collection, on the other hand, emits
energy in order to scan objects and areas whereupon a sensor then
detects and measures the radiation that is reflected or backscattered
from the target. RADAR andLiDAR are examples of active remote
sensing where the time delay between emission and return is

measured, establishing the location, height, speed and direction of
an object.

Remote sensing makes it possible to collect data on dangerous
or inaccessible areas. Remote sensing applications include
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monitoring deforestation in areas such as the Amazon
Basin, glacial features in Arctic and Antarctic regions, and depth
sounding of coastal and ocean depths. Military collection during
the Cold War made use of stand-off collection of data about
dangerous border areas. Remote sensing also replaces costly and
slow data collection on the ground, ensuring in the process that
areas or objects are not disturbed.

Orbital platforms collect and transmit data from different parts
of the electromagnetic spectrum, which in conjunction with larger
scale aerial or ground-based sensing and analysis, provides
researchers with enough information to monitor trends such as E]
Nifio and other natural long and short term phenomena. Other
uses include different areas of the earth sciences such as natural
resource management, agricultural fields such as land usage and
conservation, and national security and overhead, ground-based
and stand-off collection on border areas.

By satellite, aircraft, spacecraft, buoy, ship, and helicopter
images, data is created to analyze and compare things like
vegetation rates, erosion, pollution, forestry, weather, and land use.
These things can be mapped, imaged, tracked and observed. The
process of remote sensing is also helpful for city planning,
archaeological investigations, military observation and
gmmnrphu]néical surveying.

DATA ACQUISITION TECHNIQUES

The basis for multispectral collection and analysis is that of
examined areas or objects that reflect or emit radiation that stand
out from surrounding areas.

Applications of Remote Sensing Data

§ Conventional radar is mostly associated with aerial traffic
control, early warning, and certain large scale meteorological
data. Doppler radar is used by local law enforcements’
monitoring of speed limits and in enhanced meteorological
collection such as wind speed and direction within wezther
systems. Other types of active collection includes plasmas in
the ionosphere. Interferometricsynthetic aperture radar is used
to produce precise digital elevation models of large scale
terrain.
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Laser and radar altimeters on satellites have provided a wide
range of dala. By measuring the bulges of water caused by
gravily, they map features on the seafloor to a resolution of a
mile or so. By measuring the height and wave-length of ocean
waves, the altimeters measure wind speeds and direction, and
surface ocean currents and directions.

Light detection and ranging (LIDAR) 1s well known in
examples of weapon ranging, laser illuminated homing of
projectiles. LIDAR is used to detect and measure the
concentration of various chemicals in the atmosphere, while
airborne LIDAR can be used to measure heights of objects and
features on the ground more accurately than with radar
technology. Vegetation remote sensing is a principal
application of LIDAR.

Radiometers and photometers are the most common
instrument in use, collecting reflected and emitted radiation in
a wide range of frequencies. The most common are visible and
infrared sensors, followed by microwave, gamma ray and
rarely, ultraviolet. They may also be used to detect the emission
spectra of various chemicals, providing data on chemical
concentrations in the atmosphere.

Stereographic pairs of aerial photographs have 1}5!!311 been used
to make topographic maps by imagery and teprain analysts in
trafficability and highway departments for p'{}tential routes.
Simultaneous multi-spectral platforms such as Landsat have
been in use since the 70's. These thematic mappers take images
in multiple wavelengths of electro-magnetic radiation (mult-
spectral) and are usually found on Earth observation satellites,
including (for example) the Landsat program or the IKONOS
satellite. Maps of land cover and land use from thematic
mapping can be used to prospect for minerals, detect or monitor
land usage, deforestation, and examine the health of
indigenous plants and crops, including entire farming regions
or forests.

Hyperspectral imaging produces an image where each pixel
has full spectral information with imaging narrow spectral

bands over a contiguous spectral range. Hyperspectral imagers
are used in various applications including mineralogy,
biology, defence, and environmental measurements.



54 Physical Geography

§  Within the scope of the combat against desertification, remote
sensing allows to follow-up and monitor risk areas in the long
term, to determine desertification factors, to support decision-
makers in defining relevant measures of environmental
management, and to assess their impacts.

Geodetic

§ Owverhead geodetic collection was first used in aerial submarine
detection and gravitational data used in military maps. This
data revealed minute perturbations in the Earth’sgravitational
field (geodesy) that may be used to determine changes in the
mass distribution of the Earth, which in turn may be used for
geological studies.

Acoustic and Near-acoustic

§ Sonar: passive sonar, listening for the sound made by another
object (a vessel, a whale etc); active sonar, emitting pulses of
sounds and listening for echoes, used for detecting, ranging
and measurements of underwater objects and terrain.

§ Seismograms taken at different locations can locate and
measure earthquakes (after they occur) by comparing the
relative intensity and precise timing,

To coordinate a series of large-scale observations, most sensing
systems depend on the following: platform location, what time it
is, and the rotation and orientation of the sensor. High-end
instruments now often use positional information from satellite
navigation systems. The rotation and orientation is often provided
within a degree or two with electronic compasses. Compasses can
measure not just azimuth (i. e. degrees to magnetic north), but also
altitude (degrees above the horizon), since the magnetic field curves
into the Earth at different angles at different latitudes. More exact
orientalions require gyroscopic-aided orientation, periodically
realigned by different methods including navigation from stars or
known benchmarks.

Resolution impacts collection and is best explained with
the following relationship: less resolution=less detail & larger
coverage, More resolution=more detail, less coverage. The
skilled management of collection results in cost-effective
collection and avoid situations such as the use of multiple high
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resolution data which tends to clog transmission and storage
infrastructure.

Data Processing

Generally speaking, remote sensing works on the principle
of the inverse problem. While the object or phenomenon of interest
(the state) may not be directly measured, there exists some other
variable that can be detected and measured (the observation),
which may be related to the object of interest through the use of a
data-derived computer model. The common analogy given to
describe this is trying to determine the type of animal from its
footprints. For example, while it is impossible to directly measure
temperatures in the upper atmosphere, it is possible to measure
the spectral emissions from a known chemical species (such as
carbon dioxide) in that region. The frequency of the emission may
then be related to the temperature in that region via various
thermod ynamic relations.

The quality of remote sensing data consists of its spatial,
spectral, radiometric and temporal resolutions.

Spatial Resolution

The size of a pixel that is recorded in a raster image — typically
pixels may correspond to square areas ranging in side length from
1 to 1,000 metres (3.3 to 3,300 ft).

Spectral Resolution

The wavelength width of the different frequency bands
recorded —usually, this is related to the number of frequency bands
recorded by the platform. Current Landsat collection is that of seven
bands, including several in the infra-red spectrum, ranging from a
spectral resolution of 0.07 to 2.1 im. The Hyperion sensor on Earth
Observing-1 resolves 220 bands from 0.4 to 2.5 im, with a spectral
resolution of 0.10 to 0.11 im per band.

Radiometric Resolution

: The number of different intensities of radiation the sensor is
able to distinguish. Typically, this ranges from 8 to 14 bits,
corresponding to 256 levels of the gray scale and up to 16,354
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intensities or “shades” of colour, in each band. It also depends on
the instrument noise.

Temporal Resolution

The frequency of flyovers by the satellite or plane, and is only
relevant in time-series studies or those requiring an averaged or
mosaic irage as in deforesting monitoring. This was firstused by
the intelligence community where repeated coverage revealed
changes in infrastructure, the deployment of units or the
modification/introduction of equipment. Cloud cover over a given

area or object makes it necessary to repeat the collection of said
location.

In order to create sensor-based maps, most remote sensing
systems expect to extrapolate sensor data in relation to a reference
point including distances between known points on the ground.
This depends on the type of sensor used. For example, in
conventional photographs, distances are accurate in the center of
the image, with the distortion of measurements increasing the
farther you get from the center. Another factor is that of the platen
against which the film is pressed can cause severe errors when
photographs are used to measure ground distances. The step in
which this problem is resolved is called georeferencing, and
involves computer-aided matching up of points in the image
(typically 30 or more points per image) which is extrapolated with
the use of an established benchmark, “warping” the image _to
produce accurate spatial data. As of the early 1990s, most satellite
images are sold fully georeferenced.

In addition, images may need to be radiometrically and
atmospherically corrected.

Radiometric correction gives a scale to the pixel values, e. g,

the monochromatic scale of 0 to 255 will be converted to actual
radiance values.

Atmospheric correction eliminates atmospheric haze by
rescaling each frequency band so that its minimum value (usually
realised in water bodies) corresponds to a pixel value of 0. The
digitizing of data also make possible to manipulate the data by
changing gray-scale values.

Interpretation is the critical process of making sense of the
data. The first application was that of aerial photographic collection
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which used the following process; spatial measurement through
the use of a light table in both conventional single or stereographic
coverage, added skills such as the uze of photogrammetry, the use
of photomosaics, repeat coverage, Making use of objects’” known
dimensions in order to detect modifications. Image Analysis is the
recently developed automated computer-aided application which
is in increasing use.

Object-Based Image Analysis (OBIA) is a sub-discipline of
GIScience devoted to partitioning remote sensing (RS) imagery into

meaningful image-objects, and assessing their characteristics
Lhrnugh spatial, spectral and temporal scale.

Old data from remote sensing is often valuable because itmay
provide the only long-term dala for a large extent of geogra phy. At
the same time, the data is often complex Lo interpret, and bulky to
store. Modern systems lend Lo store the data digitally, often with
lossless compression. The difficulty with this approa ch is that the
data is fragile, the format may be archaic, and the data may be easy
to falsify. One of the best systems for archiving data series is as
computer-generated machine-readable ultrafiche, usually in
typefonts such as OCR-B, or as digitized half-tone images.
Ultrafiches survive well in standard libraries, with lifetimes of
several centuries. They can be created, copied, filed and retrieved
by automated systems. They are aboul as compact as archival
magnetic media, and yet can be read by human beings with
minimal, standardized equipment.

REMOTE SENSING SOFTWARE

Remote Sensing data is processed and analyzed with computer
software, known as a remote sensing application. A large number
of proprietary and open source applications exist to process remote
sensing data. According to an NOAA Sponsored Research by
Global Marketing Insights, Inc. the most used applications among
Asian academic groups involved in remote sensing are as follows:
ERDAS 36% (ERDAS IMAGINE 25% & ERMapper 11%); ESRI 30%;
ITT Visual Information Solutions ENVI 17%; MapInfo 17%. Among
Western Academic respondents as follows: ESRI 39%, ERDAS
IMAGINE 27%, MapInfo 9%, AutoDesk 7%, ITT Visual Information
Solutions ENVI 17%. Other important Remote Sensing Software
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packages include: TNTmips from Microlmages, PCI Geomatica
made by PCI Geomatics, the leading remote sensing software
package in Canada, IDRIS] from Clark Labs, Image Analyst
fromIntergraph, and RemoteView made by Overwatch Textron
Systems. Dragon/ips is one of the oldest remote sensing packages
still available, and is in some cases free. Open source remote sensing
software includes GRASS GIS, ILWIS, QGIS, QOSSIM, Opticks
(software) and Orfeo toolbox.

Global Positioning System

The Global Positioning System (GPS) is a space-based satellite
navigation system that provides location and time information in
all weather, anywhere on or near the Earth, where there is an
unobstructed line of sight to four or more GPS satellites. It is
maintained by the United Statesgovernment and is freely accessible
by anyone witha GPS receiver. The system Imposes some technical
limitations which are only removed for authorized users.

The GPS program provides critical capabilities to milita ry, civil
and commercial users around the world. In addition, GPS is the
backbone for modernizing the global air traffic system.

The GPS project was developed in 1973 to overcome the
limitations of previous navigation systems, integrating ideas from
several predecessors, including a number of classified engineering
design studies from the 1960s. GPS was created and realized by
the U.5. Department of Defense (DoD) and was originally run with
24 satellites. It became fully operational in 1994,

Advances in technology and new demands on the existing
system have now led to efforts to modernize the GPS system and
implement the next generation of GPS III satellites and Next
Generation Operational Control System (OCX). Announcements
from the Vice President and the White House in 1998 initiated

these changes. In 2000, U.5. Congress authorized the modernization
effort, referred to as GPSIIL.

In addition to GPS, other systems are in use or under
development. The Russian GLObal NAvigation Satellite System
(GLONASS) was in use by only the Russian military, until it was
made fully available to civilians in 2007. There are also the planned
European Union Galileo positioning system, Chinese Compass
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navigation system, and Indian Regional Navigational Satellite
System.

The design of GPS is based partly on similar ground-based
radio-navigation systems, such as LORAN and the Decca
Navigator developed in the early 1940s, and used during World
War II. In 1956, Friedwardt Winterberg proposed a test of general
relativity (for time slowing in a strong gravitational field) using
accurate atomic clocks placed in orbil inside artificial satellites.
(To achieve accuracy requirements, GPS uses principles of general
relativity to correct the satellites’ atomic clocks. ) Additional
inspiration for GPS came when the Soviet Union launched the first
man-made satellite, Sputnik in 1957, Two American physicists,
William Guier and George Weiffenbach, at Johns Hopkins's
Applied Physics Laboratory (APL), decided on their own to monitor
Sputnik’s radio transmissions. They soon realized that, because of
the Doppler effect, they could pinpoint where the satellite was along
its orbit from the Doppler shift. The Director of the APL gave them
access to their brand new UNIVAC II to do the heavy calculations
required. When they released the orbit of Spuinik to the media, the
Russians were dumbfounded to learn how powerful American
computers had become, as they would not have been able to
calculate the orbit themselves. The following spring, Frank
McClure, the deputy director of the APL, asked Guier and
Weiffenbach to look at the inverse problem where you know the
location of the satellite and you want to find your own location.
(The Navy was developing the submarine-launched Polaris missile,
which required them to know the submarine’s location.) This led
them and APL to develop the Transit system.

The firsf satellite navigation system, Transit (satellite), used
by the Unitgd States Navy, was first successfully tested in 1960. It
used a consfellation of five satellites and could provide a
navigational fix approximately once per hour. In 1967, the U.5.
Navy developed the Timationsatellite that proved the ability to
place accurate clocks in space, a technology required by GPS. In
the 1970s, the ground-based Omega Navigation System, based on
phase comparison of signal transmission from pairs of stations,
became the first worldwide radio navigation system. Limitations
of these systems drove the need for a more universal navigation
solution with greater accuracy.
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While there were wide needs for accurate navigation in military
and civilian sectors, almost none of those were seen as justification
for the billions of dollars it would cost in research, development,
deployment, and operation for a constellation of navigation
satellites. During the Cold War arms race, the nuclear threat to the
existence of the United States was the one need that did justify this
cost in the view of the United States Congress. This deterrent effect
is why GPS was funded. It is also the reason for the ultra secrecy at
that time. The nuclear triadconsisted of the United States
Navy’s submarine-launched ballistic missiles (SLEMs) along
with United States Air Force (USAF) strategic bombers and
intercontinental ballistic missiles (ICBMs). Considered vital to the
nuclear deterrence posture, accurate determination of the SLEM
launch position was a force multiplier.

Precise navigation would enable United States submarines to
getanaccurate fix of their positions prior to launching their SLBMs.
The USAF with two-thirds of the nuclear triad also had
requirements for a more accurate and reliable navigation system.
The Navy and Air Force were developing their own technologies
in parallel to solve what was essentially the same problem. To
increase the survivability of ICBMs, there was a proposal to use
mobile launch platforms (such as Russian 55-24 and S5-25) and

so the need to fix the launch position had similarity to the SLBM
situation.

In 1960, the Air Force proposed a radio-navigation system
called MOSAIC (MObile System for Accurate ICBM Control) that
was essentially a 3-D LORAN. A follow-on study called Project 57
was worked in 1963 and it was “in this study that the GPS concept
was born.” That same year the concept was pursued as
Project 621B, which had “many of the attributes that you now see
in GPS"” and promised increased accuracy for Air Force bombers
as well as ICBMs. Updates from the Navy Transit system were
too slow for the high speeds of Air Force operation. The Navy
Research Laboratory continued advancements with their
Timation (Time Navigation) satellites, first launched in 1967, and
with the third one in 1974 carrying the firsl atomic clock into
orbit.

With these parallel developments in the 1960s, it was realized
that a superior system could be developed by synthesizing the best
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technologies from 621B, Transit, Timation, and SECOR in a multi-
service program.

During Labor Day weekend in 1973, a meeting of about 12
military officers at the Pentagon discussed the creationof a Defense
Navigation Satellite System (DNSS). It was at this meeting that
“the real synthesis that became GPS was created.” Later that year,
the DNSS program was namedNavstar. With the individual
satellites being associated with the name Navstar (as with the
predecessors Transit and Timation), a more fully encompassing
name was used to identify the constellation of Navstar
satellites, Navstar-GPS, which was later shortened simply to GPS.

After Korean Air Lines Flight 007, carrying 269 people, was
shot down in 1983 after straying into the USSR’s prohibited
airspace, in the vicinity ofSakhalin and Moneron Islands,
President Ronald Reagan issued a directive making GPS freely
available for civilian use, once it was sufficiently developed, as a
common good. The first satellite was launched in 1989, and the
24th satellite was launched in 1994.

Initially, the highest quality signal was reserved for military
use, and the signal available for civilian use was intentionally
degraded (Selective Availability). This changed with Presidmtiﬂﬂ]
Clinton ordering Selective Availability to be turned off at midnight
May 1, 2000, improving the precision of civilian GPS from 100
meters (330 ft) to 20 meters (66 ft). The executive order signed in
1996 to turn off Selective Availability in 2000 was proposed by the
US Secretary of Defense, William Perry, because of the widespread
growth of differential GPS services to improve civilian accuracy
and eliminate the US military advantage. Maoreover, the US military
was actively developing technologies to deny GPS service to
potential adversaries on a regional basis.

Over the last decade, the U.S. has implemented several
improvements to the GPS service, including new signals for civil
use and increased accuracy and integrity for all users, all while
maintaining compatibility with existing GP5 equipment.

GPS modernization has now become an ongoing initiative to
upgrade the Global Positioning System with new capabilities to
meet growing military, civil, and commercial needs. The program
is being implemented through a series of satellite acquisitions,
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including GFS Block III and the Next Generation Operational
Control System (OCX). The U.S. Government continues to improve
the GPS space and ground segments to increase performance and
accuracy.

GPS is owned and operated by the United States Government
as a national resource. Department of Defense (DoD) is the steward
of GPS. Interagency GPS Executive Board (IGEB)oversaw GPS
policy matters from 1996 to 2004. After that the National Space-
Based Positioning, Navigation and Timing Executive
Committee was established by presidential directive in 2004 to
advise and coordinate federal departments and agencies on matters
concerning the GPS and related systems. The executive committee
is chaired jointly by the deputy secretaries of defense and
transportation. Its membership includes equivalent-level officials
from the departments of state, commerce, and homeland security,
the joint chiefs of staff, and NASA. Components of the executive

office of the president participate as observers to the executive
committee, and the FCC chairman participates as a liaison.

The DoD is required by law to “maintain a Standard
Positioning Service (as defined in the federal radio navigation plan
and the standard positioning service signal specification) that will
be available on a continuous, worldwide basis,” and “develop
measures to prevent hostile use of GPS and its augmentations
without unduly disrupting or degrad ing civilian uses.”

Basic Concept of GPS

A GPS receiver calculates its position by precisely timing the
signals sent by GPS satellites high above the Earth. Each satellite
continually transmits messages that include

§ the time the message was transmitted
§ precise orbital information (the ephemeris)

§ the general system health and rough orbits of all GPS satellites

(the almanac).

The receiver uses the messages it receives to determine the
transit time of each message and computes the distance to each
satellite. These distances along with the satellites’ locations are |
used with the possible aid of trilateration, depending on which
algorithm is used, to compulte the position of the receiver. This
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position is then displayed, perhaps with a moving map display or
latitude and longitude; elevation information may be included.
Many GP§S units show derived information such as direction and
speed, calculated from position changes.

Three satellites might seemienough to solve for position since
space has three dimensions and a position near the Earth’s surface
can be assumed. However, even a very small clock error multiplied
by the very large speed of light — the speed at which satellite
signals propagate — results in a large positional error. Therefore
receivers use four or more satellites to solve for both the receiver's
location and time. The very accurately computed time is effectively
hidden by most GPS applications, which use only the location. A
few specialized GPS applications do however use the time; these
include time transfer, traffic signal timing, and synchronization of
cell phone base stations.

Although four satellites are required for normal operation, fewer
apply in special cases. If one variable is already known, a receiver
can determine its position using only three satellites. For example,
a ship or aircraft may have known elevation. Some GPS receivers
may use additional clues or assumptions (such as reusing the last
known altitude, dead reckoning,inertial navigation, or including
information from the vehicle computer) to give a less accurate
(degraded) position when fewer than four satellites are visible.

To provide anintroductory description of how a GPS receiver
works, error effects are deferred to a later section. Using messages
received from a minimum of four visible satellites, a GPS receiver is
able to determine the times sent and then the satellite positions
corresponding to these times sent. The x, y, and z components of
position, and the time sent, are designated as [z, ¥i, =i, ti] where
the subscript i is the satellite number and has the value 1,2, 3, or 4.
Knowing the indicated time the message was received §, the GPS

receiver could compute the transit time of the message as (Ez—ta].

if would be equal to correct reception time, . A pseudorange, ,
would be the traveling distance of the message, assuming it traveled
at the speed of light, c.

A satellite’s position and pseudorange define a sphere, centered
on the satellite, with radius equal to the pseudorange. The position
of the receiver is somewhere on the surface of this sphere. Thus
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with four satellites, the indicated position of the GPS receiveris at
ornear the intersection of the surfaces of four spheres. In the ideal

case of no errors, the GPS receiver would be at a precise intersection
of the four surfaces.

If the surfaces of two spheres intersect at more than one point,
they intersect in a circle. The article trilateration shows this
mathematically. A figure, Two Sphere Surfaces Inte rsecting in a
Circle, is shown below. Two points where the surfaces of the spheres
mtersect are clearly shown in the figure. The distance between these
two points is the diameter of the circle of intersection. The intersection
of a third spherical surface with the first two will be its intersection
with that circle; in most cases of practical interest, this means they
intersectattwo points. Another figure, Surface of Sphere Intersecting
a Circle (not a solid disk) at Two Points, illustrates the intersection.

The two intersections are marked with dots. Again the
article trilateration clearly shows this mathema tically.

For automobiles and other near-earth vehicles, the correct
position of the GPS receiver is the intersection closest to the Earth’s

surface. For space vehicles, the intersection farthest from Earth
may be the correct one.

The correct position for the GPS receiver is also the intersection

closest to the surface of the sphere corresponding to the fourth
satellite.

Correcting a GPS Receiver’s Clock

One of the most significant error sources is the GPS receiver's
clock. Because of the very large value of the speed of light, ¢, the
estimated distances from the GPS receiver to the satellites, the
pseudoranges, are very sensitive to errors in the GPS receiver clock;
for example an error of one microsecond (0.000 001 second)
corresponds to an error of 300 metres (980 ft). This suggests that an
extremely accurate and expensive clock is required for the GPS
receiver to work. Because manufacturers prefer to build inexpensive
GPS receivers for mass markets, the solution for this dilemma is
based on the way sphere surfaces intersect in the GPS problem.

Itis likely that the surfaces of the three spheres intersect, because
the circle of intersection of the first two spheres is normally quite
large, and thus the third sphere surface is likely to intersect this
large circle. It is very unlikely that the surface of the sphere
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corresponding to the fourth satellite will intersect either of the two
points of intersection of the first three, becauseany clock error could
cause it Lo miss intersecling a point. However, the distance from
the valid estimate of GPS receiver position to the surface of the
sphere corresponding to the fourth satellite can be used to compute
a clock correction,

Let , which is the distance from the valid estimate of GPS
receiver position to the fourth satellite, and let denote the
pseudorange of the fourth satellite. Let , which is the distance from
the computed GPS receiver position to the surface of the spl_iere
corresponding to the fourth satellite, Thus the quotient, , provides
an estimate of GPS receiver’s clock bias:, where is the time
indicated by the receiver’s on-board clock and islth_E correct
reception time. The GPS receiver clock can be advanced if is positive
or delayed if is negative.

Structure

The current GPS consists of three major segments. These are
the space segment (SS), a control segment (CS), and a user segment
(US). The U.S. Air Force develops, maintains, and operates the
space and control segments. GP5 satellites broadcast signals fI'D_II'I‘
space, and each GPS receiver uses these signals to ca_lculate its
three-dimensional location (latitude, longitude, and altitude) and
the current time.

The space segment is composed of 24 to 32 satellites in medium
Earth orbit and also includes the payload adapters to fhe boosters
required to launch them into orbit. The control segmentis WPTFGE‘E':'
of a master control station, an alternate master control station, E_md
a host of dedicated and shared ground antennas and monitor
stations. The user segment is cnmpnsed of hundreds of I:hﬂl-ISElIlrdS
of U.S. and allied military users of the secure GP5 !’re cise
Positioning Service, and tens of millions of civil, commercial, and
scientific users of the Standard Positioning Service.

Control Segment

The control segment is composed of

1. amaster control station (MCS),
2. analternate master control station,



60 Physical Geography

3. four dedicated ground antennas and
4. sixdedicated monitor stations

The MCS can also access U.S. Air Force Satellite Control
Network (AFSCN) ground antennas (for additional command and
control capability) and NGA (National Geospatial-Intelligence
Agency) monitor stations. The flight paths of the satellites are
tracked by dedicated U.S. Air Force monitoring stations
in Hawaii, Kwajalein, Ascension Island, Diego Garcia, Colorado
Springs, Colorado and Cape Canaveral, along with shared NGA
monitor stations operated in England, Argentina, Ecuador, Bahrain,
Australia and Washington DC. The tracking information is sent
to the Air Force Space Command’s MCS at Schriever Air Force
Base 25 km (16 mi) ESE of Colorado Springs, which is operated by
the 2nd Space Operations Squadron (2 SOPS) of the U S, Air Force.
Then 2 SOPS contacts each GPS satellite regularly with a
navigational update using dedicated or shared (AFSCN) ground
antennas (GPS dedicated ground antennas are located at
Kwajalein, Ascension Island, Diego Garcia, and Cape Canaveral).
These updates synchronize the atomic clocks onboard the satellites
to within a few nanoseconds of each other, and adjust
the ephemeris of each satellite’s internal orbital model. The updates
are created by a Kalman filter that uses inputs from the ground

monitoring stations, space weather information, and various other
inputs.

Satellite maneuvers are not precise by GPS standards. So to
change the orbit of a satellite, the satellite must be marked
unhealthy, so receivers will not use it in their calculation. Then the
maneuver can be carried out, and the resulting orbit tracked from

the ground. Then the new ephemeris is uploaded and the satellite
marked healthy again.

The Operation Control Segment (OCS) currently serves as the
control segment of record. Tt provides the operational capability
that supports global GPS users and keeps the GPS system
operational and performing within specification.

OCS successfully replaced the legacy 1970's-era mainframe
computer at Schriever Air Force Base in September 2007, After
installation, the system helped enable upgrades and provide a
foundation for a new security architecture that supported the U.S.
armed forces. OCS will continue tobe the ground control system of
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record until the new segment, Next Generation GPS Operation
Control System (OQCX), is fully developed and functional.

The new capabilities provided by OCX will be the cornerslone
for revolutionizing GPS’s mission capabilities, and enabling Air
Force Space Command to greatly enhance GPS operational services
to U.S. combat forces, civil partners and myriad of domestic and
international users. |

The GPS OCX program also will reduce cost, schedule and
technical risk. It is designed to provide 50% sustainment cosl
savings through efficient software architecture and Performance-
Based Logistics. In addition, GPS OCX expected to cost millions
less than the cost to upgrade OCS while providing four times the
capability.

The GPS OCX program represents a critical part of GP5
modernization and provides significant informalion assurance
improvements over the current GPS OCS program.

§ OCX will have the ability to control and manage GPS legacy
satellites as well as the next generation of GP'S 111 satellites,
while enabling the full array of military signals.

§ Built on a flexible architecture that can rapidly adapt to .the
changing needs of today’s and future GPS users allowing
immediate access to GPS data and constellations status
through secure, accurate and reliable information.

§ Empowers the warfighter with more secure, actionable and
predictive information to enhance situational awareness.

§ Enables new modernized signals (L1C, L2C, and L5) and has
M-code capability, which the legacy system is unable to do.

§ Providessignificant information assurance improvements over
the current program including detecting and preventing cyber
attacks, while isolating, containing and operating during such
attacks.

§ Supporls higher volume near real-time command and control
capability.
On September 14, 2011, the U.S. Air Force anm:runch the
completion of GPS OCX Preliminary Design Review and confirmed
that the OCX program is ready for the next phase of development.

The GPS OCX program has achieved major milestones and is
on track to support the GPS I1IA launch in May 2014,
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User Segment

The user segment is composed of hundreds of thousands of
U.5. and allied military users of the secure GPS Precise Positioning
Service, and tens of millions of civil, commercial and scientific
users of the Standard Positioning Service. In general, GPS receivers
are composed of an antenna, tuned to the frequencies transmitted
by the satellites, receiver-processors, and a highly stable clock
(often a crystal oscillator). They may also include a display for
providing location and speed information to the user. A receiver
is often described by its number of channels: this signifies how
many satellites it can monitor simultaneously. Originally limited
to four or five, this has progressively increased over the years so
that, as of 2007, receivers typically have between 12 and
20 channels.

GFS5 receivers may include an input for differential corrections,
using the RTCM 5C-104 format. This is typically in the form of
an RS5-232 port at4,800 bit/s speed. Data is actually sent at a much
lower rate, which limits the accuracy of the signal sentusing RTCM
- Receivers with internal DGPS receivers can outperform those using
exlernal RTCM data . As of 2006, even low-cost units commonly
include Wide Area Augmentation System (WAAS) receivers.

Many GPS receivers can relay position data to a PC or other

device using the NMEA 0183 protocol. Although this protocol is
officially defined by the National Marine Electronics Association

(NMEA), references to this protocol have been compiled from public
records, allowing open source tools like EPSE] to read the protocol
without violating intellectual property laws. Other proprietary
protocols exist as well, such as the SiRF and MTK protocols.
Receivers can interface with other devices using methods including

a serial connection, USB, or Bluetooth.

Applications

While originally a military project, GP5 is considered a d ual-
use technology, meaning it has significant military and civilian
applications.

GPS has become a widely deployed and u_SE:lel tool fc:r
commerce, scientific uses, tracking, and surveallakr;lce. GPE‘T 5
accurate time facilitates everyday activities such as banking, mobile
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phone operations, and even the control of power grids by allowing
well synchronized hand-off switching.

Civilian

Many civilian applications use one or more of GPS5’s three

basic components: absolute location, relative movement, and lime
transfer.

§

Lin

Clock synchronization: The accuracy of GPS time signals (=10
ns) is second only to the atomic clocks upon which they are
based.

Cellular telephony: Clock synchronization enables time
transfer, which is critical for synchronizing its spreading codes
with other base stations to facilitate inter-cell handoff and
support hybrid GPS/cellular position detection for mobile
emergency calls and other applications. The first handsets
with integrated GPS launched in the late 1990s. The
1J.S. Federal Communications Commission (FCC) mandated
the feature in either the handset or in the towers (for use in
triangulation) in 2002 so emergency services could locate
911 callers. Third-party software developers later gained access
to GPS APIs from Nextel upon launch, followed by Sprint in
2006, and Verizon soon thereafter.

Disaster relief/emergency services: Depend upon GPS for
location and timing capabilities.

Geofencing: Vehicle tracking systems, person tracking systems,
and pet tracking systems use GPS to locate a vehicle, person,
or pet, These devices are attached to the vehicle, person, or the
pet collar. The application provides continuous tracking and
mobile or Internel updates should the larget leave a designated
A,

Geotagging: Applying location coordinates to digital objects
such as photographs and other documents for purposes such
as creating map overlays.

GPS Aircraft Tracking

GPS tours: Location determines what content to display; for
instance, information about an approaching point of interest.
Map-making: Both civilian and military cartographers use GPS
extensively.



70 Physical Geography

§ MNavigation: Navigators value digitally precise velocity and
orientation measurements.

§ Phasor measurements: GPS enables highly accurate
limestamping of power system measurements, making it
possible to computephasors.

§ Robotics: Self-navigating, autonomous robols using a GPS
sensors, which calculate latitude, longitude, time, speed, and
heading.

§ Recreation: For example, geocaching, geodashing, GPS
drawing and waymarking,.

§ Surveying: Surveyors use absolute locations to make maps and
delermine property boundaries.

§ Tectonics: GPS enables direct fault motion measurement
in earthquakes.

§ Telematics: GPS technology integrated with computers and
mobile communications technology in automotive navigation
systems

§ Fleet Tracking: The use of GPS technology to identify, locate

and maintain contact reports with one or more fleet vehicles
in real-time.

Communication

The navigational signals transmitted by GPS satellites encode
a variety of information including satellite positions, the state of
the internal clocks, and the health of the network. These signals
are transmitted on two separate carrier frequencies that are common
to all satellites in the network. Two different encodings are used: a
public encoding that enables lower resolution navigation, and an

encrypted encoding used by the U.S. military.

Demodulation and Decoding

Because all of the satellite signals are modulated onto the same
L1 carrier frequency, the signals must be separated alter
demodulation. This is done by assigning each satellite a unique
binary sequence known as a Gold code. The si gnals are decoded
after demodulation using addition of the Gold codes corresponding
to the satellites monitored by the receiver.

If the almanac information has previously been acquired, the
receiver picks the satellites to listen for by their PRNs, unique
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numbers in the range 1 through 32. If the almanac information is
not in memory, the receiver enters a search mode until a lock is
obtained on one of the satellites. To obtain a lock, it is necessary
that there be an unobstructed line of sight from the receiver to the
satellite. The receiver can then acquire the almanac and determine
the satellites it should listen for. As it detects each satellite’s signal,
it identifies it by its distinct C/ A code pattern. There can bea delay
of up to 30 seconds before the first estimate of position because of

the need to read the ephemeris data.

Processing of the navigation message enables the determination
of the time of transmission and the satellite position at this time.
For more information see Demodulation and Decoding, Advanced.

Navigation Equations

The receiver uses messages received from satellites to determine
the satellite positions and time sent. The x, y, and z components of
satellite position and the time sent are designated as [, ¥, 2, ]
where the subscript i denotes the satellite and has the value 1, 2,
..., where 73 > 4 _Knowing when the message was received T
the receiver compules the message’s transit time as £, — 1; Note
that the receiver indeed knows the reception time indicated by its

on-beoard clock, tr rather than . Assuming the message traveled at
the speed of light (c) the distance traveled is (t, ” t)c. Knowing the
distance from receiver to satellite and the satellite’s position implies
that the receiver is on the surface of a sphere centered at the
satellite’s position. Thus the receiver is at or near the intersection
of the surfaces of the spheres. In the ideal case of no errors, the
receiver is at the intersection of the surfaces of the spheres.

Let b denote the clock error or bias, the amount that the
receiver’s clock is off. The receiver has four unknowns, the three
components of GPS receiver position and the clock bias [x, y, z, b].
The equations of the sphere surfaces are given by:

{:E—I;}E+(y—y;]g+[a—z.-}!= ([t'r +b_t_£fc:li, =120 0

or in terms of pseudoranges, p; = (t, — ;) ¢, a5

pi=fle—z)+ (y—w) + (- z)2—bg i=12.um
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These equations can be solved by algebraic or numerical
methods.

Bancroft's Method

Bancroft's method involves an algebraic as opposed to
numerical method and can be used for the case of four satellites or
for the case of more than four satellites. If there are four satellites
then Bancroft’s method provides the unique solution for the four
unknowns. If there are more than four satellites then Bancrofl's
method provides the solution which minimizes the sum of the
squares of the errors for the over determined system.

Trilateration

The receiver can use trilateration and one dimensional
numerical root finding. Trilateration is used to determine the
Pposition based on three satellite’s pseudoranges. In the usual case
of two intersections, the point nearest the surface of the sphere
corresponding to the fourth satellite is chosen. Let d denote the
signed distance from the receiver position to the sphere around the
fourth satellite. The notation, d(correction) shows this as a function
of the correction, because it changes the pseudoranges. The problem
is to determine the correction such that d(correction) = 0. This is
the familiar problem of finding the zeroes of a one dimensional
non-linear function of a scalar variable. Iterative numerical methods,
such as those found in the chapter on root finding in Numerical
Recipes can solve this type of problem.

Additional Methods for More than four Satellites

When more than four satellites are available, the calculation
can use the four best or more than four, considering number of
channels, processing capability, and geometric dilution of
precision (GDOP), Using more than four is an over-determined
system of equations with no unique solution, which must be solved
by least-squares or a similar technique. If all visible satellites are
used, the results are as good as or better than using the four best.
Errors can be estimated throu gh the residuals. With each
combination of four or more satellites, a GDOP factor can be

calculated, based on the relative sky directions of the satellites
used.
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As more satellites are picked up, pseudoranges from various
4-way combinations can be processed to add more estimates to the
location and clock offset. The receiver then takes the weighted
average of these positions and clock offsets. After the final location
and time are calculated, the location is expressed in a specific
coordinate system such as latitude and longitude, using the WG5S
84 geodetic datum or a country-specific system.

Error sources and Analysis

Error analysis for the Global Positioning System is an
important aspect for determining what errors and their magnitude
are to be expected. GPS errors are affected by geometric dilution of
precision and depend on signal arrival time errors, numerical
errors, atmospherics effects, ephemeris errors, multipath errors and
other effects. The single largest source of error in modelling the
orbital dynamics is due to variability in solar radiation pressure.

Augmentation

Integrating external information into the calculation process
can materially improve accuracy. Such augmentation systems are
generally named or described based on how the information arrives.
Some systems transmil additional error information (such as clock
drift, ephemera, or ionospheric delay), others characterize prior
errors, while a third group provides additional naviga tional or
vehicle information.

Examples of augmentation systems include the Wide Area
Augmentation System (WAAS), European Geostationary
Navigation Overlay Service (EGNOS), Differential GFS, Inertial
Mavigation Systems (INS) and Assisted GPS.

Precise Monitoring

Accuracy can be improved through precise monitoring and
measurement of existing GPS signals in additional or alternate
ways.

The largest remaining error is usually the unpredictable delay
through the ionosphere. The spacecraft broadcast ionospheric
model parameters, but errors remain. This is one reason GF5
spacecraft transmit on at least two frequencies, L1 and L2.
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lonospheric delay is a well-defined function of frequen cv and
the total electron content (TEC) along the path, so measuring the
arrival time difference between the frequencies determines TEC
and thus the precise ionospheric delay at each frequency.

Military receivers can decode the P(Y)-code transmitted on both
L1 and L2. Without decryption keys, it is still possible to use
a codeless technique to compare the P(Y) codes on L1 and L2 to
gain much of the same error information. Howewver, this technique
is slow, so it is currently available only on specialized surveying
equipment. In the future, additional civilian codes are expected to
be transmitted on the L2 and L5 frequencies. Then all users will be
able to perform dual-frequency measurements and directly compute
ionospheric delay errors.

Relative Kinematic Positioning (RKP) is a third alternative for
a precise GP5-based positioning system. In this approach,
determination of range signal can be resolved to a precision of less
than 10 centimetres (3.9 in). This is d one by resolving the number
of cycles that the signal is transmitted and received by the receiver
by using a combination of differential GPS (DGPS) correction data,
transmitting GPS signal phase information and ambiguity
resolution techniques via statistical tests—possibly with processing
in real-time (real-time kinematic positioning, RTK).

Timekeeping and Leap Seconds

While most clocks are synchronized to Coordinated Universal
Time (UTC), the atomic clocks on the satellites are set to GPS ime
(GPST; see the page of United States Naval Observatory). The
difference is that GPS time is not corrected to match the rotation of
the Earth, so it does not contain ]EHP seconds or other corrections
that are periodically added to UTC. GPS time was set to
match Coordinated Universal Time (UTC) in 1980, but has since
diverged. The lack of corrections means that GPS time remains at a
constant offset withInternational Atomic Time (TAI) (TAI-GPS =
19 seconds). Periodic corrections are performed on the on-board
clocks to keep them synchronized with ground clocks.

The GPS navigation message includes the difference between
GPS time and UTC, which as of 2011 is 15 seconds because of the
leap second added to UTC December 31, 2008. Receivers add this
offset to GPS time to calculate UTC and specific timezone values.



Remore Sensing and GPS 75

New GPS units may not show the correct UTC time until after
receiving the UTC offset message. The GPS-UTC offsel field can
accommodate 255 leap seconds (eight bits) that, given the current
period of the Earth’s rotation (with one leap second introduced
approximately every 18 months), should be sufficient to last until

approximately the year 2300,
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CLIMATE AND WEATHER

Climate encompasses the statistics of temperature, humidity,
atmospheric pressure, wind, rainfall, atmospheric particle count
and other meteorological elemental measurements in a given region
over long periods. Climate can be contrasted to weather, which is
the present condition of these elements and their variations over
shorter periods.

A region’s climate is generated by the climate system, which
has five components: atmosphere hydrosphere, cr}-'u.sphem, land
surface, and biosphere.

The climate of a location is affected by its latitude, terrain,
and altitude, as well as nearby water bodies and their currents.
Climates can be classified according to the average and the typical
ranges of different variables, most commonly lemperature and
precipitation. The most commonly used classification scheme was
originally developed by Wladimir Koppen. The Thornthwaite system,
in use since 1948, incorporates evapolranspiration along with
temperature and precipitation information and is used in studying
animal species diversity and potential effects of climate changes.
The Bergeron and Spatial Synoptic Classification systems focus on
the origin of air masses that define the climate of a region.

Palecclimatology is the study of ancient climates. Since direct
observations of climate are not available before the 19th century,
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paleoclimates are inferred from proxy variables that include non-
biotic evidence such as sediments found in lake beds and ice cores,
and biotic evidence such as tree rings and coral. Climate models are
mathematical models of past, present and future climates.Climate
change may occur over long and short timescales from a variety of
factors; recent warming is discussed in global warming.

Climate (from Ancient Greek klima, meaning inclination) is
commonly defined as the weather averaged over a long period.
The standard averaging period is 30 years, but other periods may
be used depending on the purpose. Climate also includes statistics
other than the average, such as the magnitudes of day-to-day or
year-to-year variations. The Intergovernmental Panel on Climate
Change (IPCC) glossary definition is:

Climate in a narrow sense is usually defined as the “average
weather,” or more rigorously, as the statistical description in terms
of the mean and variability of relevant quantities over a period
ranging from months to thousands or millions of years. The classical
period is 30 years, as defined by the World Meteorolo gical
Organization (WMO). These quantities are most often surface
variables such as temperature, precipitation, and wind. Climate in
a wider sense is the state, including a statistical description, of the
climate system.

The difference between climate and weather is usefully
summarized by the popular phrase “Climate is what you expect,
weather is what you get.” Over historical time spans there are a
number of nearly constant variables that determine climate,
including latitude, altitude, proportion of land to water, and
proximity to oceans and mountains. These change only over
periods of millions of years due to processes such as plate tectonics.
Other climate determinants are more dynamic: the thermohaline
circulation of the ocean leads to a 5 °C (9 °F) warming of the
northern Atlantic Oceancompared to other ocean basins.
Other ocean currents redistribute heat between land and water on
a more regional scale. The density and type of vegetation coverage
affects solar heat absorption, water retention, and rainfall on a
regional level. Alterations in the quantity of atmosphericgreenhouse
gases determines the amount of solar energy retained by the planet,
leading to global warming or global cooling. The variables which
determine climate are numerous and the interactions complex, bul
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there is general agreement that the broad outlines are understood,
at least insofar as the determinants of historical climate chan ge are
concerned.

CLIMATE CLASSIFICATION

There are several ways to classify climates into similar regimes.
Originally, climes were defined in Ancient Greece to describe the
weather depending upon a location’s latitude. Modern climate
classification methods can be broadly divided into genetic methods,
which focus on the causes of climate, and empiric methods, which
focus on the effects of climate. Examples of genetic classification
include methods based on the relative frequency of different air
mass types or locations within synoptic weather disturbances.
Examples of empiric classifications include climate zones defined
by plant hardiness, evapotranspiration, or more generally
the Képpen climate classification which was originally designed
toidentify the climates associated with certain biomes. A common

shortcoming of these classification schemes is that they produce
distinct boundaries between the zones they define, rather than the
gradual transition of climate properties more common in nalure.

Bergeron and Spatial Synoptic

The simplest classification is that involving air masses. The
Bergeron classification is the most wideily accepted form of air mass
classification. Air mass classification involves three letters. The
first letter describes its moisture properties, with ¢ used for
continental air masses (dry) and m for maritime air masses (moist).
The second letter describes the thermal characteristic of its source
region: T for tropical, P for polar, A for Arctic or Anta rctic, M for
monsoon, E for equatorial, and S for superior air (dry air formed by
significant downward motion in the atmosphere). The third letter
is used to designate the stability of the atmosphere. If the air mass
is colder than the ground below it, it is labeled k. If the air mass is
warmer than the ground below it, it is labeled w. While air mass
identification was originaliy used in weather forecasting during
the 1950s, climatologists began to establish synoptic climatologies

based on this idea in 1973.

Based upon the Bergeron classification scheme is the Spatial
Synoptic Classification system (SSC). There are six categories
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within the S5C scheme: Dry Polar (similar to continental polar),
Dry Moderate (similar to maritime superior), Dry Tropical (similar
to continental tropical), Moist Polar (similar to maritime polar),
Moist Moderate (a hybrid between maritime polar and maritime
tropical), and Moist Tropical (similar to maritime tropical, maritime
monsoon, or maritime equatorial).

Koppen

The Kippen classification depends on average monthly values
of temperature and precipitation. The most commonly used form
of the Képpen classification has five primary types labeled A
through E. These primary types are A, tropical; B, dry; C, mild mid-
latitude; D, cold mid-latitude; and E, polar. The five primary
classifications can be further divided into secondary classifications
such as rain forest, monsoon, tropical savarma, humid subtropical,
humid continental, oceanic climate, Mediterranean climate, steppe,
subarctic climate, tundra, polarice cap, and desert.

Rain forests are characterized by high rainfall, with definihons
setting minimum normal annual rainfall between 1,750 millimetres
(69 in) and 2,000 millimetres (79 in), Mean monthly temperatures
exceed 18 °C (64 °F) during all months of the year.

A monsoon is a seasonal prevailin g wind which lasts for
several months, ushering in a region’s rainy season. Regions within
North America, South America, Sub-Saharan Africa, Australiaand
East Asia are monsoon regimes.

A tropical savanna is a grassland biome located in semiarid to
semi-humid climate regions of subtropical and tropical latitudes,
with average temperatures remain at or above 18 °C (64 °F) year
round and rainfall between 750 millimetres (30 in) and 1,270
millimetres (50 in) a year. They are widespread on Africa, and are
found in India, the northern parts of South America, Malaysia,
and Australia.

The humid subtropical climate zone where winter rainfall
(and sometimes snowfall) is associated with large storms that
thewesterlies steer from west to east. Most summer rainfall occurs
during thunderstorms and from occasional tropical cyclones.
Humid subtropical climates lie on the east side continents, roughly
between latitudes 20° and 40° degrees away from the equator.
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A humid continental climate is marked by variable weather
patterns and a large seasonal temperature variance. Places with
more than three months of average daily temperatures above 10
°C (50 °F) and a coldest month temperature below “3 °C (27 °Fjand
which do not meet the criteria for an arid or semiarid climate, are
classified as continental.

An oceanic climate is typically found along the west coasts at
the middle latitudes of all the world’s continents, and in
southeastern Australia, and is accompanied by plentiful
precipitation year round.

The Mediterranean climate regime resembles the climate of the
lands in the Mediterranean Basin, parts of western North America,
parts of Western and South Australia, in southwestern South
Alfrica and in parts of central Chile. The climate is characterized
by hot, dry summers and cool, wet winters,

A steppe is a dry grassland with an annual temperature range
in the summer of up to 40 °C (104 °F) and during the winter down
to”40 °C (40 °F).

A subarctic climate has little precipitation, and monthly
temperatures which are above 10°C (50 °F) for one to three months
of the year, with permafrost in large parts of the area due to the
cold winters. Winters within subarctic climates usually include
up to six months of temperatures averaging below 0 °C (32 °F).

T::.lndra occurs in the far Northern Hemisphere, north of
the taiga belt, including vast areas of northern Russia and Canada.

A polar ice cap, or polar ice sheet, is a high-latitude region of
a planet or moon that is covered in ice. Ice caps form because hi gh-
latitude regions receive less energy as solar radiation from
the sun than equatorial regions, resulting in lower surface
temperatures.

A desert is a landscape form or region that receives very
little precipitation. Deserts usually have a large diurnal and
seasonal temperature range, with high or low, depending on
location daytime temperatures (in summer up to 45 °C or 113 °F,
and low nighttime temperatures (in winter down to 0 °C or 32 °F
due toextremely low humidity. Many deserts are formed by rain
shadows, as mountains block the path of moisture and
precipitation to the desert.
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Thomthwaite

Devised by the American climatologist and geographer C. W.
Thornthwaite, this climate classification method monitors the soil
water budget using evapotranspiration. It monitors the portion of
total precipitation used to nourish vegetation over a certain area.

It uses indices such as a humidity index and an aridity index to
determine an area’s moisture regime based upon its average
temperature, average rainfall, and average vegetation type. The
lower the value of the index in any given area, the drier the area is.

The moisture classification includes climatic classes with
descriptors such as hyperhumid, humid, subhumid, subarid, semi-
arid (values of “20 to “40), and arid (values below “40). Humid
regions experience more precipitation than evaporation each year,
while arid regions experience greater evaporation than precipitation
on an annual basis. A total of 33 percent of the Earth’s landmass is
considered either arid of semi-arid, including southwest North
America, southwest South America, most of northern and a small
part of southern Africa, southwest and portions of eastern Asia, as
well as much of Australia. Studies suggest that precipitation
effectiveness (PE) within the Thornthwaite moisture index is
overestimated in the summer and underestimated in the winter. This
index can be effectively used to determine the number
of herbivore and mammal species numbers within a given area. The
index is also used in studies of climate change.

Thermal classifications within the Thornthwaite scheme
include microthermal, mesothermal, and megathermal regimes. A
microthermal climate is one of low annual mean temperatures,
generally between 0°C (32 °F) and 14 °C (57 °F) which experiences
short summers and has a potential evaporation between 14
centimetres (5.5 in) and 43 centimetres (17 in). A mesothermal
climate lacks persistent heal or persistent cold, with potential
evaporation between 57 centimetres (22 in) and 114 centimetres
(45 in). A megathermal climate is one with persistent high
temperatures and abundant rainfall, with potential annual
evaporation in excess of 114 centimetres (45 in).

Paleoclimatology

Paleoclimatology is the study of past climate over a great period
of the Earth's history. It uses evidence from ice sheets, tree rings,
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sediments, coral, and rocks to determine the past state of the climate,
It demonstrates periods of stability and periods of change and can
indicate whether changes follow patterns such as regular cycles.

Climate Change

Climate change is the variation in global or regional climates
over time. It reflects changes in the variability or average state of
the atmosphere over time scales ranging from decades to millions
of years. These changes can be caused by processes internal to the
Earth, external forces (e.g. variations in sunlight intensity) or, more
recently, human activities.

In recent usage, especially in the context of environmental
policy, the term “climate change” often refers only to changes in
modern climate, including the rise in average surface temperature
known as global warming. In some cases, the term is also used
with a presumption of human causation, as in the United Nations
Framework Convention on Climate Change (UNFCCC). The

UNFCCC uses “climate variability” for non-human caused
variations.

Earth has undergone periodic climate shifts in the past,
including four major ice ages. These consisting of glacial periods
where conditions are colder than normal, separated by interglacial
periods. The accumulation of snow and ice during a glacial period
+ increases the surface albedo, reflecting more of the Sun's energy

into space and maintaining a lower atmospheric temperature.
Increases in greenhouse gases, such as by volcanic activity, can
increase the global temperature and produce an interglacial.
Suggested causes of ice age periods include the positions of
the continents, variations in the Earth’s orbit, changes in the solar
output, and volcanism.

Climate Models

Climate models use quantitative methods to simulate the
interactions of the atmosphere, oceans, land surface and ice. They
are used for a variety of purposes from study of the dynamics of the
weather and climate system to projections of future climate. All
climate models balance, or very nearly balance, incoming energy
as short wave (including visible) electromagnetic radiation to the
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earth with outgoing energy as long wave (infrared) electromagnetic
radiation from the earth. Any imbalance results in a change in the

average temperature of the earth.

The most talked-about applications of these models in recent
yvears have been their use to infer the consequences of increasing
greenhouse gases in the atmosphere, primarily carbon dioxide.
These models predict an upward trend in the global mean surface
temperature, with the most rapid increase in temperature being
projected for the higher latitudes of the Northern Hemisphere.

Models can range from relatively simple to quite complex:

§ Simple radiant heat transfer model that treats the earth as a
single point and averages outgoing energy

§  this canbe expanded vertically (radiative-convective models),
or horizontally

§ finally, (coupled) atmosphere—ocean-sea ice global climate
models discretise and solve the full equations for mass and
energy transfer and radiant exchange.

Climate forecasting is a way by some scienlists are using to
predict climate change. In 1997 the prediction division of the
International Research Institute for Climate and Society at
Columbia University began generating seasonal climate forecasts
on a real-time basis. To produce these forecasts an extensive suite
of forecasting tools was developed, including a multimodel
ensemble approach that required thorough validation: of each
model’s accuracy level in simulating interannual climate

variability.

Greenhouse Effect

The greenhouse effect is a process by which thermal radiation
from a planetary surface is absorbed by atmospheric greenhouse
gases, and is re-radiated in all directions. Since part of this re-
radiation is back towards the surface, energy is transferred to the
surface and the lower atmosphere. As a result, the avera ge surface
temperature is higher than it would be if direct heating by solar
radiation were the only warming mechanism.

Solar radiation at the high frequencies of visible light passes
through the atmosphere to warm the planetary surface, which then
emils this energy at the lower frequencies of infrared thermal
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radiation. Infrared radiation is absorbed by greenhouse gases,
which in turn re-radiate much of the energy to the surface and
lower atmosphere. The mechanism is named after the effect of solar
radiation passing through glass and ;xfa[rming a greenhouse, but
the way it retains heat is fundamentally different as a greenhouse
works by reducing airflow, isolating the, warm air inside the
structure s that heat is not lost by convection.

The existence of the greenhouse effect was argued for by Joseph
Fourier in 1824. The argument and the evidence was further
strengthened byClaude Pouillet in 1827 and 1838, and definitively

proved experimentally by John Tyndall in 1859, and more fully
quantified by Svante Arrheniusin 1896.

If an ideal thermally conductive blackbody was the same
distance from the 5un as the Earth is, it would have a temperature
of about 5.3 °C. However, since the Earth reflects about 30% (or
28% ) of the incoming sunlight, the planet’s effective temperature
(the temperature of a blackbody that would emit the same amount
of radiation) is about “18 or *19 °C, about 33°C below the actual
surface temperature of about 14 °C or 15 °C. The mechanism that
produces this difference between the actual surface temperature

and the effective temperature is due to the atmosphere and is known
as the greenhouse effect.

Earth’s natural greenhouse effect makes life as we know it
possible. However, human activitjes, primarily the burning of fossil
fuels and clearing of forests, have greatly intensified the natural
greenhouse effect, causing global warming,

Basic Mechanism

The Earth receives energy from the Sunin the form UV, visible,
and near IR radiation, most of which passes through
the atmosphere without being absorbed. Of the total amount of
energy available at the top of the atmosphere (TOA), about 50% is
absorbed at the Earth’s surface. Because it is warm, the surface
radiates far IR thermal radiation that consists of wavelengths that
are predominantly much longer than the wavelengths that were
absorbed.. Most of this thermal radiation is absorbed by the
atmosphere and re-radiated both upwards and downwards; that
radiated downwards is absorbed by the Earth’s surface. This
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trapping of long-wavelength thermal radiation leads to a higher
equilibrium temperature than if the atmosphere were absent.

This highly simplified picture of the basic mechanism needs

to be qualified in a number of ways, none of which affect the
fundamental process.

5

The incoming radiation from the Sun is mostly in the form of
visible light and nearby wavelengths, largely in the range 0.2-
4 im, corresponding to the Sun’s radiative temperature of
6,000 K. Almost half the radiation is in the form of "visible”
light, which our eyes are adapted to use.

About 50% of the Sun’s energy is absorbed at the Earth’s
surface and the rest is reflected or absorbed by the atmosphere.
The reflection of light back into space—largely by clouds—
does not much affect the basic mechanism; this light, effectively,
is lost to the system.

The absorbed energy warms the surface. Simple presentations
of the greenhouse effect, such as the idealized greenhouse
model, show this heat being lost as thermal radiation. The
reality is more complex: the atmosphere near the surface is
largely opaque to thermal radiation (with important exceptions
for “window” bands), and most heat loss from the surface is
by sensible heat and latent heat transport. Radiative energy
lasses become increasingly important higher in the atmosphere
largely because of the decreasing concenira tion of water vapor,
an important greenhouse gas. It is more realistic to think of the
greenhouse effect as applying to a “surface” in the mid-
troposphere, which is effectively coupled to the surface by
a lapse rate.

Within the region where radiative effects are important the
description given by the idealized greenhouse model becomes
realistic: The surface of the Earth, warmed to a temperature
around 255 K, radiates long-wavelength, infrared heat in the
range 4-100 im. At these wavelengths, greenhouse gases that
were largely transparent to incoming solar radiation are more
absorbent. Each layer of atmosphere with greenhouses gases
absorbs some of the heat being radiated upwards from lower
layers. To maintain its own equilibrium, it re-radiates the
absorbed heat in all directions, bath upwards and downwards.
This results in more warmth below, while still radiating enough
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heat back out into deep space from the upper layers to maintain
overall thermal equilibrium. Increasing the concentration of
the gases increases the amount of absorption and re-radiation,
and thereby further warms the layers and ultimately the
surface below.

Greenhouse gases—including most diatomic gases with two
different atoms (such as carbon monoxide, CO) and all gases
with three or more atoms—are able to absorb and emit infrared
radiation. Though more than 99% of the dry atmosphere is IR
transparent (because the main cﬂnstituents——N!, 0, and Ar—
are nol able to directly absorb or emit infrared radia tion),
intermolecular collisions cause the energy absorbed and
emitted by the greenhouse gases to be shared with the other,
non-1R-active, gases.

The simple picture assumes equilibrium. In the real world there
is the diurnal cycle as well as seasonal cycles and weather.
Solar heating only applies during daytime. During the night,
the atmosphere cools somewhat, but not greatly, because its
emissivity is low, and during the day the atmosphere

warms. Diurnal temperature changes decrease with heightin
the atmosphere.

Greenhouse Gases

By their percentage contribution to the greenhouse effect on |

Earth the four major gases are:

5

§
5
§

water vapor, 36-70%

carbon dioxide, 9-26%

methane, 4-9%

ozone, 3-7% _

The major non-gas contributor to the Earth’s greenhouse

effect, clouds, also absorb and emit infrared radiation and thus
have an effect on radiative properties of the atmosphere.

ROLE IN CLIMATE CHANGE

Strengthening of the greenhouse effect through human

activities is known as the enhanced (or anthropogenic)
greenhouse effect. This increase in radiative forcing from human
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activity is attributable mainly to increased atmospheric carbon
dioxide levels.

CO, is produced by fossil fuel burning and other activities such
as cement production and tropical deforestation. Measurements
of CO, from the Mauna Loa observatory show that concentrations
have increased from about 313 ppm  in 1960 to about 389 ppmin
2010. The current observed amount of CO, exceeds the geological
record maxima (~300 ppm) from ice core data. The effect of
combustion-produced carbon dioxide on the global climate, a
special case of the greenhouse effect first described in 1896
by Svante Arrhenius, has also been called theCallendar effect.

Because itis a greenhouse gas, elevated CO, levels contribute to
additional absorption and emission of thermal infrared in the
atmosphere, which produce net warming. According to the latest
Assessment Report from the Intergovernmental Panel on Climate
Change, “most of the observed increase in globally averaged
temperatures since the mid-20th century is very likely due to the
observed increase in anthropogenic greenhouse gas concentrations”.

Over the past 800,000 years, ice core data shows that carbon
dioxide has varied from values as low as 180 parts per million
(ppm) to the pre-industrial level of 270ppm. Paleoclimatologists
consider variations in carbon dioxide concentration to be a
fundamental factor influencing climate variations over this time
scale.

Real Greenhouses

The “greenhouse effect” is named by analogy to greenhouses.
The greenhouse effect and a real greenhouse are similar in that
they both limit the rate of thermal energy flowing out of the system,
but the mechanisms by which heat is retained are different. A
greenhouse works primarily by preventing absorbed heat from
leaving the structure through convection, i.e. sensible heat
transport. The greenhouse effect heats the earth because greenhouse
gases absorb outgoing radiative energy and re-emit some of it back
towards earth.

A greenhouse is built of any material that passes sunlight,

usually glass, or plastic. It mainly heats up because the Sun warms
the ground inside, which then warms the air in the greenhouse.
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The air continues to heat because it is confined within the
greenhouse, unlike the environment outside the greenhouse where
warm air near the surface rises and mixes with cooler air aloil.
This can be demonstrated by opening a small window near the
roof of a greenhouse: the temperature will drop considerably. It
has also been demonstrated experimentally (R. W. Wood, 1909)
that a “greenhouse” with a cover of rock salt (which is transparent
to infra red) heats up an enclosure similarly to one with a glass
cover. Thus greenhouses work primarily by preventing convective
cooling.

In the greenhouse effect, rather than retaining (sensible) heat
by physically preventing movement of the air, greenhouse gases
act to warm the Earth by re-radiating some of the energy back

towards the surface. This process may exist in real greenhouses,
but is comparatively unimportant there.

Bodies Other than Earth

~ In our solar system, Mars, Venus, and the moon Titan also
exhibit greenhouse effects. Titan has an anti-greenhouse effect, in
that its atmosphere absorbs solar radiation but is relatively
transparent to infrared radiation. Pluto also exhibits behavior
superficially similar to the anti-greenhouse effect.

A runaway greenhouse effect occurs if positive feedbacks lead
to the evaporation of all greenhouse gases into the atmosphere. A
runaway greenhouse effect involving carbon dioxide and water
vapor is thought to have occurred on Venus.

Weather

Weather is the state of the atmosphere, to the degree that it is
hot or cold, wet or dry, calm or stormy, clear or cloudy. Most
weather phenomena occur in the troposphere, just below
the stratosphere. Weather refers, generally, to day-to-day
temperature and precipitation activity, whereas climate is the term
for the average atmospheric conditions over longer periods of time.
When used without qualification, “weather” is understood to be
the weather of Earth.

Weather is driven by density (tem peraturé and moisture)
differences between one place and another. These differences can
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occur due to the sun angle at any particular spot, which varies
by latitude from the tropics. The strong temperature contrast
between polar and tropical air gives rise to the jet stream. Weather
systems in the mid-latitudes, such as extratropical cyclones, are
caused by instabilities of the jet stream flow. Because the
Earth's axis is tilted relative to its orbital plane, sunlight is incident
at different angles at different times of the year. On Earth’s surface,
temperatures usually range £40 °C (100 °F to “40 °F) annually. Over
thousands of years, changes in Earth’sorbit affect the amount and
distribution of solar energy received by the Earth and influence
long-term climate and global climate change.

Surface temperature differences in turn cause pressure
differences. Higher altitudes are cooler than lower altitudes due to
differences in compressional heating. Weather forecasting is the
application of science and technology to predict the state of
the atmosphere for a future time and a given location. The
atmosphere is a chaotic system, so small changes to one part of the
system can grow to have large effects on the system as a whole.
Human attempts to control the weather have occurred throughout
human history, and there is evidence that human activity such as
agriculture and industry has inadvertently modified weather
patterns.

Studying how the weather works on other planets has been
helpful in understanding how weather works on Earth. A famous
landmark in the Solar System, Jupiter’s Great Red Spot, is
an anticyclonic storm known to have existed for at least 300 years.
However, weather is not limited to planetary bodies. A
star’s corona is constantly being lost to space, creating what is
essentially a very thin atmosphere throughout the Solar System.
The movement of mass ejected from the Sun is known as the solar

wind.

On Earth, common weather phenomena include wind, cloud,
rain, snow, fog and dust storms. Less common events include
natural disasters such as tornadoes, hurricanes, typhoons and ice
storms. Almost all familiar weather phenomena occur in the
troposphere (the lower part of the atmosphere). Weather does occur
in the stratosphere and can affect weather lower down in the
troposphere, but the exact mechanisms are poorly understood.
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Weather occurs primarily due to density (temperature
and moisture) differences between one place to another. These
differences can occur due to the sun angle atany particular spot,
which varies by latitude from the tropics. In other words, the farther
from the tropics you lie, the lower the sun angle is, which causes
those locations to be cooler due to the indirect sunli ght. The strong
temperature contrast between polar and tropical air gives rise to
the jet stream. Weather systems in the mid-latitudes, such
as extratropical cyclones, are caused by instabilities of the jet
stream flow. Weather systems in the tropics, such as monsoons or
crganized thunderstorm systems, are caused by different processes.

Because the Earth's axis is tilted relative to its orbital
plane, sunlight is incident at different angles at different times of
the year. In June the Morthern Hemisphere is tilted towards thesun,
so atany given Northern Hemisphere latitude sunli ght falls more
directly on that spot than in December. This effect causes seasons.
Over thousands to hundreds of thousands of years, changes in
Earth’s orbital parameters affect the amount and distribution

of solar energy received by the Earth and influence long-term
climate.

The uneven solar heating (the formation of zones of
temperahire and moisture gradients, or frontogenes is) can also be
due to the weather itself in the form of cloudiness and precipitation.

Higher altitudes are cooler than lower altitudes, which is explained
by the lapse rate. On local scales, temperature differences can occur
because different surfaces (such as oceans, forests, ice sheels, or
man-made objects) have differing physical characteristics such
as reflectivity, roughness, or moisture content.

Surface temperature differences in turn cause pressure
differences. A hot surface heats the air above itand the air expands,
lowering the air pressure and its density. The resu Iting,
horizontal pressure gradient accelerales the air from high to low
pressure, creating wind, and Earth’s rotation then causes curvature
of the flow via the Coriolis effect. The simple systems thus formed
can then dlEP]EIjF E'IIIEl'gEI'lt bEhaViﬂlﬂ' o Ffl'ﬂdl.'lEE more gﬂmp]gx
systems and thus other weather phenomena. Large scale examples
include the [Hadley cell while a smaller scale example would
be coastal breezes.
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The atmosphere isa chaotic system, so small changes to one
part of the system can grow to have large effects on the system as
a whole. This makes il difficult to accurately predict weather
more than a few days inadvance, though weather forecasters are
continually working to extend this limit through the scientific
study of weather, meteorology. It is theoretically impossible to
make useful day-to-day predictions more than about two weeks
ahead, imposing an upper limit to potential for improved
prediction skill. .

Shaping the Planet Earth

Weather is one of the fundamental processes that shape the
Earth. The process of weathering breaks down the rocks and soils
into smaller fragments and then into their constituent substances.

These are then free to take part in chemical reactions that can affect
the surface further (such as acid rain) or are reformed into other
rocks and soils. In this way, weather plays a major role in erosion of
the surface.

Effects on Populations

Weather has played a large and sometimes direct part in human
history. Aside from climatic changes that have caused the gradual
drift of populations (for example the desertification of the Middle
East, and the formation of land bridges during glacial periods),
extreme weather events have caused smaller scale population
movements and intruded directly in histarical events. One such
event is the saving of Japan from invasion by the Mongol fleet
of Kublai Khan by the Kamikaze winds in 1281.

French claims to Florida came to an end in 1565 when a
hurricane destroyed the French fleet, allowing Spain to conquer Fort
Caroline. More recently, Hurricane Katrinaredistributed over one
million people from the central Gulf coast elsewhere across the
United States, becoming the largest diaspora in the history of the
United States.

The Little Ice Age caused crop failures and famines in Europe.
The 1690s saw the worst famine in France since the Middle A gEs.
Finland suffered a severe famine in 1696-1697, during which about
one-third of the Finnish population died.
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EFFECTS ON INDIVIDUALS

The human body is negatively affected by extremes in
temperature, humidity, and wind.

Forecasting

Weather forecasting is the application of science and
technology to predict the state of the atmosphere for a future time
and a given location. Human beings have attempted to predict the
weather informally for millennia, and formally since at least the
nineteenth century. Weather forecasts are made by collecting
quantitative data about the current state of the atmosphere and
using scientific understanding of atmospheric processes to project
how the atmosphere will evolve.

Once an all-human endeavor based mainly upon changes
in barometric pressure, current weather conditions, and sky
condition, forecast models are now used to determine future
conditions. Human input is still required to pick the best possible
forecast model to base the forecast upon, which involves pattern
recognition skills, teleconnections, knowledge of model
performance, and knowledge of model biases.

The chaotic nature of the atmosphere, the massive computational
power required tosolve the equations that describe the atmosphere,
error involved in measuring the initial conditions, and an incomplete
understanding of atmospheric processes mean that forecasts become
less accurate as the difference in current ime and the time for which
the forecast is being made (the range of the forecast) increases. The
use of ensembles and model consensus helps to narrow the error
and pick the most likely outcome.

There are a variety of end users to weather forecasts. Weather
warnings are important forecasts because they are used to protect
life and property. Forecasts based ontemperature and precipitation
are important to agriculture, and therefore to commodity traders
within stock markets. Temperature forecasts are used by utility
companies to estimate demand over coming days. Onan everyday
basis, people use weather forecasts to determine what to wear on a
given day. Since outdoor activities are severely curtailed by heavy
rain, snow and the wind chill, forecasts can be used to plan activities
around these events, and to plan ahead and survive them.
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Modification

The aspiration to control the weather is evident throughout
human history: from ancient rituals intended to bring rain for crops
to the U.S. Military Operation Popeye, anattempt to disruptsupply
lines by lengthening the North Vietnamese monsoon. The most
successful attempts at influencing weather involve cloud seeding;
they include the fog- and low stratus dispersion techniques
employed by major airports, techniques used to increase winter
precipitation over mountains, and techniques to suppress hail.

A recent example of weather control was China's preparation
for the 2008 Summer Olympic Games. China shot 1,104 rain
dispersal rockets from 21 siles in the city of Beijing in an effort to
keep rain away from the opening ceremony of the games on §
August 2008. Guo Hu, head of the Beijing Municipal Meteorological
Bureau (BMB), confirmed the success of the operation with 100
millimeters failing inBaoding City of Hebei Province, to the
southwest and Beijing’s Fangshan District recording a rainfall of
25 millimeters.

Whereas there is inconclusive evidence for these techniques’
efficacy, there is extensive evidence that human activity such as
agriculture and industry results in inadvertent weather
modification:

§ Acid rain, caused by industrial emission of sulfur dioxide and
nitrogen oxides into the atmosphere, adversely affects
freshwater lakes, vegetation, and structures.

Anthropogenic pollutants reduce air quality and visibility.
Climate change caused by human activities that emit
greenhouse gases into the air is expected to affect the frequency
of extreme weather events such as drought, extreme
temperatures, flooding, high winds, and severe storms.

The effects of inadvertent weather modification may pose
serious threats to many aspects of civilization, including
ecosystems, natural resources, food and fiber production, economic
development, and human health.

Lo

Extremes on Earth

On Earth, temperatures usually range +40 °C (100 °F to “40 °F)
annually. The range of climates and latitudes across the planet
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can offer extremes of temperature outside this range. The coldest
air temperature ever recorded on Earth is “89.2 °C ("128.6 °F),
at Vostok Station, Antarctica on 21 July 1983.

The hottest air temperature ever recorded was 57.7
°C (135.9 °F) at "Aziziya, Libya, on 13 September 1922, but that
reading is queried. The highest recorded average annual
ternperature was 34.4°C (93.9 °F) at Dallol, Ethiopia. The coldest
recorded average annual temperature was “55.1 °C (“67.2 °F) at
Vostok Station, Antarctica. The coldest average annual temperature
in a permanently inhabited location is at Eureka, Nunavut, in
Canada, where the annual average temperature is “19.7 °C(“3.5 °F).

EXTRATERRESTRIAL WITHIN THE SOLAR
SYSTEM

Studying how the weather works on other planets has been
seen as helpful in understanding how it works on Earth. Weather
on other planets follows many of the same physical principles as
weather on Earth, but occurs on different scales and in atmospheres
having different chemical composition. The Cassini-Huygens
mission to Titan discovered clouds formed from methane or ethane
which deposit rain composed of liquid methane and other organic
compounds. Earth’s atmosphere includes six latitudinal cireulation
zones, three in each hemisphere. In contrast, Jupiter’s banded
appearance shows many such zones, Titan has a single jet stream
near the 50th parallel north latitude, and Venus has a single jet
near the equator.

One of the most famous landmarks in the Solar System, Jupiter's
Great Red Spot, is an anticyclonic storm known to have existed for
at least 300 years. On other gas giants, the lack of a surface allows
the wind to reach enormous speeds: gusts of up to 600 metres per
second (about 2,100 km/h or 1,300 mph) have been measured on
the planet Neptune.

This has created a puzzle for planetary scientists. The weather
is ultimately created by solar energy and the amount of energy
received by Neptune is only about 'D _ of that received by Earth,
yet the intensity of weather phenomena on Neptune is far greater
than on Earth. The strongest planetary winds discovered so far
are on the extrasolar planet HD 189733 b, which is thought to have
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easterly winds moving at more than 9,600 kilometres per hour
(6,000 mph).

Space Weather

Weather is not limited to planetary bodies. Like all stars, the
sun’s corona is constantly being lost to space, creating what is
essentially a very thin atmosphere throughout the Solar System.
The movement of mass ejected from the Sun is known as the solar
wind. Inconsistencies in this wind and larger events on the surface
of the star, such as coronal mass ejections, form a system that has
features analogous to conventional weather systems (such as
pressure and wind) and is generally known as space weather.

Coronal mass ejections have been tracked as far out in the solar
system as Saturn. The activity of this system can affect
planetary atmospheres and occasionally surfaces. The interaction
of the solar wind with the terrestrial atmosphere can produce
spectacular aurorae, and can play havoe with electrically sensitive
systems such as electricity grids and radio signals.
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(GLACIERS

Imagine yourself in a time machine, going back in time about
20,000 years. You get out of the machine and all you can see is ice. All
around you are miles and miles of ice. You'd think you must have
landed on a glacier or frozen lake. Actually, you are in the ice age.

About 1/3 of the earth was ice. The most recent ice age was
almost 10,000 years ago. As the earth started warming up the ice
started to melt. The last ice age left traces that it was there. It left
GLACIERS!! Sheets of ice covered valleys and rivers. Ice spread to
different parts of the world. Scientists called it the ice age. It kept
melting, then froze again. This went on for about a million years.
About 10,000 years ago the earth started to warm up. Sheets of ice
started to melt. As the ice melted it left lakes and broad valleys with
a mixture of rocks and soil. The only ice left was up high in the

mountains. The glaciers that you see now are what is left over from
the ice age.

Do you ever wonder how we know that ice ages really exist?
Well one reason is that it left clues. Louis Aggasiz was one of the
first scientists to study the clues of the ice age. An erraticis a large
boulder, and when Aggasiz told some scientisis that the boulders
had been left there by a glacier they thought that he was out of his
mind. The scientists thought they were put there by icebergs, Noah's
flood, and witches.
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The reason Louis Aggasiz proved that they had been put there
by glaciers is because they were made of a kind of rock that you
can’t find naturally in that area - granite. Because of that he proved
that they can’t be from there, they were from somewhere else. Other
proof that the ice age really existed is: polished bedrock, sand and
gravel piles, big valleys, and rough mountain tops.

A glacier isalarge persistent body of ice that forms where the
accumulation of snow exceeds its ablation (melting and
sublimation) over many years, often centuries. At least 0.1 km*in
area and 50 m thick, but often much larger, a glacier slowly deforms
and flows due to stresses induced by its weight. Crevasses, seracs,
and other distinguishing features of a glacier are due to its flow.
Another consequence of glacier flow is the transport of rock and
debris abraded from its substrate and resultant landforms
like cirques and moraines. Glaciers form on land, often eleva ted,
and are distinct from the much thinner sea ice and lake ice that
form on the surface of bodies of water.

The word glacier comes from French. It is derived from
the Vulgar Latin glacia and ultimately from Latin glacies meaning
ice. The processes and features caused by glaciers and related to
them are referred toas glacial. The process of glacier establishment,
growth and flow is called glaciation. The corresponding area of
study is called glaciology. Glaciers are important components of
the global cryosphere.

On Earth, 99% of glacial ice is contained within vast ice
sheets in the polar regions, but glaciers may be found in mountain
ranges of every continent except Australia, and on a few high-
latitude oceanic islands. Between 35°N and 35°5, glaciers occur
only in the Himalayas, Andes, a few high mountains in East
Africa, Mexico, New Guinea and on Zard Kuh in Iran.

Glacial ice is the largest reservoir of freshwater on Earth,
supporting one third of the world’s population. Many glaciers
store water during one season and releage it later as meltwater,
a water source thatis especially important for plants, animals and
human uses when other sources may be scant.

Because glacial mass is affected by long-term climate
changes, e.g., precipitation, mean temperature, and cloud
cover, glacial mass changes are considered among the most
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sensitive indicators of climate change and are a major source of
variations in sea level.

HOW A GLACIER IS FORMED

In some placesitis cold all year long. On the tops of mountains
it can snow any time of the year. When the first snow falls there is
a lot of air space between the flakes. As more and more snow falls,

the snow begins to pack together and get much heavier. The heavy
snow compacts and presses down on the ground,

Then when other snowstorms come the snow packs downeven
more, and the flakes start to lose their shape. Then the air gets
sucked out of the flakes and most of the flakes turn into ice. The
snowflakes get rounder as they absorb water in between the left
over air spaces. As the years go by the the ice fields grow deeper
and stronger until they form a glacier.

How Glaciers Move

Glaciers move in two ways. The first way is through the pull of
gravity and meltwater. Gravity pulls the heavy weight of the glacier
down a hill very slowly. If you were watching one, you probably
wouldn’t see it moving. Under the glacier, as it slowly moves, the
rocks it is dragging underneath cause the ice to melt. The water
under the glacier is called melt water. The meltwater makes it
slippery and helps the glacier to move down hills.

There is also meltwater on top of the glaciers that gets into
cracks. When it refreezes the ice cracks and moves, kind of like the
way an ice cube might crack and melt in a glass of soda. The amount
of melt water in the glacier depends on the weather. Different parts
of the glacier move at different speeds.

Glacier Life

Do you ever wonder if anything lives on or in a glacier? The
top of a glacier is only rocks, ice, dirt, and snow, so who or what
would want to live there? Well actually, there is life on a glacier.
The reason why is because of the wind. When the wind blows over
the ground it collects dust and other things like insects, pollen,
minerals, and bacteria that are in the air. Then when the wind
blows over the glacier it drops everything on it.
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Snow fleas and ice worms live on a glacier. The wind brings
them their food. Ice worms are related to the earth worm, but much

smaller. They are at less than an inch long!! They move around by
squeezing in between the ice crystals at the top of the glacier. They
can go as deep as six feet. Ice worms lay their eggs and hatch in the
ice. Sometimes you can find over 100 ice worms in one area while
another area won't have any.

Not many people get lucky enough to see ice worms and some
people think they don’t exist. Ice worms only live if the temperature
is below 40 degrees Fahrenheit. If the ice gets below 22 degrees
Fahrenheit, the ice worms will freeze. Ice worms only live in a
glacier if it is beside the ocean or has a lot of meltwater. Ice worms
eat algae, that is near the top of the glacier. Snow algae is red instead
of green like most algae.

Along with the ice worm, some land insects like spiders and flies
might live on a glacier. They usually get eaten by animals that are
bigger, like the birds. Animals other the than ice worm also use glaciers.
Tidewater glaciers give a home or resting place to large animals. Seals
climbup onto the icebergs to have their babies, The new bornbabies,
or pups, and their mothers can rest on the icebergs safe from their
predators. Eagles like to stand on icebergs to look for foed.

Types of Glaciers

Glaciers are categorized in many ways including by their
morphology, thermal characteristics or their behavior. Alpine
glaciers form on the crests and slopes of mountains and are also
known as “mountain glaciers”, “niche glaciers”, or “cirque
glaciers”. An alpine glacier that fills a valley is sometimes called a
valley glacier. Larger glaciers that cover an entire mountain,
mountain range, or volcano are known as an ice cap or ice field,
such as the Juneau Icefield. Ice caps feed outlet glaciers, tongues
of ice that extend into valleys below far from the margins of the

larger ice masses.

The largest glacial bodies, ice sheets or continental glaciers,
cover more than 50,000 km? (20,000 mile?). Several kilometers deep,
they obscure the underlying topography. Only nunataks protrude
from the surface. The only extant ice sheets are the two that cover
most of Antarctica and Greenland. These regions contain vast
quantities of fresh water. The volume of ice is so large that if
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the Greenland ice sheetmelted, it would cause sea levels to rize six

meters (20 ft) all around the world. If the Antarcticice sheet melted,
sea levels would rise up to 65 meters (210 ft). Ice shelves are areas
of floating ice, commonly located at the margin of an ice sheet. As a
result they are thinner and have limited slopes and reduced
velocities. lce streams are fast-moving sections of an ice sheet. They
can be several hundred kilometers long. Ice streams have narrow
margins and on either side ice flow is usually an order of magnitude

less. In Antarctica, many ice streams drain into la rge ice shelves.
However, some drain directly into the sea, often with an ice tongue,

-like Mertz Glacier. In Greenland and Antarctica ice streams ending
at the sea are often referred to as tidewater glaciers or outlet glaciers,
-such as Jakobshavn Isbra (Kalaallisut: Sermeq Kujalleq).

Tidewater glaciers are glaciers that terminate in the sea. As the
ice reaches the sea pieces break off, or calve, forming icebergs. Most
tidewater glaciers calve above sea level, which often results in a
tremendous splash as the iceberg strikes the water. If the water is

deep, glaciers can calve underwater, causing the iceberg to
suddenly leap up out of the water,

The Hubbard Glacier is the longest tidewater glacier in Alaska
and has a calving face over 10 km (6.2 mi) long. Yakutat
Bay and Glacier Bay are both popular with cruise ship passengers
because of ihe huge glaciers descending hundreds of feet to the
water. This glacier type undergoes centuries-long cycles of advance
and retreat that are much less affected by the climate chan 5
currently causing the retreat of most other glaciers. Most tidewater
glaciers are outlet glaciers of ice caps and ice fields.

In terms of thermal characteristics, a temperate glacier is at
melting point throughout the year, from its surface to its base. The
ice of a polarglacier is always below freezing point from the surface
to its base, although the surface snowpack may experience seasonal
melting. A sub-polar glacier has both temperate and polar ice,
depending on the depth beneath the surface and position along
the length of the glacier.

Formation

Glaciers form where the accumulation of snow and ice
exceeds ablation. As the snow and ice thicken, they reach a point
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where they begin to move, due to a combination of the surface
slope and the pressure of the overlying snow and ice. On steeper
slopes this can occur with as little as 15 m (50 ft) of snow-ice. The
snow which forms temperate glaciers is subject to repeated freezing
and thawing, which changes it into a form of granular ice
called firn.

Under the pressure of the layers of ice and snow above it, this
granular ice fuses into denser and denser firn. Over a period of
years, layers of fim undergo further compaction and become glacial
ice. Glacier ice has a slightly reduced density from ice formed from
the direct freezing of water. The air between snowflakes becomes
trapped and creates air bubbles between the ice crystals.

The distinctive blue tint of glacial ice is due to its slight
absorption of red light due to an overtone of the infrared OH
stretching mode of the water molecule. Liquid water is blue for the
same reason. However, the blue of glacier ice is sometimes
misattributed to Rayleigh scatteringdue to bubbles in the ice.

GLACIERS IN ALASKA

Did you know that no one has ever counted all of the glaciers
in Alaska? There are nearly 100,000 of them, but most of them
don’t have names. Most of the glaciers are in the southern part of
Alaska. About anywhere in Alaska where you drive or go boating,
you can see the remains of the ice age and movement of glaciers.

Snow Bridges

A crevasse is an open break or cut in the surface of the glacier.
They are dangerous because you can't always see them. It looks
like part of the surface, but it really is a deep hole. Snow bridges
form on top of crevasses.

Anatomy

The location where a glacier originates is referred to as the
“glacier head”. A glacier terminates at the “glacier foot”,
or terminus. Glaciers are broken into zones based on surface
snowpack and melt conditions. The ablation zone is the region
where there is a net loss in glacier mass. The equilibrium line
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separates the ablation zone and the accumulation zone. At this
altitude, the amount of new snow gained by accumulation is equal
to the amount of ice lost through ablation. The accumulation zone
is the region where snowpack or superimposed ice accumulation
persists.

A further zonation of the accumulation zone disﬁnguiEhes the
melt conditions that exist.

1. The dry snow zone is a region where no melt occurs, even in
the summer, and the snowpack remains dry.

2. The percolation zone is an area with some surface mel t,
causing meltwater to percolate into the snowpack. This zone
is often marked by refrozen ice lenses, glands, and layers. The
snowpack also never reaches melting point,

3. Near the equilibrium line on some glaciers, a superimposed
ice zone develops. This zone is where meltwater refreezes as a
cold layer in the glacier, forming a continuous mass of ice.

4. The wetsnow zone is the region where all of the snow deposited
since the end of the previous summer has been raised to () °C.
The upper part of a glacier that receives most of the snowfall is
called the accumulation zone. In general, the glacier accumulation
zone accounts for 60-70% of the glacier's surface area, more if the
glacier calves icebergs. The depth of ice in the accumulation Zone
exerts a downward force sufficient to cause deep erosion of the
rock’in this area. After the glacier is gone, its force often leaves a
bowl or amphitheater-shaped isostatic depression ranging from
large lake basins, such as the Great Lakes or Finger Lakes, to smaller
mountain basins, known ascirques.

The “health” of a glacier is usually assessed by determining
the glacier mass balance or observing terminus behavior. Healthy
glaciers have large accumulation zones, more than 60% of their
area snowcovered at the end of the melt season, and a
with vigorous flow.

terminus

F{]“ﬂWiI‘lg the Little Ice ﬂgﬁ, around ]ESG, the g]aciers of the
Earth have retreated substantially through the 1940s. A slight
cooling led to the advance of many alpine glaciers from 1950-1985.
However, since 1985 glacier retreat and mass balance loss has
become increasingly ubiquitous and large.
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Just The Facts

There were about 11 different ice ages.

The ice ages were during the earth’s 4.6 billion years of history.
The last ice age was called “The Great Ice Age"” and was 11,000
years ago.

During the “Great Ice Age" over a third of the earth was covered
in ice. During the ice age the air had less carbon dioxide in it.
Right now we are living in a mini ice age.

There are two explanations of why the ice ages might have
occurred: 1.The temperatures were much colder so it never
rained, only snowed. 2. The earth changed its tilt away from
the sun.

Motion

Glaciers move, or flow, downhill due to the internal
deformation of ice and gravity. Ice behaves like an easily breaking
solid until its thickness exceeds about 50 meters (160 ft). The
pressure on ice deeper than that depth causes plastic flow. At the
molecular level, ice consists of stacked layers of molecules with
relatively weak bonds between the layers. When the stress of the
layer above exceeds the inter-layer binding strength, it moves faster
than the layer below.

Another type of movement is through basal sliding. In this
process, the glacier slides over the terrain on which it
sits, lubricated by the presence of liquid water. As the pressure
increases toward the base of the glacier, the melting point of water
decreases, and the ice melts, Friction between ice and rock
and geothermal heat from the Earth’s interior also contribute to
melting. This type of movement is dominant in temperate, or warm-
based glaciers. The geothermal heat flux becomes more important
the thicker a glacier becomes.

The rate of movement is dependent on the underlying slope,
amongst many other factors.

Fracture zone and Cracks

The top 50 meters of the glacier, being under less pressure, are
more rigid; this section is known as the fracture zone, and mostly
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moves as a single unit, over the plastic-like flow of the lower section.
When the glacier moves through irregular terrain, cracks up to
50 meters deep form in the fracture zone. The lower layers of glacial
ice flow and deform plastically under the pressure, allowing the
glacier as a whole to move slowly like a viscous fluid. Glaciers
flow downslope, usually this reflects the slope of their base, but it
may reflect the surface slope instead. Thus, a glacier can flow rises
in terrain at their base.

The upper layers of glaciers are more brittle, and often form
deep cracks known as crevasses. The presence of crevasses is a
sure sign of a glacier. Moving ice-snow of a glacier is often separated
from a mountain side or snow-ice that is stationary and clinging to
that mountain side by a bergshrund. This looks like a crevasse but
is at the margin of the glacier and is a singular feature.

Crevasses form due to differences in glacier velocity. As the
parts move at different speeds and directions, shear forces cause
the two sections to break apart, opening the crack of a crevasse all
along the disconnecting faces. Hence, the distance between the
two separated parts, while touching and rubbing deep down,
frequently widens significantly towards the surface 1a
times creating a wide chasm. Intersecting crevasses
isolated peaks in the ice, called a serac.

yers, many
may create

Crevasses seldom are more than 150 feet (46 m) deep but in
some cases can be 1,000 feet (300 m) or even deeper. Beneath this
point, the plastic deformation of the ice under pressure is top great
for the differential motion to generate cracks. Transverse crevasses
are fransverce to flow, as a glacier accelerates where the slope
steepens. Longitudinal crevasses form semi-parallel to flow where
a glacier expands laterally. Marginal crevasses form from the edge
of the glacier, due to the reduction in speed caused by friction of

the valley walls. Marginal crevasses are usually la rgely transverse
to flow.

Crevasses make travel over glaciers hazardous, Subsequent
heavy snow may form fragile snow bridges, increasing the danger
by hiding the presence of crevasses at the surface. Below the
equilibrium line, glacier meltwater is concentrated in stream
channels. The meltwater can pool in a proglacial lake, a lake on
top of the glacier, or can descend into the depths of the glacier
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via moulins. Within or beneath the glacier, the stream will flow in
an englacial or sub-glacial tunnel. Sometimes these hunneis
reemerge at the surface of the glacier.

Speed

The speed of glacial displacement is partly determined
by friction. Friction makes the ice at the bottom of the glacier move
more slowly than the upper portion. In alpine glaciers, friction is
also generated at the valley’s side walls, which slows the edges
relative to the center. This was confirmed by experiments in the
19th century, in which stakes were planted in a line across an
alpine glacier, and as lime passed, those in the center moved farther.

Mean speeds vary greatly. There may be no motion in stagnant
areas, where trees can establish themselves on surface sediment
deposits such asin Alaska. In other cases they can move as fast as
20-30 meters per day, as in the case of Greenlands’s Jakobshavn
Isbree(Kalaallisut: Sermeq Kujalleq), or 2-3 m per day on Byrd
Glacier, the largest glacier in Antarctica. Velocity increases with
increasing slope, increasing thickness, increasing snowfall,
increasing longitudinal confinement, increasing basal temperature,
increasing meltwater production and reduced bed hardness.

A few glaciers have periods of very rapid advancement
called surges. These glaciers exhibit normal movement until
suddenly they accelerate, then return to their previous state. During
these surges, the glacier may reach velocities far greater than normal
speed. These surges may be caused by failure of the underlying
bedrock, the ponding of meltwater at the base of the glacier —
perhaps delivered from a supraglacial lake — or the simple
accumulation of mass beyend a critical “tipping point”.

In glaciated areas where the glacier moves faster than one
kilometer per year, glacial earthquakes occur. These are large
scale tremblors that have seismic magnitudes as high as 6.1.

The number of glacial earthquakes in Greenland show a
peak every year in July, August and September, and the number
is increasing over time. In a study using data from January
1993 through October 2005, more events were detected every
year since 2002, and twice as many events were recorded in
2005 as there were in any other year. This increase in the
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numbers of glacial earthquakes in Greenland may be a response
to global warming.

Seismic waves are also generated by the Whillans Ice Stream,
a large, fast-moving river of ice pouring from the West Antarctic Iee
Sheet into the Ross Ice Shelf. Two bursts of seismic waves are
released every day, each one equivalent to a magnitude 7
earthquake, and are seemingly related tothe tidal action of the Ross
Sea. During each event a 96 by 193 kilometer (60 by 120 mile) region
of the glacier moves as much as .67 meters (2.2 {t) over about
25 minutes, remains still for 12 hours, then moves another half-
meter. The seismic waves are recorded alseismographs around
Antarctica, and even as far away as Australia, a distance of more
than 6,400 kilometers. Because the motion takes place of such along
period of time 10 to 25 minutes, it cannot be felt by scientists

standing on the moving glacier. It is not known if these events are
related to global warming

Ogives

These are alternating dark and light bands of ice occurrin gas
narrow wave crests and wave valleys on glacier surfaces, The
only occur below icefalls, but not all icefalls have ogives below
them. Once formed, they bend progressively down glacier due to
the increased velocity toward the glacier’s centerline. Ogives are
linked to seasonal motion of the glacier as the width of one dark

and one light band generally equals the annual movement of the
glacier.

The ridges and valleys are formed because ice from anicefall is
severely broken up, thereby increasing ablation surface area during
the summertime. This creates a swale and space for snow
accumulation in the winter, which in turn creates a ridge.
Sometimes ogives are described as either wave ogives or band
ogives, in which they are solely undulations or varying color bands,
respectively.

Geography

Glaciers are known on every continent and approximately fifty
countries, a count excluding those (Australia, South Africa) that
have glaciers only on distant subantarctic island territories.
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Extensive glaciers are found in Antarctica, Chile, Canada, Alaska,
Greenland and Iceland. Mountain glaciers are widespread, e.g., in
the Andes, the Himalaya, the Rocky Mountains, the Caucasus, and
the Alps. On mainland Australia no glaciers exist today, although
a small glacier on Mount Kosciuszko was present in the last glacial
period, and Tasmania was extensively glaciated. In New Guinea,
small, rapidly diminishing, glaciers are located on its highest
summit massif of Puncak Jaya. Africa has glaciers on Mount
Kilimanjaro in Tanzania, on Mount Kenya and in the Ruwenzori
Range. The South Island of New Zealand has many glaciers
including Tasman, Fox and Franz Josef Glaciers.

Among oceanic islands glaciers occur today on Iceland,
Svalbard, Jan Mayen and the subantarctic islands of Marion,
Heard, Grande Terre and Bouvet. During glacial periods of the
Quaternary, Taiwan, Hawaii on Mauna Kea and Tenerife also had
large alpine glaciers, whilst the Faroeand Crozet Islands were
completely glaciated.

Permanent snow cover is affected by factors such as the degree
of slope on the land, amount of snowfall and the winds. Glaciers
can be found in all latitudes except from 20° to 27° north and south
of the equator where the presence of the descending limb of
the Hadley circulationlowers precipitation so much that with high
insolation snow lines reach above 6,500 metres (21,330 ft). Between
19UN and 19US, however, precipitation is higher and the
mountains above 5,000 metres (16,400 ft) usually have permanent
snow. The only snow to occur exactly on the Equatoris at 4,690 m
(15,387 ft) on the southern slope of Volcin Cayambe in Ecuador,
whilst the nearest glacier to either Tropic is on Iztaccthuatl in
Mexico about 470 kilometres (290 mi) south of the Tropic of Cancer.

Conversely, areas of the Arctic, such as Banks Island, and
the McMurdo Dry Valleys in Antarctica are considered polar
deserts, as they receive little snowfall despite the bitter cold. Cold
air, unlike warm air, is unable to transport much water vapor.
Even during glacial periods of the Quaternary, Manchuria,
lowland Siberia, and central and northern Alaska, though
extraordinarily cold had such light snowfall that glaciers could
not form.

In addition to the dr y,. unglaciated polar regions, some
mountains and volcanoes in Bolivia, Chile and Argentina are high
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(4,500 metres (14,800 ft) - 6,900 m (22,600 ft)) and cold, but the
relative lack of precipitation prevents snow from accumulating
into glaciers. This is because these peaks are located near or in
the hyperarid Atacama desert.

Glacial Geology

As the glacier flows over the bedrock’s fractured surface, it
softens and lifts blocks of rock that are brought into the ice. This
process is known as plucking, and it is produced when subglacial
water penetrates the fractures and the subsequent freezing
expansion separates them from the bedrock. When the ice expands,
it acts as a lever that loosens the rock by lifting it. This way,
sediments of all sizes become part of the glacier’s load. The rocks
frozeninto the bottom of the ice then act like grit insandpaper.

Abrasion occurs when the ice and the load of rock fragments
slide over the bedrock and function as sandpaper that smooths
and polishes the surface situated below. This pulverized rock is
called rock flour. The flour is formed by rock grains of a size between
0.002 and 0.00625 mm. Sometimes the amount of rock flour
produced is so high that currents of meltwaters acquire a grayish
color. These processes of erosion lead to steeper valley walls and
mountain slopes in alpine settings, which can cause avalanches
and rock slides. These further add material to the glacier,

Visible characteristics of glacial abrasion are glacial striations.
These are produced when the bottom’s ice contains large chunks
of rock that mark scratches in the bedrock. By mapping the direction
of the flutes, researchers can determine the direction of the glacier’s
movement. Chatter marks are seen as lines of roughly crescent-
shape depressions in the rock underlying a glacier, caused by the
abrasion where a boulder in the ice catches and is then released
repelitively as the glacier drags it over the underlying basal rock.

The rate of glacier erosion is variable. The differential erosion
undertaken by the ice is controlled by six important factors:
§ Velocity of glacial movement;
§ Thickness of the ice;

§ Shape, abundance and hardness of rock fragments contained
in the ice at the bottom of the glacier;
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§ Relative ease of erosion of the surface under the glacier;
§ Thermal conditions at the glacier base; and
§ Permeability and water pressure at the glacier base.

Material that becomes incorporated in a glacier are typically
carried as far as the zone of ablation before being deposited. Glacial
deposits are of two distinct types:

§ Glacial till: material directly deposited from glacial ice. Till
includes a mixture of undifferentiated material ranging from
clay size to boulders, the usual composition of a moraine.

§ Fluvial and outwash: sediments deposited by water. These
deposits are stratified through various processes, such as
boulders’ being separated from finer particles.

The larger pieces of rock which are encrusted in till or deposited
on the surface are called “glacial erratics”. They may range in size
from pebbles to boulders, but as they may be moved great distances,
they may be of drastically different type than the material upon
which they are found. Patterns of glacial erratics provide clues of
past glacial motions.

Moraines

Glacial moraines are formed by the deposition of material from
a glacier and are exposed after the glacier has retreated. These
features usually appear as linear mounds of till, a non-sorted
mixture of rock, gravel and boulders within a matrix of a fine
powdery material. Terminal or end moraines are formed at the foot
or terminal end of a glacier. Lateral moraines are formed on the
sides of the glacier. Medial moraines are formed when two different
glaciers, flowing in the same direction, coalesce and the lateral
moraines of each combine to form a moraine in the middle of the
merged glacier.

Less apparent is the ground moraine, also called glacial drift,
which often blankets the surface underneath much of the glacier
downslope from the equilibrium line. Glacial meltwaters
contain rock flour, an extremely fine powder ground from the
underlying rock by the glacier's movement. Other features formed
by glacial deposition include long snake-like ridges formed by
streambeds under glaciers, known as eskers, and distinctive
streamlined hills, known as drumlins.
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Stoss-and-lee erosional features are formed by glaciers and
show the direction of their movement. Long linear rock scratches

(that follow the glacier’s direction of movement) are called glacial
striations, and divots in the rock are called chatter marks. Both of
these features are left on the surfaces of stationary rock that were
once under a glacier and were formed when loose rocks and
boulders in the ice were transported over the rock surface. Transport
of fine-grained material within a glacier can smooth or polish the
surface of rocks, leading to glacial polish, Glacial erratics are
rounded boulders that were left by a melting glacier and are often
seen perched precariously on exposed rock faces after glacial retreat.

The term moraine is of French origin. It was coined by peasants
to describe alluvial embankmenis and rims found near the mare;
of glaciers in the French Alps. In modern geology, the term is used

more broadly, and is applied to a series of formations, all of which
are composed of till.

Drumlins

Drumlins are asymmetrical, canoe shaped hills with
aerodynamic profiles made mainly of till. Their heights vary from
15 to 50 meters and they can reach a kilometer in length. The tilted
side of the hill looks toward the direction from which the ice

advanced (stoss), while the longer slope follows the ice’s direction
of movement (leg).

Drumlins are found in groups called drumlin fields or drumlin
camps. An example of these fields is found east of Rochester, New
York, and it is estimated that it contains about 10,000 drumlins.

Although the process that forms drumlins is not fullv
'LlIldEl'.Sﬁ}Dd. it can be inferred from their EhﬂpE that thﬂ}l' are Pfﬂdllﬂ:&‘r
of the plastic deformation zone of ancient glaciers. It is believed
that many drumlins were formed when glaciers advanced over
and altered the deposits of earlier glaciers.

Glacial Valleys

Before glaciation, mountain valleys have a characteristic V"
shape, produced by downward erosion by water. However, during
glaciation, these valleys widen and deepen, forming a “U"-
shaped glacial valley. Besides the deepening and widening of the
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valley, the glacier also smooths the valley due to erosion. In this
way, it eliminates the spurs of earth that extend across the valley.
Because of this interaction, triangular cliffs called truncated
spurs are formed.

Many glaciers deepen their valleys more than their
smaller tributaries. Therefore, when the glaciers recede from the
region, the valleys of the tributary glaciers remain above the main
glacier’s depression, and these are called hanging valleys.

In parts of the soil that were affected by abrasion and plucking,
the depressions left can be filled by lakes, called paternoster lakes.

At the ‘start’ of a classic valley glacier is the cirque, which has
a bowl shape with escarped walls on three sides, but open on the
side that descends into the valley. In the cirque, an accumulation
of ice is formed. These begin as irregularities on the side of the
mountain, which are later augmented in size by the coining of the
ice. Once the glacier melts, these corries are usually occupied by
small mountain lakes calledtarns.

There may be two glacial cirques ‘back to back’ which erode
deep into their backwalls until only a narrow ridge, called
an aréte is left. This structure may result in a mountain pass.

Glaciers are also responsible for the creation of fjords (deep
coves or inlets) and escarpments that are found at high latitudes.

Arétes and Homns (pyramid peak)

An aréte is a narrow crest with a sharp edge. The meeting of
three or more arétes creates pointed pyramidal peaks and in
extremely sleep-sided forms these are called horns.

Both features may have the same process behind their
formation: the enlargement of cirques from glacial plucking and
the action of the ice. Horns are formed by cirques that encircle a
cingle mountain.

Arétes emerge in a similar manner; the only difference is that
the cirques are not located in a circle, but rather on opposite sides
along a divide. Arétes can also be produced by the collision of
two parallel glaciers. In this case, the glacial tongues cut the
divides down to size through erosion, and polish the adjacent
valleys.
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Roche Moutonnée

Some rock formations in the path of a glacier are sculpted into
small hills with a shape known as roche moutonnée or “sheepback”
rock. Anelongated, rounded, asymmelrical, bedrock knob can be
produced by glacier erosion. It has a gentle slope on its up-glacier
side and a steep to vertical face on the down-glacier side. The glacier
abrades the smooth slope that it flows along, while rock is torn
loose from the downstream side and carried away inice, a process
known as “plucking’. Rock on this side is fractured by a
combination of various forces, such as water, ice in rock cracks,
and structural stresses.

Alluvial Stratification

The water that rises from the ablation zone moves away from
the glacier and carries with it fine eroded sediments. As the speed
of the water decreases, so does its capacity to carry objects in
suspension. The water then gradually deposits the sediment as it
runs, creating an alluvial plain. When this phenomenon occurs in
a valley, it is called a valley train. When the deposition is to
an estuary, the sediments are known as “bay mud”.

Outwash plains and valley trains are usually accompanied
by basins known as “kettles”. These are glacial depressions
produced when large ice blocks are stuck in the glacial alluvium.
After they melt, the sediment is left with holes. The diameter of
such depressions ranges from 5 m to 13 km, with depths of up to
45 meters. Most are circular in shape due to the melting blocks of
ice becoming rounded. The lakes that often form in these
depressions are known as “kettle lakes”.

Glacial Deposits

When a glacier reduces in size to a critical point, its flow stops,
and the ice becomes stationary. Meanwhile, meltwater flows over,
within, and beneath the ice leave stratified alluvial deposits.
Because of this, as the ice melts, it leaves stratified deposits in the
form of columns, terraces and clusters. These types of deposits are
known as “glacial deposits”.

When those deposils take the form of hills or mounds, they are
called kames. Some kames form when meltwater deposits
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sediments through openings in the interior of the ice. In other cases,
they are just the result of fans ordeltas towards the exterior of the
ice produced by meltwater. When the glacial ice occupies a valley,
it can form terraces or kame along the sides of the valley.

A third type of deposit formed in contact with the ice is
characterized by long, narrow sinuous crests, composed
fundamentally of sand and gravel deposited by streams of
meltwater flowing within, or beneath the glacier. After the ice has
melted, these linear ridges or eskers remain as landscape features.
Some of these crests have heights exceeding 100 meters and their
lengths surpass 100 km.

Loess Deposits

Very fine glacial sediments or rock flour is often picked up by
wind blowing over the bare surface and may be deposited great
distances from the original fluvial deposition site. These eolian
loess deposits may be very deep, even hundreds of meters, as in
areas of China and the Midwestern United States of America.
Katabatic winds can be important in this process.

Transportation and Erosion

§ Entrainment is the picking up of loose material by the glacier
from along the bed and valley sides. Entrainment can happen
by regelation or by the ice simply picking up the debris.

§ Basalice freezing is thought to be to be made by glaciohydraulic
supercooling, though some studies show that even where
physical conditions allow it to occur, the process may not be
responsible for observed sequences of basal ice.

& Plucking is the process involves the glacier freezing onto the
valley sides and subsequent ice movement pulling away
masses of rock. As the bedrock is greater in strength than the
glacier, only previously loosened material can be removed. It
can be loosened by local pressure and temperature, water and
pressure release of the rock itself.

§ Supraglacial debris is carried on the surface of the glacier as
lateral and medial moraines. In summer ablation, surface melt
water carries a small load and this often disappears down
crevasses.
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* Englacial debris is moraine carried within the body of the
glacier.
* Subglacial debris is moved along the floor of the valley either

by the ice as ground moraine or by meltwater streams formed
by pressure melting,

Deposition

* Lodgement till is identical to ground moraine. It is material
that is smeared on to the valley floor when its weight becomes

too great to be moved by the glacier.

Ablation till is a combination of englacial and supraglacial

moraine. It is released as a stationary glacier begins to melt

and material is dropped in situ.

Dumping is when a glacier moves material to its outermost or
lowermost end and dumps it.

e Deformation flow is the change of shape of the rock and land
due to the glacier.

Isostatic Rebound

This rise of a part of the crust is due to an isostatic adjustment.
A large mass, such as an ice sheet/glacier, depresses the crust of
the Earth and displaces the mantle below. The depression is about
a third the thickness of the ice sheet. After the glacier melts the
‘mantle begins to flow back to its original position pushing the
crust back to its original position. This post-glacial rebound, which
lags melting of the ice sheet/glacier, is currently occurring in
measurable amounts in Scandinavia and the Great Lakes region
of North America.

An interesting geomorphological feature created by the same
process, but on a smaller scale, is known as dilaﬁnn-faulting. It
occurs within rock where previously compressed rock is allowed
to return to its original shape, but more rapidly than can be
maintained without faulting, leading to an effect similar to that
which would be seen if the rock were hit by a large hammer. This

can be observed in recently de-glaciated parts of Iceland and
Cumbria.
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Soi1L, RIVERS AND STREAMS

Soil may be defined as a thin layer of earth’s crust which serves
as a natural medium for growth of plants. It is the unconsolidated
mineral matter that has been subjected to, and influenced by, genetic
and environmental factors— parent material, climate, organisms
and topography all acting over a period of time. Soil differs from
the parent material in the morphological, physical , chemical and
biological properties.

Also; soils differ among themselves in some or all the
properties, depending on the differences in the genetic and
environmental factors. Thus some soils are red, some are black;
some are deep and some are shallow; some are coarse textured
and some are fine-textured. They serve as a reservoir of nutrients
and water for crops, provide mechanical anchorage and
favourable tilth. The components of soil are mineral matter, organic
matter, water and air, the proportions of which vary and which
together form a system for plant growth; hence the need to study
the soils in perspective.

Soil is a natural body consisting of layers (soil horizons) of
primarily mineral constituents of variable thicknesses, which differ
from the parent materials in their morphological, physical,
chemical, and mineralogical characteristics. In engineering, soil
is referred to as regolith, or loose rock material. Strictly speaking,
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soil is the depth of regolith that influences and has been influenced
by plant roots.

Soil is composed of particles of broken rock that have been
altered by chemical and mechanical processes that include
weathering anderosion. Soil differs from its parent rock due to
interactions between the lithosphere, hydrosphere, atmosphere,
and the biosphere. It is a mixture of mineral and organic
constituents that are in solid, gaseous and aqueous states. Soil is

commonly referred to as earth or dirt; technically, the term dirl
should be restricted to displaced soil.

Soil forms a structure that is filled with pore spaces, and can
be thought of as a mixture of solids, water and air (gas).
Accordingly, soils are often treated as a three state system. Most
soils have a density between 1 and 2 g/cm?. Little of the soil of

planet Earth is older than theTertiary and most no older than
the Pleistocene.

On a volume basis a good quality soil is one that is 45% minerals,
25% water, 25% air, and 5% organic material, both live and dead.
The mineral and organic components are considered a constant
with the percentages of water and air the only variable parameters
where the increase in one is balanced by the reduction in the other.

SOIL-FORMING MATERIALS

Rocks are the chief sources for the parent materials over which
soils are developed. There are three main kinds of rocks:

(i) igneous rocks,
(ii) sedimentary rocks,and
(iii) metamorphic rocks.

Igneous rocks. They are formed by the cooling, hardening and
crystallizing of various kinds of lavas and differ widely in their
chemical composition. They chiefly contain feldspars, maphic
minerals and quartz. Rocks containing a high proportion of quartz
(60-75%) are classified as acidic, whereas those containing less than
50% quartz are classified as basic. The common igneous rocks found
in India are the granites(acidic) and basalls or the Deccan Trap (basic)

Sedimentary rocks. They are derived from igneous rocks and
are formed by the consolidation of fragmentary rock materials and
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the products of their decomposition deposited by water. The
common sedimentary rocks are conglomerate, sandstone, shale and
limestone. Alluvial, glacial and aeolian deposits form the

unconsolidated sedimentary rocks.

Metamorphic rocks. They are formed from the igneous or
sedimentary rocks by the action of intense heat and high pressure
or both resulting in considerable change in the texture and mineral
composition. The common metamorphic rocks are gneis from
granite, quartzite from quartz or sandstone, marble from limestone
and slate from shale.

HISTORY OF THE STUDY OF SOIL

The history of the study of soil is intimately tied to our urgent
need to provide food for ourselves and forage for our animals.
Throughout history, civilizations have prospered or declined as a
function of availability and productivity of soils.

The Greek historian Xenophon (450-355 B.C.) is credited with
being the first to expound upon the merits of green-manuring crops,
“But then whatever weeds are upon the ground, being turned into
earth, enrich the soil as much a dung.”

Columella’s Husbandry, circa 60 A.D. was used by 15
generations (450 years) of those encompassed by the Roman Empire
until its collapse. From the fall of Rome to the French Revolution,
knowledge of soil and agriculture was passed on from parent to
child and as a result, crop yields were low. During the Dark Ages
for Europe, Yahya Ibn_al-"Awwam’s handbook guided the people
of North Africa, Spain and the Middle East with its emphasis on
irrigation, a translation of which was finally carried lo the

southwest of the United States.

Jethro Tull, an English gentleman, introduced in 1701 an
hnpn':wed grain drill that systemized the planting of seed and
invented a horse-drawn weed hoe, the two of which allowed fields
once choked with weeds to be brought back to production and
seed to be used more economically. Tull, however, also introduced
the mistaken idza that manure introduced weed seeds, and that
fields should be plowed in order to pulverize the soil and so release
the locked up nutrients. His ideas were taken up and carried to
their extremes in the 20th century, when farmers repeatedly plowed
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fields far beyond what was necessary to control weeds. During a
period of drought, the repeated plowing resulted in the Dust
Bowl in the prairie region of the Central United States and Canada.

The “two-course system” of a year of wheat followed b y a year
of fallow was replaced in the 18th century by the Norfolk four-
course system, in which wheat was grown in the first year, turnips
the second, followed by barley, with clover and ryegrass together,
in the third. The taller barley was harvested in the third year while
the clover and ryegrass were grazed or cut for feed in the fourth.
The turnips fed cattle and sheep in the winter. The fodder Crops

produced large supplies of animal manure, which returned
nutrients to the soil.

Experiments into what made plants grow first led to the idea
that the ash left behind when plant matter was burnt was the
essential element and overlooked the role of nitrogen, which is not
left on the ground after combustion. Jan Baptist van Helmont
thought he had proved water to be the essential element from his
famous experiment with a willow tree grown in caref ully controlled
conditions in which only water was added, which after { ive years
of growth was removed and weighed, roots and all, and found to
weigh 165 pounds. The oven-dried soil, originally 200 pounds,
was again dried and weighed and found to have lost only two
ounces, which van Helmont reasonably explained as experimental
error and assumed that the soil had in fact lost nothing, As rain
water was the only thing added by the experimenter, he concluded
that water was the essential eletaent in plant life. In fact the two
ounces lost from the soil were the minerals taken up by the willow
tree during its growth.

John Woodward experimented with various types of water
ranging from clean to muddy and found muddy water the best,
and so he concluded earthy matter was the essential element. Others
concluded it was humus in the soil that passed some essence to the
growing plant.

The French chemist Antonine Lavoigier showed thal plants
and animals must “combust” oxygen internally to live and was
. able to deduce that most of the 165-pound weight of Van Helmont's
willow tree derived from air. The chemical basis of nutrients

delivered to the soil in manure was emphasized and in the mid-
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19th century chemical fertilizers were used, but the dynamic
interaction of soil and its life forms awaited discovery. 3

It was known that nitrogen was essential for growth and in
+ 1880 the presence of Rhizobium bacteria in the roots of legumes
.explained the increase of nitrogen in soils so cultivated. The
importance of life forms in soil was finally recognized.

Crop rotation, mechanization, chemical and natural fertilizers
led to a doubling of wheal yields in western Europe between 1800
to.1900.

SOILS OF INDIA

Types of Soil Found in India

Indian soils are generally divided into four broad types. These
soil types are: 1) alluvial soils; 2) regur soils; 3) red soils and 4)
laterite soils.

ALLUVIALSOILS: This is the most important and widespread
category. It covers 40% of the land area. In fact the entire Northern
Plains are made up of these soils. They have been brought down
and deposited by three great Himalayan rivers- Sutlej, Ganga and
Brahmaputra- and their iributaries. Through a narrow corridor in
Rajasthan they extend into the plains of Gujarat. They are common
in eastern coastal plains and in the deltas of Mahanadi, Godavari,
Krishna and Kaveri.

REGUR SOILS: These soils are black in colour and are also
known as black soils. Since, they are ideal for growing cotton, they
are also called cotton soils, in addition to their normal nomenclature
of regur soils. These soils are most typical of the Deccan trap (Basalt)
region spread over north-west Deccan plateau and are made up of
lava flows. They cover the plateaus of Mahrashtra, Saurashtra,
Malwa and southern Madhya Pradesh and extends eastwards in
the south along the Godavari and Krishna Valleys.

RED SOILS: These soils are developed on old crystalline rocks
under moderate to heavy rainfall conditions. They are deficient in
phosphoric acid, organic matter and nitrogenous material. Red
soils cover the eastern part of the peninsular region comprising
Chhotanagpur plateau, Orissa, eastern Madhya Pradesh,
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Telangana, the Nilgiris and Tamil Nadu plateau. Tev extended
northwards in the west along the Konkan coast of Maharashtra.

LATERITE SOILS: The laterite soils is the result of intense
leaching owing to heavy tropical rains. They are found along the
edge of plateau in the east covering small parts of Tamil Nadu, and
Orissa and a small part of Chhotanagpur in the north and
Meghalaya in the north-east.

Soil Forming Factors

Soil formation, or pedogenesis, is the combined effect of
physical, chemical, biological, and anthropogenic processes on soil
parent material. Soil genesis involves processes that develop layers
or horizons in the soil profile. These processes involve additions,
losses, transformations and translocations of material that compose
the soil. Minerals derived fromweathered rocks undergo changes
that cause the formation of secondary minerals and other
compounds that are variably soluble in water. These constituents
are moved (translocated) from one area of the soil to other areas by
water and animal activity. The alteration and movement of

materials within soil causes the formation of distinctive soil
horizons.

How the soil “life” cycle proceeds is influenced by at least five
classic soil forming factors that are dynamically intertwined in
shaping the way soil is developed: parent material, regionalclimate,
topography, biotic potential and the passage of time. Anexample
of soil development would begin with the weathering of lava
flow bedrock which would produce the purely mineral-based
parent material from which soils form. 5Soil development would
start from bare rock of recent flows in warm regions under heavy
and very frequent rainfall. In such climates, plants become

established very quickly on basaltic lava, even though there is very
little organic material.

The plants are supported by the porous rock as it is filled
with nutrient-bearing waler that carries dissolved minerals from
rocks and guano. Crevasses and pockets, local topography of the
rocks, would hold fine materials and harbor plant roots. The
developing plant roots themselves are associated with mycorrhizal
fungi that gradually break up the porous lava, and by these means
organic matter and a finer mineral soil accumulate with time.
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Parent Material

The material from which soil forms is called parent material. It
includes: weathered primary bedrock; secondary material
transported from other locations, namely colluvium and alluvium;
deposits that are already present but mixed or altered in other
ways—old soil formations, organic material; and anthropogenic
materials, such as landfill or mine waste.

Soils that develop from their underlying parent rocks are called
“residual soils”, and have the same general chemistry as their
parent rocks. Few soils form in such a manner.

Most soils derive from transported parent materials that have
been moved many miles by wind, water and gravity.. Windblown
material called loess, common in the Midwest of North America
and in Central Asia, may have been moved many hundreds of miles.

Cumulose parent material includes peats and mucks and may
develop in place from plant residues that have been preserved by
the low oxygen content of a high water table.

Weathering is the first stage in the transforming of parent
material into soil material. In spils forming from bedrock, a thick
layer of weathered material called saprolite may form.

River

A river is a natural watercourse, usually freshwater, flowing
towards an ocean, a lake, a sea, or another river. In a few cases, a
river simply flows into the ground or dries up completely before
reaching another body of water. Small rivers may also be called by
several other names, including stream, creek, brook, rivulet,
tributary and rill. There are no official definitions for generic terms,
such as river, as applied to geographic features, although in some
countries or communities a stream may be defined by its size. Many
names for small rivers are specific to geographic location; one
example is “burn” in Scotland and northeast England. Sometimes
a river is said to be larger than a creek, but this is not always the
case, because of vagueness in the language.

Rivers are part of the hydrological cycle. Water within a river
is generally collected from precipitation through a drainage
basin from surface runoff and other sources such as groundwater
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recharge, springs, and the release of stored water in natural ice

and snowpacks (e.g.. from glaciers). Potamology is the scientific
study of rivers.

The rivers of India play an important role in the lives of the
Indian people. The river systems provide irrigation, potable water,
cheap transportation, electricity, as well as provide livelihoods for
alarge number of people all over the country. This easily explaing
why nearly all the major cities of India are located by the banks of
river. The rivers also have an important role in Hindu mythology,
and are considered holy by all Hindus in the country.

Seven major rivers (Indus, Brahmaputra, Narmada, Tapj,
Godavari, Krishna and Mahanadi )along with their numerous
tributaries make up the river system of India. Most of the rivers
pour their waters into the Bay of Bengal. Some of the rivers whose
courses take them through the western part of the country and
towards the east of the state of Himachal Pradesh empty into the
Arabian Sea. Parts of Ladakh, northern parts of the Aravalli range
and the arid parts of the Thar Desert have inland drainage. Al

major rivers of India originate from one of the three main
watersheds.

Topography

The water in a river is usually confined to a channel, made up
of a stream bed between banks. Inlarger rivers there is also a wider
floodplain shaped by flood-waters over-topping the channel. Flood
plains may be very wide in relation to the size of the river channel.
This distinction between river channel and floodplain can be
blurred especially in urban areas where the floodplain of a river
channel can become greatly developed by housing and industry.

The term upriver refers to the direction leading to the source of
the river, whichis a gainst the direction of flow. Likewise, the term
downriver describes the direction towards the mouth of the river,
in which the current flows

The river channel typically contains a single stream of water,
but some rivers flow as several interconnecting streams of water,
producir.g abraided river. Extensive braided rivers are now found
in only a few regions worldwide, such as the South Island of New
Zealand. They also occur on peneplains and some of the larger
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river deltas. Anastamosing rivers are similar to braided rivers and
are also quite rare. They have multiple sinuous channels carrying
large volumes of sediment.

A river flowing in its channel is a source of energy which acls
on the river channel to change its shape and form. In 1757, the
German hydrologist Albert Brahms empirically observed that the
submerged weight of objects that may be carried away by a river is
proportional to the sixth power of the river flow speed. (This
formulation is also sometimes called Airy’s law. ) Thus, if the speed
of flow were doubled, the flow would dislodge objects with 64
times as much submerged weight. In mountainous torrential zones
this can be seen as erosion channels through hard rocks and the
creation of sands and gravels from the destruction of larger rocks.
In U-shaped glaciated valleys, the subsequent river valley can often
easily be identified by the V-shaped channel that it has carved.

In the middle reaches where the river may flow over flatter
land, meanders may form through erosion of the river banks and
deposition on the inside of bends. Sometimes the river will cut off a
loop, shortening the channel and forming an oxbow lake or
billabong,. Rivers that carry large amounts of sediment may develop
conspicuous deltasat their mouths, if conditions permit, Rivers
whose mouths are in saline tidal waters may form estuaries.

Throughout the course of the river, the total volume of water
transported downstream will often be a combination of the free water
flow together with a substantial contribution flowing through sub-
surface rocks and gravels that underlie the river and its floodplain
(called the hyporheic zone). For many rivers in large valleys, this
unseen component of flow may greatly exceed the visible flow.

SUBSURFACE STREAMS

Most but not all rivers flow on the surface. Subterranean
rivers flow underground in caves or caverns. Such rivers are
frequently found in regions with limestone geologic formations.
Subglacial streams are the braided rivers that flow at the beds of
glaciers and ice sheets, permitting meltwater to be discharged at
the front of the glacier. Because of the gradient in pressure due to

the overlying weight of the glacier, such streams can even flow
uphill.
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PERMANENCE OF FLOW

An intermittent river (or ephemeral river) only flows
occasionally and can be dry for several years at a time. These Tiverg
are found in regions with limited or highly variable rainfall, or cap,
occur because of geologic conditions such as having a hi ghly
permeable river bed. Some ephemeral rivers flow during the summer
months but not in the winter. Such rivers are typically fed from
chalk aquifers which recharge from winter rainfall. In the UK these
rivers are called Bournes and give their name to place such
as Bournemouth and Eastbourne.

Classification

Rivers have been classified by many criteria includin
their topography, their biotic status, their relevance to white
water rafting or canoeing activities.

Topographical Classification

Rivers can generally be classified as either alluvial, bedrock,
or some mix of the two. Alluvial rivers have channels and
floodplains that are self-formed in unconsolidated or weakly
consolidated sediments. They erode their banks and deposit
material on bars and their floodplains. Bedrock rivers form when
the river downcuts through the modern sediments and into the
underlying bedrock. '

This occurs in regions that have experienced some kind of
uplift (thereby steepening river gradients) or in which a particular
hard lithology causes a river to have a steepened reach that has
not been covered in modern alluvium. Bedrock rivers very ofien
contain alluvium on their beds; this material is important in eroding
and sculpting the channel. Rivers that go through patches of
bedrock and patches of deep alluvial cover are classified as mixed
bedrock-alluvial.

Alluvial rivers can be further classified by their channel
pattern as meandering, braided, wandering, anastomose, or
straight. The morphology of an alluvial river reach is controlled by
a combination of sediment supply, substrate composition,
discharge, vegetation, and bed aggradation.
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At the turn of the 20th century William Morris Davis devised
the “cycle of eresion” method of classifying rivers based on their
“age”. Although Davis's system is still found in many books today,
after the 1950s and 1960s it became increasingly criticized and
rejected by geomorphologists. His scheme did not produce testable
hypotheses and was therefore deemed non-scientific. Examples of
Davis’s river “ages” include:

*  Youthful river: A river with a steep gradient that has very few
tributaries and flows quickly. Its channels erode deeper rather
than wider. Examples include the Brazos, Trinity and Ebro
rivers.

* Mature river: A river with a gradient that is less steep than
those of youthful rivers and flows more slowly. A mature river
is fed by many tributaries and has more discharge than a
youthful river. Its channels erode wider rather than deeper.
Examples include the Mississippi, Saint Lawrence, Danube,
Ohio, Thames and Paranai rivers.

e Oldriver: A river with a low gradient and low erosive energy.
Old rivers are characterized by flood plains. Examples include
the Yellow, Ganges, Tigris, Euphrates, Indus and Nilerivers.

* Rejuvenated river: A river with a gradient that is raised
by tectonic uplift.

The way in which a river's characteristics vary between the
upper course and lower course of a river are summarized by
the Bradshaw model. Power-law relationships between channel
slope, depth, and width are given as a function of discharge by

“river regime”.

Biotic Classification

There are very many systems of classification based on biatic
conditions typically assigning classes from the most oligotrophic or
unpolluted through to the most eutrophic or polluted. Other
systems are based on a whole eco-system approach such as
developed by the New Zealand Ministry for the Environment. In
Europe, the requirements of the Water Framework Directive has
led to the dE‘l-’EIGPII'EEI‘lt of a wide range of classification methods
including classifications based on fishery status A system of river
zonation used in francophonecommunities divides rivers into

three primary zones:
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e The crenon is the uppermost zone at the source of the river. It
is further divided into the eucrenon (spring or boil zone) and
the hypocrenon (brook or headstream zone). These areas are
characterized by low temperatures, reduced oxygen content
and slow moving water.

e The rhithron is the upstream portion of the river that follows
the crenon. It is characterized by relatively cool temperatures,

~ high oxygen levels, and fast, turbulent flow.

® The potamon is the remaining downstream stretch of river. It
is characterized by warmer temperatures, lower oxygen levels,
slow flow and sandier bottoms.

WHITEWATER CLASSIFICATION

The International Scale of River Difficulty is used to rate the
challenges of navigation—particularly those with rapids. Class I
is the easiest and Class V1 is the hardest.

Himalayan Rivers

The main Himalayan river systems are the Ganga, the Indus
and the Brahmaputra river systems. The Himalayan rivers form
large basins. Many rivers pass through the Himalayas. These deep
valleys with steep rock sides were formed by the down - cutting of
the river during the period of the Himalayan uplift. They perform
intense erosional activity up the streams and carry huge load of
sand and silt. In the plains, they form large meanders, and a variety
of depositional features like flood plains, river cliffs and levees,

These rivers are perennial as they get water from the rainfall as
well as the melting of ice. Nearly all of them create huge plains and

are navigable over long distances of their course. These rivers are
also harnessed in their upstream catchment area to generate
hydroelectricity.

Peninsular Rivers

The main peninsular river systems include the Narmada, the
Tapi, the Godavari, the Krishna, the Kaveri and the Mahanadi
river systems. The Peninsular rivers flow through shallow valleys.
A Jarge number of them are seasonal as their flow is dependent on
rainfall. The intensity of erosional activities is also comparatively
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low because of the gentler slope. The hard rock bed and lack of silt
and sand does not allow any significant meandering. Many rivers
therefore have straight and linear courses. These rivers provide
huge opportunities for hydro-electric power.

The Indus River System

The Indus originates in the northern slopes of the Kailash
range in Tibet near Lake Manasarovar. It follows a north-westerly
course through Tibet. It enters Indian territory in Jammu and
Kashmir.

It forms a picturesque gorge in this part. Several tributaries -
the Zaskar, the Shyok, the Nubra and the Hunza join it in the
Kashmir region. It flows through the regions of Ladakh, Baltistan
and Gilgit and runs between the Ladakh Range and the Zaskar
Range. It crosses the Himalayas througha 5181 m deep gorge near
Attock, lying north of the Nanga Parbat and later takes a bend to
the south west direction before entering Pakistan. It has a large
number of tributaries in both India and Pakistan and has a total
length of about 2897 km from the source to the point near Karachi
where it falls into the Arabian Sea. The main tributaries of the
Indus in India are Jhelum, Chenab, Ravi, Beas and Sutlej.

Jhelum

The Jhelum originates in the south-gastern part of Kashmir, in
a spring at Verinag, It flows into the Wular Lake, which lies to the
north, and then into Baramula. Between Baramula and
Muzaffarabad it enters a deep gorge cut by the river in the Pir
Panjal range. It has a right bank tributary the Kishanganga which
joins it at Muzaffarabad. It follows the Indo-Pakistan border flowing
into the plains of Punjab, finally joining the Chenab at Trimmu.

Chenab

The Chenab originates from the confluence of two rivers, the
Chandra and the Bhaga, which themselves originate from either
side of the Bara Lacha Pass in Lahul. It is also known as the
Chandrabhaga in Himachal Pradesh. It runs parallel to the Pir
Panjal Range in the north-westerly direction, and cuts through the
range near Kishtwar. It enters the plains of Punjab near Akhnur
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and is later joined by the Thelum. It is further joined by the Raviand
the Sutlej in Pakistan.

Ravi

The Ravi originates near the Rotang pass in the Kan gra
Himalayas and follows a north-westerly course. It turns to the
south-west, near Dalhousie, and then cuts a gorge in the Dhaola
Dhar range entering the Punjab plain near Madhopur. It flowsas a
part of the Indo-Pakistan border for some distance before enlering
Pakistan and joining the Chenab river. The total length of the river
1s about 720 km.

Beas

The Beas originates in Beas Kund, lying near the Rohtang pass.
It runs past Manali and Kulu, where its beautiful valley is known
as the Kulu valley. It first follows a north-west path from the town
of Mandi and later a westerly path, before entering the Punjab
Plains near Mirthal. It joins the Sutlej river near Harika, after being
joined by a few tributaries. The total length of the river is 615 km,

Sutlej

The Sutlej originates from the Rakas Lake, which is connected
to the Manasarovar lake by a stream, in Tibet. Its flows in a northe
westerly direction and enters Himachal Pradesh at the Shipki Pass,
where it isjoined by the Spiti river. It cuts deep gorges in the ranges
of the Himalayas, and finally enters the Punjab plain after cutting
4 gorge in a hill range, the Naina Devi Dhar, where the Bhakra
Dam having a large reservoir of water, called the Gobind Sagar,
has been constructed. It turns west below Ruparand is later joined
by the Beas. It enters Pakistan near Sulemanki, and is later joined
by the Chenab. It has a total length of almost 1500 km.

The Brahmaputra River System

The Brahmaputra originates in the Mansarovar lake, also the
source of the Indus and the Satluj. It is slightly longer than the
Indus, but most of its course lies outside India. It flows eastward,
parallel to the Himalayas. Reaching Namcha Barwa (7757 m), it
takes a U-turn around it and enters India in Arunachal Pradesh
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and known as dihang. The undercutting done by this river is of the
order of 5500 metres. In India, it flows through Arunachal Pradesh
and Assam, and is joined by several tributaries.

In Tibet, the river is known as the Tsangpo. There, it receives
less volume of water and has less silt. But in India, it passes through
a region of heavy rainfall and as such, the river carries a large
amount of rainfall and considerable amount of silt. The
Brahmaputra has a braided channel throughout most of its length
in Assam, with a few large islands within the channel.

The shifting of the channels of the river is also very common.
The fury of the river during rains is very high. It is known for
creating havoc in Assam and Bangladesh. At the same time, quite
a few big pockets suffer from drought.

The Narmada River System

The Narmada or Nerbudda is a river in central India. It forms
the traditional boundary between North India and South India,
and is a total of 1,289 km (801 mi) long. Of the major rivers of
peninsular India, only the Narmada, the Tapti and the Mahi run
from east to west. It rises on the summit of Amarkantak Hill in
Madhya Pradesh state, and for the first 320 kilometres (200 miles)
of its course winds among the Mandla Hills, which form the head
of the Satpura Range; then at Jabalpur, passing through the ‘Ma rble
Rocks’, it enters the Narmada Valley between the Vindhya and
Satpura ranges, and pursues a direct westerly course to the Gulf of
Cambay. Its total length through the states of Madhya Pradesh,
Maharashtra, and Gujarat amounts to 1312 kilometres (815 miles),

and it empties into the Arabian Sea in the Bharuch district of
Gujarat.

The Tapi River System

The Tapi is a river of central India. It is one of the major rivers
of peninsular India with the length of around 724 km, and only the
Tapi River along with the Narmada river, and the Mahi River run
from east to west. It rises in the eastern Satpura Range of southern
Madhya Pradesh state, and flows westward, draining Madhya
Pradesh’s historic Nimar region, Maharashtra’s historic Khandesh
and east Vidarbha regions in the northwest corner of the Deccan
Plateau and South Gujarat before emptying into the Gulf of Cambay
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of the Arabian Sea, in the State of Gujarat. The Western Ghats or
Sahyadri range starts south of the Tapti River near the border of
Gujarat and Maharashtra.

The Tapi River Basin lies mostly in northern and eastern
districts Maharashtra state viz, Amravati, Akola, Buldhana,
Washim, Jalgaon, Dhule, Nandurbar, Malegaon, Nashik districts
but also covers Betul, Burhanpur districts of Madhya Pradesh and
Surat district in Gujarat as well.

The principal tributaries of Tapi River are Purna River, Girna
River, Panzara River, Waghur River, Bori River and Aner River.

The Godavari River System

The river with second longest course within India, Godavari
is often referred to as the Vriddh (Old) Ganga or the Dakshin (South)
Ganga. The name may be apt in more ways than one, as the river

follows the course of Ganga's tragedy. The river is about 1,450 km
(900 miles) long,.

It rises at Trimbakeshwar, near Nasik and Mumbai (formerly
Bombay) in Maharashtra around 380 km distance from the Arabian
Sea, but flows southeast across south-central India through the
states of Madhya Pradesh, Karnataka, Orissa and Andhra
Pradesh, and empties into the Bay of Bengal.

At Rajahmundry, 80 km from the coast, the river splits into two
streams thus forming a very fertile delta. Like any other major rivers

in India, the banks of this river also has many pilgrimage sites,
Nasik, Triyambak and Bhadrachalam, being the major ones.

It is a seasonal river, widened during the monsoons and dried
during the summers. Godavari river water is brownish. Some of its
tributaries include Indravat River, Pranahita (Combination of
Penuganga and Warda), Manjira, Bindusara and Sabari. Some
important urban centers on its banks include Nasik, Bhadrachalam,
Rajahmundry and Narsapur. The Asia’s largest rail-cum-road
bridge on the river Godavari linking Kovvur and Rajahmundry is
considered to be an engineering feat.

The Krishna River System

The Krishna is one of the longest rivers of India (about 1300
km in length). It originates at Mahabaleswar in Maharashtra, passes
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through Sangli and meets the sea in the Bay of jﬂengal at
Hamasaladeevi in Andhra Pradesh. The Krishna River flows
through the states of Maharashtra, Karnataka and Andhra Pradesh.

The traditional source of the river is a spout from the mouth !:-f
a statue of a cow in the ancient temple of Mahadev In
Mahaba]eshwar.

Its most important tributary is the Tungabhadra Rivfcr‘, whu_:h
itself is formed by the Tunga and Bhadra rivers that orignate in
the Western Ghats. Other tributaries include the Ku_}ma, Bl_'uma,
Mallaprabha, Ghataprabha, Yerla, Warna, Dindi, Musi and
Dudhganga rivers.

The Kaveri River System

The Kaveri (also spelled Cauvery or Kavery) is one of thF‘ gf'eat
rivers of India and is considered sacred by the Hindus. This niver
is also called Dakshin Ganga. The headwaters are in the Western
Ghats range of Kamnataka state, and from Karnataka through Tamil
Nadu. It empties into the Bay of Bengal. Its waters have supported
irrigated agriculture for centuries, and the Kaveri has been the
lifeblood of the ancient kingdoms and modern cities of South India.

The source of the river is Talakaveri located in the Wes.tf.-m
Ghats about 5,000 feet (1,500 m) above sea level. Talakmfe_n is
famous pligrimage and tourist spot set amidst Bramahagiri Hills
near Madikeri in Kodagu district of Karnataka. Th-::-usafnds of
piligrims flock to the temple at the source of the river EEE-ECIE.I]}I on
the specified day known as Tula sankramana when the river v{al.er
has been witnessed to gush out like a fountain ata predetermined
bme.

It flows generally south and east for around 765 km, emptying
into the Bay of Bengal through two principal mouths. Its basin is
estimated to be 27,700 square miles (71,700 km?), and it has TatLy
tributaries including Shimsha, Hemavati, Arkavathy, Kapﬂal,
Honnuhole, Lakshmana Tirtha, Kabini, Lokapavani, Bhavani,
Noyyal and Famous Amaravati.

The Mahanadi River System

The Mahanadi is a river of eastern India. The Mahanadi rises
in the Satpura Range of central India, and flows east to the Bay of
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Bengal. The Mahanadi drains most of the state of Chhattisgarh
and much of Orissa and also Jharkhand and Maharashtra. Ithasa
* length of about 860 km.

STREAM ORDER CLASSIFICATION

The Strahler Stream Order ranks rivers based on the
connectivity and hierarchy of contributing tributaries. Headwaters
are first order while the Amazon River is twelfth order.
Approximately 80% of the rivers and streams in the world are of
the first and second order.

Uses

Rivers have been used as a source of water, for obtaining food,
for transport, as a defensive measure, as a source of hydropower to
drive machinery, for bathing, and as a means of disposing of waste.

Rivers have been used for navigation for thousands of years.
The earliest evidence of navigation is found in the Indus Valley
Civilization, which existed in northwestern Pakistan around 3300
BC. Riverine navigation provides a cheap means of transport, and
is still used extensively on most major rivers of the world like
the Amazon, the Ganges, the Nile, the Mississippi, and the Indus.
Since river boats are often not regulated, they contribute a large
amount to global greenhouse gas emissions, and to local cancer
due to inhaling of particulates emitted by the transports.

In some heavily forested regions such as Scandinavia and
Canada, lumberjacks use the river to float felled trees downstream
to lumber camps for further processing, saving much effort and
cost by transporting the huge heavy logs by natural means.

Rivers have been a source of food since pre-history. They can
provide a rich source of fish and other edible aquatic life, and are a
major source of fresh water, which can be used for drinking
and irrigation. It is therefore no surprise to find most of the major
cities of the world situated on the banks of rivers. Rivers help to
determine the urban form of cities and neighbourhoods and their
corridors often present opportunities for urban renewal through
the development of foreshore ways such as river walks. Rivers also
provide an easy means of disposing of waste-water and, in much
of the less developed world, other wasles.
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Fast flowing rivers and waterfalls are widely used as sources
of energy, via watermills and hydroelectric plants. Evidence of
watermills shows them in use for many hundreds of years such as
in Orkney at Dounby click mill. Prior to the invention of steam
power, water-mills for grinding cereals and for processing wool
and other textiles were common across Europe. In the 1890s the
first machines to generate power from river water were established
at places such as Cragside in Northumberland and in recent
decades there has been a significant increase in the development
of large scale power generation from waler, especially in wet
mountainous regions such as Norway.

The coarse sediments, gravel, and sand, generated and moved
by rivers are extensively used in construction. In parts of the world
this can generate extensive new lake habitats as gravel pits re-fill
with water. In other circumstances it can destabilise the river bed
and the course of the river and cause severe damage to spawning
fish populations which rely on stable gravel formations for egg laying;

In upland rivers, rapids with whitewater or even waterfalls
occur. Rapids are often used for recreation, such as whitewater
kayaking. Rivers have been important in determining political
boundaries and defending countries. For example, the Danube was
a long-standing border of the Roman Empire, and today it forms
most of the border between Bulgaria and Romania. The Mississippi
in North America and the Rhine in Europe are major east-wesl
boundaries in those continents. The Orange and Limpopo Rivers
in southern Africa form the boundaries between provinces and
countries along their routes.

Ecosystem

The organisms in the riparian zene respond to changes in river
channel location and patterns of flow. The ecosystem of rivers is
generally described by the River continuum concept, which has
some additions and refinements to allow for spatial (dams,
waterfalls) and temporal (extensive flooding). The basic idea is
that the river can be described as a system that is continuously
changing along its length in the physical parameters, the
availability of food particles and the composition of the ecosystem.
The food (energy) that is the leftover of the upstream part is being
utilized downstream,
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The general pattern is that the first order streams contain
parbiculate matter (decaying leaves from the surrounding forests),
which is processed there by shredders like Plecoptera larvae. The
leftovers of the shredders are utilized by collectors, such
as Hydropsyche, and further downstream algae that create
the primary production become the main foodsource of the
organisms. All changes are gradual and the distribution of each
species can be described as a normal curve with the highest density
where the conditions are optimal. In riverssuccession is virtually
absent and the composition of the ecosystem stays fixed in time.

Chemistry

The chemistry of rivers is complex and depends on inputs
from the atmosphere, the geology through which it travels and the
inputs from man's activities. The chemistry of the water has a large
impact on the ecology of that water for both plants and animals
and it also affects the uses that may be made of the river water.
Understanding and characterising river water chemistry requires
a well designed and managed sampling and analysis.

Like many other Aquatic ecosystems, rivers too are under
increasing threat of pollution. According to a study of
the WWF’s Global Freshwater Programme, the 10 most polluted
rivers are: Ganges, Indus, Yangtze, Salween-Nu, Mekong-
Lancang, Rio Grande/Rio Bravo, Rio de la Plata, Danube, Nile-
Lake Victoria, and the Murray-Darling.

Flow
Studying the flows of rivers is one aspect of hydrology.

Direction

A common misconception is that most, or even all, rivers flow
from north to south. Rivers in fact flow downhill regardless of
compass direction. Sometimes downthill is from north to south, but
equally it can be from south to north, and usually is a complex
meandering path involving all directions of the compass. Three of
the ten longest rivers in the world—the Nile, Yenisei, and Ob—
flow north, as do other major rivers such as the Rhine, Mackenzie,
and Nelson.
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Rivers flowing downhill, from river source to river mouth, do
not necessarily take the shortest path. For alluvial streams, straight
and braided rivers have very low sinuosity and flow directly down
hill, while meandering rivers flow from side toside across a valley.
Bedrock rivers typically flow in either afractal patiern, or a pattern
that is determined by weaknesses in the bedrock, such
as faults, fractures, or more erodible layers.

Rate

Volumetric flow rate, also called discharge, volume flow rate,
and rate of water flow, is the volume of water which passes through
a given cross-section of the river channel per unit time. Itis typically
measured in cubic meters per second (cumec) or cubic feet per
second (cfs), where 1 m*/s = 33.51 ft*/s; it is sometimes also
measured in litres or gallons per second.

Volumetric flow rate can be thought of as the mean velocity of
the flow through a given cross-section, times that cross-sectional
area. Mean velocity can be approximated through the use of the Law
of the Wall. In general, velocity increases with the depth (or
hydraulic radius) and slope of the river channel, while the cross-
sectional area scales with the depth and the width: the double-
counting of depth shows the importance of this variable in
determining the discharge through the channel.

Sediment Yield

Sediment yield is the total quantity of particulate matter
(suspended or bedload) reaching the outlet of a drainage basin
over a fixed time frame. Yield is usually expressed as kilograms
per square kilometre per year. Sediment delivery processes are
affected by a myriad of factors such as drainage area size, basin
slope, climate, sediment type (lithology), vegetation cover, and
human land use / management practices.

The theoretical concept of the ‘sediment delivery ratio’ (ratio
between yield and total amount of sediment eroded) captures the
fact that not all of the sediment eroded within a catchment reaches
the outlet (due to, for example, deposition on floodplains). Such
storage opportunities are typically increased incatchments of larger
size, thus leading to a lower vield and sediment delivery ratio.
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Management

Rivers are often managed or controlled to make them more
useful, or less disruptive, to human activity.

* Dams or weirs may be built to control the flow, store water, or
extract energy.

° Levees, known as dikes in Europe, may be built to prevent
river water from flowing on floodplains or floodways.

* Canals connect rivers to one another for water transfer or
navigabion.

® River courses may be modified to improve navigation, or
straightened to increase the flow rate.

River management is a continuous activity as rivers tend to
‘undo’ the modifications made by people. Dredged channels silt
up, sluice mechanisms deteriorate with a ge, levees and dams may
suffer seepage or catastrophic failure. The benefits sought through
managing rivers may often be offset by the social and economic
costs of mitigating the bad effects of such management. As an
example, in parts of the developed world, rivers have been confined
within channels to free up flat flood-plain land for development.

Floods can inundate such development at high financial cost and
often with loss of life.

Rivers are increasingly managed for habitat conservation, as
they are critical for many aquatic and riparian plants, resident and
migratory fishes, waterfowl, birds of prey, migrating birds, and
many mammals.

Stream

A stream 1s a body of water with a current, confined within
a bed and stream banks. Depending on its locale or certain
characteristics, a stream may be referred to as a branch, brook,
beck, burn, creek, “crick”, gill (occasionally ghyll), kill, lick, rill,
river, syke, bayou, rivulet, streamage, wash, run or runnel.

Streams are important as conduits in the water cycle,
instruments in groundwater recharge, and corridors for fish and
wildlife migration. The biological habitat in the immediate vicinity
of a stream is called a riparian zone. Given the status of the ongoing
Holocene extinction, streams play an important corridor role in
connecting fragmented habitats and thus in conserving
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biodiversity. The study of streams andwaterways in general is
known as surface hydrology and is a core element of environmental

geography.

River
A large natural stream, which may be a waterway.

Creek

e In North America, Australia and New Zealand, a small to
medium sized natural stream. Sometimes navigable by motor
craft and may be intermittent.

s In parts of New England, the UK and India, a tidal inlet,
typically in a salt marsh or mangrove swamp, or between
enclosed and drained former salt marshes or swamps (e.g. Port
Creek separating Portsea Island from the mainland). In these
cases, the stream is the tidal stream, the course of the seawater
through the creek channel at low and high tide.

Tributary

A contributory stream, or a stream which does not reach the
sea but joins another river (a parent river). Sometimes also called a
branch or fork.

Brook

A stream smaller than a creek, especially one that is fed by
a spring or seep. It is usually small and easily forded. A brook is
characterized by its shallowness and its bed being composed
primarily of rocks.

Runnel

The linear channel between the parallel ridges or bars on a
shoreline beach or river floodplain, or between a bar and the shore.
Also called aswale.

Other Names

In the United Kingdom, there are several regional names for a
stream:
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e  Beck is used in Yorkshire, Lancashire, Dumfriesshire and
Cumbria.

®* DBourne is used in the chalk downland of southern England
(although strictly a bourne is wet in summer and dry in winter).

e  Brook is used in the Midlands, Lancashire and Cheshire.

@ Burn is used in Scotland and North East England.

e Nant is used in Wales.

® Stream is used in Southern England.

» Syke isused in lowland Scotland and Cumbria.

e  Alltis used in Highland Scotland.
In North America:

¢ Kill insouthern New York, Pennsylvania, Delaware, and New
Jersey comes from a Dutch language word meaning “riverbed”
or “water channel”, and can also be used for the UK meaning
of ‘creek’.

® Run in Ohio, Pennsylvania, Maryland, or Virginia can be the
name of a stream.

® Branch, fork, or prong can refer to tributaries or distributaries

that share the same name as the main stream, generally with

the addition of a cardinal direction.

Branch is also used to name streams in Maryland and Virginia.

Falls is also used to name streams in Maryland. Little

Gunpowder Falls and The Jones Falls are actually rivers

named in this manner, unique to Maryland.

® Stream and brook are used in Midwestern states, Mid-Atlantic
states and New England.

® Crick is used in some parts of the United States.

Sources

Streams typically derive most of their water from precipitation
in the form of rain and snow. Most of this water re-enters the
atmosphere by evaporationfrom soil and water bodies, or by
the evapotranspiration of plants. Some of the water proceeds to
sink into the earth by infiltration and becomesgroundwater, much
of which eventually enters streams.

Some preﬁpitated water is temporarily locked up in snow fields
and glaciers, to be released later by evaporation or melting. The
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rest of the water flows off the land as runoff, the proportion of
which varies according to many factors, such as wind, humidity,
vegetation, rock types, and relief. This runoff starts as a thin film
called sheet wash, combined with a network of tiny rills, together
constituting sheet runoff; when this water is concentrated in a
channel, a stream has its birth.

Characteristics

Ranking

To qualify as a stream it must be either recurring or perennial.
Recurring (intermittent) streams have water in the channel for at
least part of the year. A stream of the first order is a stream which
does not have any other recurring or perennial stream feeding into
it. When two first-order streams come together, they form a second-

order stream. When two second-order streams come together, they
form a third-order stream,

Streams of lower order joining a higher order stream do not
change the order of the higher stream. Thus, if a first-order stream
joins a second-order stream, it remains a second-order stream. It is
not until a second-order stream combines with another second-
order stream that it becomes a third-order stream.

The gradient of a stream is a critical factor in determining its
character and is entirely determined by its base level of erosion.
The base level of erosion is the point at which the stream either
enters the ocean, a lake or pond, or enters a stretch in which it has
a much lower gradient, and may be specifically applied to any
particular stretch of a stream.

In geologic terms, the stream will erode down through its bed
to achieve the base level of erosion throughout its course. If this
base level is low, then the stream will rapidly cut through
underlying strata and have a steep gradient, and if the base level is
relatively high, then the stream will form a flood plain and meander.

Meander

Meanders are looping changes of direction of a stream caused
by the erosion and deposition of bank materials. These are typically
serpentine in form. Typically, over time the meanders gradually
migrate downstream.
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If some resistant material slows or stops the downstream
movement of a meander, a stream may erode through the neck
between two legs of a meander to become temporarily straighter,
leaving behind an arc-shaped body of water termed an oxbow
lake or bayou. A flood may also cause a meander to be cut through
in this way.

Typically, streams are said to have a particular profile,
beginning with steep gradients, no flood plain, and little shifting
of channels, eventually evolving into streams with low gradients,
wide flood plains, and extensive meanders. The initial stage is
sometimes termed a “young” or “immature” stream, and the later

_ state a “mature” or “old” stream. However, a stream may meander
for some distance before falling into a “young” stream condition.

INTERMITTENT AND EPHEMERAL STREAMS

An Australian creek, low in the dry season, carrying little water.
The energetic flow of the stream had, in flood, moved finer sediment
further downstream. There is a pool to lower right and a riffle to
upper left of the photograph.

A perennial stream is one which flows continuously all year.
*’ Some perennial streams may only have continuous flow in
segments of its stream bed year round during years of normal
rainfall. Blue-line streams are perennial streams and are marked
on topographic maps with a solid blue line.

Intermittent Stream

In the United States, an intermittent or seasonal stream is one
that only flows for part of the year and is marked on topographic
maps with a line of blue dashes and dots. A wash or desert wash is
normally a dry streambed in the deserts of the American Southwest
which flows only after significant rainfall. Washes can fill up
quickly during rains, and there may be a sudden torrent of water
after a thunderstorm begins upstream, such as during monsoonal
conditions. These flash floods often catch travelers by surprise. An
intermittent stream can also be called an arroyo in Latin America,
a winterbourne in Britain, or a wadi in the Arabic-speaking world.

In Italy an intermittent stream is termed a torrent (Italian
torrente). In full flood the stream may or may not be “torrential” in
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the dramatic sense of the word, but there will be one or more seasons
in which the flow is reduced to a trickle or less. Typically torrents
have Apennine rather than Alpine sources, and in the summer they
are fed by little precipitation and no melting snow. In this case the
maximum discharge will be during the spring and autumn.
However there are also glacial torrents with a different seasonal
regime.

In Australia, an intermittent stream is usually called a creek
and marked on topographic maps with a solid blue line.

Ephemeral Stream

Generally, streams that flow only during and immediately after
precipitation are termed ephemeral. There is no clear demarcation
between surface runoff and an ephemeral stream.

Drainage Basins

The extent of land basin drained by a stream is termed
its drainage basin (also known in North America as the watershed
and, in British English, as a catchment). A basin may also be
composed of smaller basins. For instance, the Continental Divide in
North America divides the mainly easterly-draining Atlantic Ocean
and Arctic Ocean basins from the largely westerly-flowing Pacific

Ocean basin.

The Atlantic Ocean basin, however, may be further subdivided
into the Atlantic Ocean and Gulf of Mexico drainages. (This
delineation is termed the Eastern Continental Divide.) Similarly,
the Gulf of Mexico basin may be divided into the Mississippi
River basin and several smaller basins, such as theTombigbee
River basin. Continuing in this vein, a component of the
Mississippi River basin is the Ohio River basin, which in turn
includes theKentucky River basin, and so forth.
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DESERT

A desert is a landscape or region that receives an extremely
low amount of precipitation, less than enough to support growth
of most plants. Most deserts have an average annual precipitation
of less than 400 millimetres (16 in). A common definition
distinguishes between true deserts, which receive less than 250
millimetres (10 in) of average annual precipitation, and semi-
deserts or steppes, which receive between 250 millimetres (10 in)
and 400 to 500 millimetres (16 to 20 in).

Deserts can also be described as areas where rore water is lost
by evapotranspiration than falls as precipitation. In the Képpen
climate classification system, deserts are classed as BWh (hot desert)
or BWk (temperate desert). In the Thornthwaite climate classification
system, deserts would be classified as arid megathermal climates.

Deserts are part of a wide classification of regions that, on an
average annual basis, have a moisture deficit (i.e. they lose more
moisture than they receive). Measurement of rainfallalone cannot
provide an accurate definition of what a desert is because being
arid also depends on evaporation, which depends in part
on temperature. For example, Phoenix, Arizonareceives less than
250 millimeters (10 in) of precipitation per year, and is immediately
recognized as being located in a desert due to its arid adapted
plants,
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The North Slope of Alaska’s Brooks Range also receives less
than 250 millimeters (10 in) of precipitation per year and is often
classified as a cold desert. Other regions of the world have cold
deserts, including areas of the Himalayas and other high altitude -
areas in other parts of the world. Polar deserts cover much of the
ice free areas of the arctic and Antarctic. An alternative definition
describes deserts as parts of earth that don't have a sufficient
vegelation cover to support human population.

Potential evapotranspiration supplements the measurement
of rainfall in providing a scientific measurement-based definition
of a desert. The water budget of an area can be calculated using
the formula P “ PE + 5, wherein P is precipitation, PE is potential
evapolranspiration rates and S is amount of surface storage of
water. Evapotranspiration is the combination of water loss
through atmospheric evaporation and through the life processes
of plants. Potential evapotranspiration, then, is the amount of
water that could evaporate in any given region. As an example,
Tucson, Arizona receives about 300 millimeters (12 in) of rain per
year, however about 2500 millimeters (100 in) of water could
evaporate over the course of a year. In other words, about 8 times
more water could evaporate from the region than actually falls.
Rates of evapotranspiration in cold regions such as Alaska are
much lower because of the lack of heat to aid in the evaporation
process.

CLASSIFICATION

Deserts are sometimes classified as “hot” and “cold” deserts.
Cold deserts can be covered in snow or ice; frozen water
unavailable to plant life. These are more commonly referred to
as tundra if a short season of above-freezing temperatures is
experienced, or as an ice cap if the temperature remains below
freezing year-round, rendering the land almost completely lifeless.

In 1961, Peveril Meigs divided desert regions on Earth into three
categories according to the amount of precipitation they received.
In this now widely accepted system, extremely arid lands have at
least 12 consecutive months without rainfall, arid lands have less
than 250 mm (10 in) of annual rainfall, and semiarid lands have a
mean annual precipitation of between 250 and 500 mm (10-20 in).
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Arid and extremely arid lands are deserts, and semiarid areas are
generally referred to as steppes.

In some parts of the world, deserts are created by a rain
shadow effect in which air masses lose much of their moisture as
they move over a mountain range; other areas are arid by virtue of
being very far from the nearest available sources of moisture.

Deserts are also classified by their geographical location and
dominant weather pattern as trade wind, mid-latitude, rain
shadow, coastal, monsoon, or polar deserts. Former desert areas
presently in non-arid environments are paleodeserts.

Montane deserts are arid places with a very high altitude; the
most prominent example is found north of the Himalayas, especially
in Ladakh region of Jammu and Kashmir, in parts of the Kunlun
Mountains and the Tibétan Plateau. Many locations within this
category have elevations exceeding 3,000 meters (10,000 ft) and
the thermal regime can be hemiboreal. These places owe their
profound aridity (the average annual precipitation is often less
than 40 mm or 1.5 in) to being very far from the nearest available
sources of moisture. Montane deserts are normally cold.

Rain shadow deserts form when tall mountain ranges block
clouds from reaching areas in the direction the wind is going. As
the air moves over the mountains, it cools and moisture condenses,
causing precipitation on the windward side. When that air reaches
the leeward side, it is dry because it has lost the majority of its
moisture, resulting in a desert. The air then warms, expands, and
blows across the desert. The warm, desiccated air takes withitany
remaining moisture in the desert. 2

Deserts take up about one third (33%) of the Earth's land surface.

Hot deserts usually have a large diurnal and seasonal temperature
range, with high daytime temperatures, and low nighttime
temperatures (due to extremely low humidity). In hot deserts the
temperature in the daytime can reach 45 °C /113 °F or higher in the
summer, and dip to 0 °C/32 °F or lower at nighttime in the winter.

Water vapor in the atmosphere acts to trap long wave infrared
radiation from the ground, and dry desert air is incapable of
blocking sunlight during the day (due to absence of clouds)
or trapping heat during the night. Thus, during daylight most of
the sun’s heat reaches the ground, and as soon as the sun sets the
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desert cools quickly by radiating its heat into space. Urban areas in
deserts lack large ({more than 14 °C/25 °F) daily temperature
variations, partially due to the urban heat island effect.

Many deserts are formed by rain shadows; mountains blocking
the path of precipitation to the desert (on the lee side of the
mountain). Deserts are often composed of sand and rocky surfaces.
Sandl dunes called ergs and stony surfaces called hamada surfaces
compose a minority of desert surfaces. Exposures of rocky terrain
are typical, and reflect minimal soil development and sparseness
of veggtation. The soil is rocky because of the low chemical
weathering, and the relative absence of a humus fraction.

Bottomlands may be salt-covered flats. Eolian processes are
major factors inshaping desert landscapes. Polar deserts (also seen
as “cold deserts”) have similar features, except the main form of
precipitation is snow rather than rain. Antarctica is the world’s
largest cold desert (composed of about 98% thick continental ice
sheet and 2% barren rock). Some of the barren rock is tobe found in
the so-called Dry Valleysof Antarctica that almost never get snow,
which can have ice-encrusted saline lakes that suggest evaporation
far greater than the rare snowfall due to the strong katabatic
winds that evaporate evenice.

The largest hot desert is the Sahara in northern Africa, covering
9 million square kilometres and 12 countries.

Deserts sometimes contain valuable mineral deposits that were
formed in the arid environment or that were exposed by erosion.
Due to extreme and consistent dryness, some deserts are ideal
places for natural preservation of artifacts and fossils.

Desert Features

Sand covers only about 20% of Earth’s deserts. Most of the
sand is in sand sheets and sand seas—vast regions of undulating
dunes resembling ocean waves “frozen” in an instant of time. In
general, there are five forms of deserts:
= Mountain and basin deserts
* Hamada deserts, which consist of plateau landforms
® Regs, which consist of rock pavements
=  Ergs, which are formed by sand seas
* Intermontane Basins.



146 ' Physical Geography

Nearly all desert surfaces are plains where eolian deflation—
removal of fine-grained material by the wind—has exposed loose
gravels consisting predominantly of pebbles but with occasional
cobbles.

The remaining surfaces of arid lands are composed of
exposed bedrock outcrops, desert soils, and fluvial deposits
including alluvial fans,playas, desert lakes, and oases. Bedrock
outcrops occur as small mountains surrounded by extensive
erosional plains.

Several different types of dunes exist. Barchan dunes are
produced by strong winds blowing across a level surface and are
crescent-shaped. Longitudinal or seif dunes are dunes that are
parallel to a strong wind that blows in one general direction.
Transverse dunes run at a right angle to the constant wind direction.

Star dunes are star-shaped and have several ridges that spread out
around a point.

Oases are vegetated areas moistened by springs, wells, or
by irrigation. Many are artificial. Oases are often the only places in
deserts that support crops and permanent habitation.

Flora

Deserts have a reputation for supporting very little life, but in
reality deserts often have highbiodiversity. Some desert flora
include shrubs, Prickly Pears, Desert Holly, and the Brittlebush.
Most desert plants are drought- or salt-tolerant, such as xerophytes.
Some store water in their leaves, roots, and stems. Other desert
plants have long taproots that penetrate to the water table if present,
or have adapted to the weather by having wide-spreading roots to
absorb water from a greater area of the ground.

Another adaptation is the development of small, spiny leaves
which shed less moisture than deciduous leaves with greater
surface areas. The stems and leaves of some plants lower the surface
velocity of sand-carrying winds and protect the ground from
erosion. Even small fungi and microscopic plant organisms found
on the soil surface (so-called cryptobiotic soil) can be a vital link in
preventing erosion and providing support for other living
Organisms. :

Deserts typically have a plant cover that is sparse but
enormously diverse. The giant saguaro cacli of the Sonoran
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Desert provide nests for desert birds and serve as “trees” of the
desert. Saguaro grow slowly but may live up to 200 years. When 9
years old, they are about 15 centimeters (6 in) high. After about 75
years, the cacti develop their first branches. When fully grown,
saguaro cachi are 15 meters (50 ft) tall and weigh as much as 10
tons. They dot the Sonoran and reinforce the general impression of
deserts as cactus-rich land.

Although cacti are often thought of as characteristic desert
plants, other types of plants have adapted well to the arid
environment. They include the pea and sunflower families. Cold
deserts have grasses and shrubs as dominant vegetation.

Fauna

Desert fauna include animals that remain hidden during
daylight hours to control body temperature or to limit moisture
needs. Some fauna includes the kangaroo rat, coyote, jack rabbit,
and many lizards. These animals adapted to live in deserts are
called xerocoles. Many desert animals (and plants) show especially
clear evolutionary adaptations for water conservation or heat
tolerance, and so are often studied in comparative physiology,
ecophysiology, and evolutionary physiology.

One well-studied example is the specializations of mammalian
kidneys shown by desert-inhabiting species. Many examples
of convergent evolution have been identified in desert organisms,
including between cacti and Euphorbia, kangaroo rats and jerboas,
Phrynosoma and Moloch lizards. The sand cat is one of the animals
that inhabits certain deserts.

Water

Atacama is the driest place on Earth and is virtually sterile
because it is blocked from moisture on both sides by the Andes
mountains and by the Chilean Coast Range. The cold Humboldt
Current and the anticyclone of the Pacific are essential to keep the
dry climate of the Atacama. The average rainfall in the Chilean
region of Antofagasta isjust 1 mm per year. Some weather stations
in the Atacama have never received rain. Evidence suggests that
the Atacama may not have had any significant rainfall from 1570
to 1971. It is so arid that mountains that reach as high as 6,885
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meters (22,590 feet) are completely free of glaciers and, in the
southern part from 25°5 to 27°5, may have been glacier-free
throughout the Quaternary, though permafrost extends down to
an altitude of 4,400 meters and is continuous above 5,600 meters.

Rain does fall occasionally in deserls, and desert storms are
often violent. A record 44 millimeters (1.7 in) of rain once fell within
3 hours in the Sahara. Large Saharan storms may deliver up to 1
millimeter per minute. Normally dry stream channels,
called arroyos or wadis, can quickly fill after heavy rains, and flash
floods make these channels dangerous.

Though little rain falls in deserts, deserts receive runoff from
ephemeral, or short-lived, streams fed considerable quantities of
sediment for a day or two. Although most deserts are in basins
with closed or interior drainage, a few deserts are crossed by “exotic’
rivers that derive their water from outside the desert. Such rivers
infiltrate soils and evaporate large amounts of water on their
journeys through the deserts, but their volumes are such that they
maintain their continuity.

The Nile River, the Colorado River, and the Yellow River are
exotic rivers that flow through deserts to deliver their sediments to
the sea. Deserts may also have underground springs, rivers, or
reservoirs that lie close to the surface, or deep underground. Plants
that have not completely adapted to sporadic rainfalls in a desert
environment may tap into underground water SOHICE that do not

- exceed the reach of their root systems.

While deserts are well-known for their lack of water, some
groups have adapted ways to find water in this harsh environment.
The Bedouin, for example, turn over half-buried stones just before
dawn so dew forms on them.

Lakes form where rainfall or meltwater in interior drainage
basins is sufficient. Desert lakes are generally shallow, temporary,
and salty. Because these lakes are shallow and have a low bottom
gradient, wind stress may cause the lake waters to move over many
square kilometers. When small lakes dry up, they leave a salt crust
or hardpan. The flat area of clay, silt, or sand encrusted with salt
that forms is known as a playa or a sink. There are more than a
hundred playas in North American deserts.

Most are relics of large lakes that existed during the last ice
age about 12,000 years ago. Lake Bonneville was a 52,000-square-
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kilometer (20,000 mi?) lake almost 300 meters (1000 ft) deep in Utah,
Nevada, and Idaho during the Ice Age. Today the remnants of
Lake Bonneville include Utah’s Great Salt Lake, Utah Lake, and
Sevier Lake. Because playas are arid landforms from a wetter past,
they contain useful clues to climatic change.

When the occasional precipitation does occur, it erodes the
desert rocks quickly.

The flat terrains of hardpans and playas make them excellent
racetracks and natural runways for airplanes and spacecraft.

Ground-vehicle speed records have been established on the flat
lakebeds of the Black Rock Desert in Nevada and Bonneville

Speedway in Utah. Space shuttles and flight-test aircraft land on
Rogers Lake Playa at Edwards Air Force Base in California.

Formation of Hot Deserts
There are four main, interlinked causes of hot deserts:

* The formation of the subtropical high-pressure cell.
¢ The rain shadow effect in the belt of easterly trade winds.

e The effect of the cold currents off the west coast of the continents
at these latitudes.

® Thedepositing sands of a desert along its border into the fertile
land

Hot deserts (like cold deserts) may result in average temperature
cooling because they reflect more of the incoming light
(their albedo is higher than that of water or forests).

MINERAL RESOURCES

Deserts may contain great amounts of mineral resources over
their entire surface. This occurrence in minerals also determines the
color. For example, the red color of many sand deserts is a result of
the occurrence of laterite. Some mineral deposits are formed,
improved, or preserved by geologic processes that occur inarid lands
as a consequence of climate.Ground water leaches ore minerals and
redeposits them in zones near the water table. This leaching process
concentrates these minerals as ore that can be mined.

Evaporation in arid lands enriches mineral accumulation in
their lakes. Lake beds known as playas may be sources of mineral
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deposits formed by evaporation. Water evaporating in closed basins
precipitates minerals such as gypsum; salts (including sodium
nitrate and sodium chloride), and borates. The minerals formed in
these evaporite deposits depend on the composition and
temperature of the saline waters at the time of deposition.

Significant evaporite resources occur in the Great Basin
Desert of the United States, mineral deposits made famous by the
“20-mule teams” that once hauled borax-laden wagons from Death
Valley to the railroad. Boron, from borax and borate evaporites, is
an essential ingredient in the manufacture of glass, enamel,
agricultural chemicals, water softeners, and pharmaceuticals.
Borates are mined from evaporite deposits at Searles Lake,
California, and other desert locations. The total value of chemicals
that have been produced from Searles Lake substantially
exceeds US$1 billion.

The Atacama Desert of Chile is unique among the deserts of
the world in its great akundance of saline minerals. Sodium nitrate
has been mined for explosives and fertilizer in the Atacama since
the middle of the 19th century. Nearly 3 million metric tons were
mined during World War L.

Valuable minerals located in arid lands include copper in the
United States, Chile, Peru, and Iran; iron and lead-zinc ore
in Australia; and gold, silver, and uranium deposits in Australia
and the United States. Nonmetallic mineral resources and rocks
such as beryllium, mica, lithium, clays, pumice, and scoria also
occur in arid regions. Sodium carbonate, sulfate, borate,nitrate,
lithium, bromine, iodine, calcium, and strontium compounds come
from sediments and near-surface brines formed by evaporation of
inland bodies of water, often during geologically recent times.

The Green River Formation of Colorado, Wyoming, and Utah
contains alluvial fan deposits and playa evaporites created in a
huge lake whose level fluctuated for millions of years. Economically
significant deposits of trona, a major source of sodium compounds,
and thick layers of oil shale were created in the arid environment.

Some of the more productive petroleum areas on Earth are
found in arid and semiarid regions of Africa and the Mideast,
although the oil fields were originally formed in shallow marine
environments. Recent climate change has placed these reservoirs
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in an arid environment. It's noteworthy that Ghawar, the world’s
largest and most productive oilfield is mostly under the Empty
Quarter and Al-Dahna deserts.

Other oil reservoirs, however, are presumed to be eolian in
origin and are presently found in humid environments. The
Rotliegendes, a hydrocarbon reservoir in the North Sea, is
associated with extensive evaporite deposits. Many of the major
U.5. hydrocarbon resources may come from eolian sands. Ancient
alluvial fan sequences may also be hydrocarbon reservoirs.

SOLAR ENERGY RESOURCES

Deserts are increasingly seen as sources for solar energy, partly
due to lower cloud cover. Many successful solar power plants have
been built in the Mojave Desert. These plants have a combined
capacity of 354 megawatts(MW) making them the largest solar
power installation in the world. Large swaths of the desert are
covered in mirrors (used for solar energy), including nine fields of
solar collectors. The Mojave Solar Park is currently under
construction and will produce 280MW when completed.

The potential of generating solar energy from the Sahara desert
is immense. Professor David Faiman of Ben-Gurion University has
stated that the technology now exists to supply all of the world's
electricity needs with 10% of the Sahara desert. Desertec Industrial
Initiative is a consortium seeking $560 billion investment in North
African solar and wind installations over the next 40 years tosupply
electricity to Europe via cable lines running under the Mediterranean
Sea.

European interest in the Sahara desert stems from its two
aspects: amount of sunshine and empty space. The Sahara receives
more sunshine per are than the sunniest of regions in Europe. The
Sahara desert also has the empty space required to house fields of
mirrors for solar plants, totalling hundreds of square miles.

The Negev Desert, Israel, and the surrounding area, including
the Arava Valley, receive plenty of sunshine and are generally
not arable. This has resulted in the construction of many solar
plants. David Faiman has proposed that “giant” solar plants in
the Negev could supply all of Israel’s electricity.
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Water Crisis

A general term used to describe a situation where the
available water within a region is less than the region’s demand.
The term has been used to describe the availability of potable water
in a variety of regions by the United Nations and other world
organizations. Others, for example the Food and Agriculture
Organization, said in 2003 that there is no water crisis but steps
must be taken to avoid one in the future. The major aspects of the
water crisis are allegedly overall scarcity of usable water and water
pollution.

According to Nature (2010), about 80% of the world’s
population (5.6 billion in 2011) live in areas with threats to water
security. The water security is a shared threat to human and nature
and it is pandemic. Human water-management strategies can affect
detrimentally to wildlife, such as migrating fish. Regions with
intensive agriculture and dense population, as the US and Europ®,
have high threat to water security. The researcher estimate that
during 2010-2015, ca US$800 billion will be required to cover the
annual global investment in water infrastructure. Good
management of water resources can jointly manage biodiversity
protection and human water security. Preserving flood plains rather
than constructing flood-control reservoirs would provide a cost-
effective way to control floods while protecting the biodiversity of
wildlife that occupies such areas.

The New York Times article, “Southeast Drought Study Ties
Water Shortage to Population, Not Global Warming”, summarizes
the findings of Columbia University researcher on the subject of
the droughts in the southwest between 2005 and 2007. The findings
were published in the Journal of Climate. They say the water
shortages resulted from population size more than rainfall. Census
figures show that Georgia“s population rose to 9.54 million from
6.48 million between 1990 and 2007.

After studying data from weather instruments, computer
models and measurements of tree rings which reflect rainfall, they
found that the droughts were not unprecedented and result from
normal climate patterns and random weather events. “Similar
dmughts unfolded over the last thousand years, the researchers
wrote. Regardless of climate change, they added, similar weather
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patterns can be expected regularly in the future, with similar
results.” As the temperature increases, rainfall in the Southeast
will increase but because of evaporation the area may get even drier.
The researchers concluded with a statement saying that any rainfall
comes from complicated internal processes in the atmosphere that
are very hard to predict because of the large amount of variables.

Lawrence Smith, the president of the population institute,
asserts that although an overwhelming majority of the planet is
composed of water, 97% of this water is constituted of saltwater;
the fresh water used to sustain humans is only 3% of the total
amount of water on Earth (Hoevel). Therefcre, Smith believes that
the competition for water in an overpopulated world would pose a
major threat to human stability (Hoevel); indeed, world wars may
be fought over the control of thinning ice sheets and nearly
desiccated reservoirs. 2 billion people have gained access to a safe
waler source since 1930,

The proportion of people in developing countries with access
to safe water is calculated to have improved from 30 percent in
1970 to 71 percent in 1990, 79 percent in 2000 and 84 percent in
2004, parallel with rising population. This trend is projected to
continue. The Earth has a limited supply of fresh water, stored
in aquifers, surface waters and the atmosphere. Sometimes oceans
are mistaken for available water, but the amount of energy needed
to convert saline water to potable water is prohibitive today,
explaining why only a very small fraction of the world's water
supply derives from desalination.

Manifestations

There are several principal manifestations of the water crisis.

e Inadequate access tosafe drinking water for about 884 million
people

e Inadequate access to water for sanitation and waste disposal
for 2.5 billion people

® Groundwater overdrafting (excessive use) leading to
diminished agricultural yields

®  Overuse and pollution of water resources harming biodiversity

= Regional conflicts over scarce water resources sometimes
resulting in warfare
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Waterborne diseases and the absence of sanitary domestic
waler are one of the leading causes of death worldwide. For
children under age five, waterborne diseases are the leading cause
of death. At any given time, half of the world’s hospital beds are
occupied by patients suffering from waterborne diseases.
According to the World Bank, 88 percent of all waterborne diseases
are caused by unsafe drinking water, inadequate sanitation and
poor hygiene.

Water is the underlying tenuous balance of safe water supply,
but controllable factors such as the management and distribution
of the water supply itself contribute to further scarcity.

A 2006 United Nations report focuses on issues of governance
as the core of the water crisis, saying “There is enough water for
everyone” and “Water insufficiency is often due to mismanagement,
corruption, lack of appropriate institutions, bureaucratic inertia
and a shortage of investment in both human capacity and physical
infrastructure”. Official data also shows a clear correlation between
access to safe water and GDP per capita.

It has also been claimed, primarily by economists, that the water
situation has occurred because of a lack of property rights,
government regulations and subsidies in the water sector, causing
prices to be too low and consumption too high.

Vegetation and wildlife are fundamentally. dependent upon
adequate freshwater resources. Marshes, bogs and riparian
zones are more obviously dependent upon sustainable water
supply, but forests and other upland ecosystems are equally at risk
of significant productivity changes as water availability is
diminished. In the case of wetlands, considerable area has been
simply taken from wildlife use to feed and house the expanding
human population. But other areas have suffered reduced
productivity from gradual diminishing of freshwater inflow, as
upstream sources are diverted for human use. In seven states of the
UL.5. over 80 percent of all historic wetlands were filled by the 1980s,
when Congress acted to create a “no net loss” of wetlands.

In Europe extensive loss of wetlands has also occurred with
resulting loss of biodiversity. For example many bogs in Scotland
have been developed or diminished through human population
expansion. One example is the Portlethen Moss in Aberdeenshire.
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On Madagascar’s highland plateau, a massive transformation
occurred that eliminated virtually all the heavily forested vegetation
in the period 1970 to 2000. The slash and burn agriculture
eliminated about ten percent of the total country’s native biomass
and converted it to a barren wasteland. These effects were
from overpopulation and the necessity to feed poor indigenous
peoples, but the adverse effects included widespread gully erosion
that in turn produced heavily silted rivers that “runred” decades
after the deforestation. This eliminated a large amount of usable
fresh water and also destroyed much of the riverine ecosystems of
several large west-flowing rivers. Several fish species have been
driven to the edge of extinction and some, such as, the disturbed
Tokios, coral reef formations in the Indian Ocean are effectively
lost.

In October 2008, Peter Brabeck-Letmathe, chairman and former
chief executive of Nestlé, warned that the production of biofuels
will further deplete the world’s water supply.

There are many other countries of the world that are severely
impacted with regard to human health and inadequate drinking
water. The following is a partial list of some of the countries with
significant populations (numerical population of affected
population listed) whose only cons umption is of contaminated
waler:

e Sudan 12.3 million
o Venezuela 5.0 million
e Ethiopia 2.7 million
e Tunisia 2.1 million
e Cuba 1.3 million
Several world maps showing various aspects of the problem
can be found in this graph article.

According to the California Department of Water Resources, if
more supplies aren’t found by 2020, the region will face a shortfall
nearly as great as the amount consumed today. Los Angeles is a
coastal desert able to support at most 1 million people on its own
water; the Los Angeles basin now is the core of a megacity that
spans 220 miles (350 km) from Santa Barbara to the Mexican border.
The region’s population is expected to reach 41 million by 2020,
up from 28 million in 2009. The population of California continues
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to grow by more than two million a year and is expected to reach 75
million in 2030, up from 49 million in 2009. But water shortage is
likely to surface well before then.

Water deficits, which are already spurring heavy grain imports
in numerous smaller countries, may soon do the same in larger
countries, such as China and India. The water tables are falling in
scores of countries (including Northern China, the US, and India)
due to widespread overpumping using powerful diesel and electric
pumps. Other countries affected includePakistan, Iran, and Mexico.
This will eventually lead to water scarcity and cutbacks in grain
harvest. Even with the overpumping of its aquifers, China is
developing a grain deficit. When this happens, it will almost
certainly drive grain prices upward. Most of the 3 billion people
projected to be added worldwide by mid-century will be born in
countries already experiencing water shortages. Unless population
growth can be slowed quickly it is feared that there may not be a
practical non-violent or humane solution to the emerging world
water shortage.

Alfter China and India, there is a second tier of smaller countries
with large water deficits — Algeria, Egypt, Iran, Mexico, and
Pakistan. Four of these already import a large share of their grain.
But with a population expanding by 4 million a year, it will also
likely soon turn to the world market for grain.

According to a UN climate report, the Himalayan glaciers that
are the sources of Asia’s biggest rivers - Ganges, Indus,
Brahmaputra, Yangtze, Mekong, Salween and Yellow - could
disappear by 2035 as temperatures rise. It was later revealed that
the source used by the UN climate report actually stated 2350, not
2035. Approximately 2.4 billion people live in the drainage basin of
the Himalayan rivers. India, China, Pakistan, Bangladesh, Nepal
and Myanmar could experience floods followed by droughts in
coming decades. In India alone, the Ganges provides water for
drinking and farming for more than 500 million people. The west
coast of North America, which gets much of its water from glaciers
in mountain ranges such as the Rocky Mountains and Sierra
Nevada, also would be affected.

By far the largest part of Australia is desert or semi-arid lands
commonly known as the outback. In June 2008 it became known
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that an expert panel had wamed of long term, possibly irreversible,
severe ecological damage for the whole Murray-Darling basin if it
does not receive sufficient water by October. Water restrictions are
currently in place in many regions and cities of Australia in
response to chronic shortages resulting from drought.

The Australian of the year 2007, environmentalist Tim
Flannery, predicted that unless it made drastic changes, Perth in
Western Australia could become the world’s first ghost metropolis,
an abandoned city with no more water to sustain its population.

However, Western Australia’s dams reached 50% capacity for the
first time since 2000 as of September 2009. As a resull, heavy rains
have brought forth positive results for the region. Nonetheless, the
following year, 2010, Perth suffered its second-driest winter on
record and the water corporation tightened water restrictions for
spring.

EFFECTS ON CLIMATE

Aquifer drawdown or overdrafting and the pumping of fossil
water increases the total amount of water within the hydrosphere
subject to transpiration and evaporation processes, thereby causing
accretion in water vapour and cloud cover, the primary absorbers
of infrared radiation in the earth’s atmosphere. Adding water to
the system has a forcing effect on the whole earth system, an accurate
estimate of which hyd rogeological factis-yetto be quantified.

Construction of wastewater treatment plants and reduction of
groundwater overdrafting appear to be obvious solutions to the
worldwide problem; however, a deeper look reveals more
fundamental issues in play, Wastewater treatment is highly capital
intensive, restricting access to this technology in some regions;
furthermore the rapid increase in population of many countries
makes this a race that is difficult to win. As if those factors are not
daunting enough, one must consider the enormous costs and skill
sets involved to maintain wastewater treatment plants even if they
are successfully developed.

Reduction in groundwater overdrafting is usually politically very
unpopular and has major economic impacts to farmers; moreover,
this strategy will necessarily reduce crop output, which is sorething
the world can ill-afford, given the population level at present.
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At more realistic levels, developing countries can strive lo
achieve primary wastewaler treatment or secure septic systems,
and carefully analyse wastewater outfall design to minimise
impacts to drinking water and to ecosystems. Developed countries
can not only share technology better, including cost-effective
wastewater and water treatment systems but also in hydrological
transport modeling. At the individual level, people in developed
countries can look inward and reduce overconsumption, which
further strains worldwide water consumption. Both developed and
developing countries can increase protection of ecosystems,
especially wetlands and riparian zones. These measures will not
only conserve biota, but also render more effective the natural water

cycle flushing and transport that make water systems more healthy
for humans.

A range of local, low-tech solutions are being pursued by a
number of companies. These efforts center around the use of solar
power to distill water at temperatures slightly beneath that at which
water boils. By developing the capability to purify any available
water source, local business models could be built around the new
technologies, accelerating their uptake.

CONVENTIONAL FOSSIL OR NUCLEAR ENERGY
BASED DESALINATION

As new technological innovations continue to reduce the
capital cost of desalination, more countries are building

desalination plants as a small element in addressing their water
crises.

® Israel desalinizes water for a cost of 53 cents per cubic meter

= Sirlgapnre desalinizes water for 49 cents per cubic meter and
also treats sewage with reverse osmosis for industrial and
potable use (NEWater). _

® China and India, the world’s two most populous countries,
are turning to desalination to provide a small part of their
water needs

* In 2007 Pakistan announced plans to use desalination

* All Australian capital cities (except Darwin, Northern
Territory and Hobart) are either in the process of building
desalination plants, or are already using them. In late 2011,
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Melbournewill begin using Australia’s largest desalination
plant, the Wonthaggi desalination plant to raise low reservoir
levels. _

s In2007 Bermuda signed a contract to purchase a desalination
plant

o The largest desalination plant in the United States is the one
at Tampa Bay, Florida, which began desalinizing 25 million
gallons (95000 m?) of water per day in December 2007. Inthe
United States, the cost of desalination is $3.06 for 1,000 gallons,
or 81 cenls per cubic meter. In the United States, California,
Arizona, Texas, and Florida use desalination for a very small
part of their water supply.

e After being desalinized at Jubail, Saudi Arabia, water is
pumped 200 miles (320 km) inland though a pipeline to the
capital city of Riyadh.

A January 17, 2008, article in the Wall Street Journal states,
“wWorld-wide, 13,080 desalination plants produce more than 12
billion gallons of water a day, according to the International
Desalination Association.”

The world’s largest desalination plant is the Jebel
Ali Desalination Plant (Phase 2) in the Unitec Arab Emirates. Itis
a dual-purpose facility that uses multi-stage flash distillation and
is capable of producing 300 million cubic meters of water per year.

A typical aircraft carrier in the U.S. military uses nuclear power
to desalinize 400,000 US gallons (1,500,000 L) of water per day.
While desalinizing 1,000 US gallons (3,800 L) of water can cost as
much as $3, the same amount of bottled water costs $7,945.

However, given the energy intensive nature of desalination,
with associated economic and environmental costs, desalination
is generally considered a last resort after water conservation. But
this is changing as prices continue to fall.

According to MSNBC, a report by Lux Research estimated that
the worldwide desalinated water supply will triple between 2008
and 2020. However, not everyone is convinced that desalination is
or will be economically viable or environmentally sustainable for
the foreseeable future.Debbie Cook, the former mayor of Huntington
Beach, California, has been a frequent critic of des alination
proposals ever since she was appointed as a member of the
California Desalination Task Force.
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Cook claims that in addition to being energy intensive,
desalination schemes are very costly—often much more costly than
desalination proponents claim. In her writing on the subject, Cook
points to a long list of projects that have stalled or been aborted for
financial or other reasons, and suggests that water-stressed regions
would do better to focus on conservation or other water supply
solutions than to invest in desalination plants.

Solar Energy Based Desalination

A novel approach to desalination is the Seawater Greenhouse
which takes seawater and uses solar energy to desalinate it in
conjunction with growing food crops in a specially adapted
greenhouse.

Global Experiences in Managing water Crisis

It is alleged that the likelihood of conflict rises if the rate of
change within the basin exceeds the capacity of institution to absorb
that change. Although water crisis is closely related to re gional
tensions, history showed that acute conflicts over water are far less
than the record of cooperation.

The key lies in strong institutions and cooperation. The Indus
River Commission and the Indus Water Trea ty survived two wars
between India and Pakistan despite their hostility, proving tobe a
successful mechanism in resolving conflicts by providing a
framework for consultation inspection and exchange of data. The
Mekong Committee has also functioned since 1957 and survived
the Vietnam War. In contrast, regional instability results when there
is an absence of institutions to co-operate in regional collaboration,
like Egypt’s plan for a high dam on the Nile.

However, there is currently no global institution in place for
the management and management of tran s-boundary water
sources, and international co-operation has happened through
ad hoc collaborations between agencies, like the Mekong
Committee which was formed due to an alliance between UNICEF
and the US. Bureau of Reclamation. Formation of strong
international institutions seems to be a way forward - they fuel
early intervention and management, preventing the costly dispute
resolution process.
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One common feature of almost all resolved disputes is that the
negotiations had a “need-based” instead of a “right-based”
paradigm. Irrigable lands, population, technicalities of projects
define “needs"”. The success of a need-based paradigm is reflected
in the only water agreement ever negotiated in the Jordan River
Basin, which focuses in needs not on rights of riparians. In the
Indian subcontinent, irrigation requirements of Bangladesh
determine water allocations of The Ganges River. A need based,
regional approach focuses on satisfying individuals with their need
of walter, ensuring that minimum quantitative needs are being met.
It removes the conflict that arises when countries view the treaty
from a national interest point of view, move away from the zero-
sum approach to a positive sum, integrative approach that equitably
allocated the waler and its benefits.

Human Life in Deserts

A desert is a hostile, potentially deadly environment for
unprepared humans. In hot deserts, high temperatures cause rapid
loss of water due to sweating, and the absence of water sources
with which to replenish it can result in dehydration and death
within a few days. In addition, unprotected humans are also at
risk from heatstroke.

Humans may also have to adapt to sandstorms in some deserts,
not just in their adverse effects on respiratory systems and eyes,
but also in their potentially harmful effects on equipment such
as filters, vehicles and communication equipment. Sandstorms can
last for hours, sometimes even days. This makes surviving in the
desert quite difficult for humans.

Despite this, some cultures have made hot deserts their home
for thousands of years, including the Bedouin, Tuareg and Pueblo
people. Modern technology, including ad vanced irrigation
systems, desalinization and air conditioning have made deserts
much more hospitable. In theUnited States and Auslralia for
example, desert farming has found extensive use.

In cold deserts, hypothermia and frostbite are the chief
hazards, as well as dehydration in the absence of a source of heat
to melt ice for drinking. Falling through pack-ice or surface ice
layers into freezing water is a particular danger requiring
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emergency action to prevent rapid hypothermia. Starvation is also
a hazard; in low temperatures the body requires much more food
energy to maintain body heat and to move. As with hot deserts,
some people such as the Inuit have adapted to the harsh conditions
of cold deserts.

Most traditional human life in deserts is nomadic. It depends
in hot deserts on finding water, and on following infrequent rains
to obtain grazing for livestock. In cold deserts, itdepends on finding
good hunting and fishing grounds, on sheltering from blizzards
and winter extremes, and on storing enough food for winter.
Permanent settlement in both kinds of deserts requires permanent
water and food sources and adequate shelter, or the technology
and energy sources to provide it.

Many deserts are flat and featureless, lacking landmarks, or
composed of repeating landforms such as sand dunes or the jumbled
ice-fields of glaciers. Advanced skills or devices are required to
navigate through such landscapes and inexperienced travellers
may perish when supplies run out after becoming lost. In addition
sandstorms or blizzards may cause disorientation in severely

reduced visibility.

The danger represented by wild animals in deserts has been
featured in explorers’ accounts but does not cause higher rates of
death than in other environments such as rain forests or savanna
woodland, and generally does not by itself affect human
distribution. Defense against polar bears may be advisable in some
areas of the Arctic, as may precautions against venomous
snakes and scorpions in choosing sites at which to camp in some
hot deserts.

Desert Greening

Desert greening consists of any of a number of methods used
torevitalize deserts. So far only arid and semi-arid desert are meant
when using the expression. The icy-deserts and others are
considered unsuitable.

Methods

* Landscaping methods to reduce evaporation, erosion,
consolidation of topsoil, sandstorms, temperature and more
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s Permaculture in general - growing of plant communities
Polyculture, composting or mulli trophic agriculture

« Planting trees (Pioneer species) and salt-loving plants such
as Salicornia and Halophytes

« Regeneration of salty, polluted, or degenerated soils

e Floodwater retention and infiltration (Flood control)

e Greenhouse agriculture like the Integrated biotectural system

e Seawater farming like done by the Seawater foundation

e Inland Mariculture

e Prevention of overgrazing and firewood use

» Training of local residents to care for plantings, water systems
efc.

Water

Desert greening is more or less a function of water availability.
1f sufficient water for irrigation is at hand any hot, cold, sandy or
rocky desert can be greened. Water can be made available through
saving, reuse, rainwater harvesting, desalination, or direct use of
seawater for salt-loving plants. These different paths have unique
features, each: Saving water is for free - reuse of eated water and
the closing of cycles is the most promising because closed cycles
stand for unlimited and sustainable supply - rainwater
management is a decentralized solution and applicable for inland
areas - desalination is very secure as long as the primary energy
for the operation of the desalination plant is av ailable - Direct use
of seawater for seawater agriculture is the most potent, only limited
by the need for pumping up the water from sea-level.

There are theoretical water sources, too. Like the generation of
artificial rain through cloud seeding of various kinds. An available
technology called “atmospheric water generation” or air to water
is used by the military and is available as micro-solution for
drinking water fountains. But this technology uses 200 times more
energy than modern desalination plants and cannot be considered

for desert-greening.

Countering Desertification
The soil of the Thar Desert in India remains dry for much of
the year and is prone to wind erosion. High velocity winds blow
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soil from the desert, depositing some on neighboring fertile lands,
and causing shifting sand dunes within the desert, which buries
fences and block roads and railway tracks. Permanent solution to
this problem of shifting sand dunes can be provided by planting
appropriate species on the dunes to prevent further shifting and
planting windbreaks and shelterbelts. These solutions also provide
protection from hot or cold and desiccating winds and the invasion
of sand. The Rajasthan Canal system is the major irrigation scheme
of the Thar Desert and is intended to reclaim it and to check
spreading of the desert to fertile areas.

Prevention of shifting sand dunes is accomplished through
plantations of Acacia tortilis near Laxmangarh town. There are few
local tree species suitable for planting in the desert region and
these are slow growing. The introduction of exotic tree species in
the desert for plantation has become necessary. Many species of
Eucalyptus, Acacia, Cassia and other genera from Israel, Australia,
US, Russia, Zimbabwe, Chile, Peru, and Sudan have been tried in
the Thar Desert. Acacia tortilis has proved to be the most promising
species for desert greening and. The jojoba is another promising
species of economic value which has been found suitable for
planting in these areas.

DESERTIFICATION

Desertification is the degradation of land in drylands. Caused
by a variety of factors, such as climate change and human aclivities,
desertification is one of the most significant global environmental
problems.

Considerable controversy exists over the proper definition of
the term “desertification” for which Helmut Geist (2005) has
identified more than 100 formal definitions. The most widely
accepted of these is that of the United Nations Convention to
Combat Desertification which defines it as “land degradation in
arid, semi-arid and dry sub-humid areas resulting from various
factors, including climatic variations and human activities”

The earliest known discussion of the topic arose soon after
the French colonization of West Africa, when the Comité d'Etudes
commissioned a study on desséchement progressif to explore the
prehistoric expansion of the Sahara Desert.
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History

The world’s great deserts were formed by natural processes
interacting over long intervals of time. During most of these times,
deserts have grown and shrunk independent of human activities.
Paleodeserts are large sand seas now inactive because they are
stabilized by vegetation, some extending beyond the present
margins of core deserts, such as the Sahara, the largest deserl.

Desertification has played a significant role in human history,
contributing to the collapse of several large empires, such as
Carthage, Greece, and the Roman Empire, as well as causing
displacement of local populations.

Areas Affected

Drylands occupy approximately 40-41% of Earth’s land area
and are home to more than 2 billion people. Ithasbeen estimated
that some 10-20% of drylands are already degraded, the total area
affected by desertification being between 6 and 12 million square
kilometres, that about 1-6% of the inhabitants of drylands live in
desertified areas, and that a billion people are under threat from
further desertification. The Sahara is currently expanding south
at a rate of up to 48 kilometres per year.

Causes

Dr}rland ecosystems are already very fragile, and can rarely
sustain the increased pressures that result from intense population
growth. Many of these areas are inappropriately opened to
development, when they cannot sustain human settlements.

The most common cause of desertification is the over cultivation
of desert lands. Over-cultivation causes the nutrients in the soil to
be depleted faster than they are restored. Improper irrigation
practices result in salinated soils, and depletion of aquifers.

Vegetation plays a major role in determining the biological
composition of the seil. Studies have shown that, in many
environments, the rate of erosion and runoff decreases exponentially
with increased vegetation cover. Overgrazing removes this
vegetation causing erosion and loss of topsoil.
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DESERTIFICATION AND POVERTY

At least 90% of the inhabitants of drylands live in developing
nations, where they also suffer from poor economic and social
conditions. This situation is exacerbated by land degradation
because of the reduction in productivity, the precariousness of living
conditions and the difficulty of access to resources and
cpportunities.

A downward spiral is created in many underdeveloped
countries by overgrazing, land exhaustion and overdrafting of
groundwater in many of the marginally productive world regions
due to overpopulation pressures to exploit marginal drylands for
farming. Decision-makers are understandably averse to invest in
arid zones with low potential. This absence of investment contributes
to the marginalisation of these zones. When unfavourable agro-
climatic conditions are combined with an absence of infrastructure
and access to markets, as well as poorly adapted production
techniques and an underfed and undereducated population, most
such zones are excluded from development.

Desertification often causes rural lands to become unable to
support the same sized populations that previously lived there.
This results in mass migrations out of rural areas and into urban
areas, particularly in Africa. Because of these migrations into the
cities, there are often large numbers of unemployed people who
end up living in slums.

Countermeasures and Prevention

Techniques exist for mitigating or reversing the effects of
desertification, however there are numerous barriers to their
implementation. One of these is that the costs of adopting
sustainable agricultural practices sometimes exceed the benefits
for individual farmers, even while they are socially and
environmentally beneficial. Another issue is a lack of political will,
and lack of funding to support land reclamation and anti-
desertification programs.

Desertification is recognized as a major threat to biodiversity.
Some countries have developed Biodiversity Action Plans to
counter its effects, particularly in relation to the protection of
endangered flora and fauna.
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Reforestation gets at one of the root causes of desertification
and isn’t just a treatment of the symptoms. Environmental
organizations work in places where deforestation and
desertification are contributing to extreme poverty. There they focus
primarily on educating the local population about the dangers of
deforestation and sometimes employ them to grow seedlings, which
they transfer to severely deforested areas during the rainy season.

Techniques focus on two aspects: provisioning of water, and
fixation and hyper-fertilizing soil.

Fixating the soil is often done through the use of shelter belts,
woodlots and windbreaks. Windbreaks are made from trees and
bushes and are used to reduce soil erosion and evapotranspiration.
They were widely encouraged by development agencies from the
- middle of the 1980s in the Sahel area of Africa.

Some soils (for example, clay), due to lack of waler can
become consolidated rather than porous (as in the case of sandy
soils). Some techniques as zai or tillage are then used to still allow
the planting of crops.

Enriching of the soil and restoration of its fertility is often done
by plants. Of these, the Leguminous plants which extract nitrogen
from the air and fixes it in the soil, and food crops/ trees as grains,
barley, beans and dates are the most important. Sand fences can
also be used to control drifting of soil and sand erosion.

As there are many different types of deserts, there are also
different types of desert reclamation methodologies. An example
for this is the salt-flats in the Rub’ al Khali desert in Saudi-Arabia.
These salt-flats are one of the most promising desert areas for
seawater agriculture and could be revitalized without the use of
freshwater or much energy.

Farmer Managed Natural Regeneration (FMNR) is another
technique that has produced successful results for desert
reclamation. Since 1980, this method to reforest degraded landscape
has been applied with some success in Niger. This simple and
low-cost method has enabled farmers to regenerate some 30,000
square kilometers in Niger. The process involves enabling native
sprouting tree growth through selective pruning of shrub shoots.

The residue from pruned tress can be used to provide mulching
for fields thusincreasing soil water retention and reducing
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evaporation. Addilionally, properly spaces and pruned trees can
increase crop yields. The Humbo Assisted Regeneration Project
which uses FMINR techniques in Ethiopia has received money from
The World Bank’s BioCarbon Fund, which supports projects that
sequester or conserve carbon in forests or agricultural ecosystems.

Dune

In physical geography, a dune is a hill of sand built by wind.
Dunes occur in different forms and sizes, formed by interaction
with the wind. Most kinds of dunes are longer on the windward
side where the sand is pushed up the dune and have a shorter
“slip face” in the lee of the wind. The valley or trough between
dunes is called a slack. A “dune field” is an area covered by
extensive sand dunes. Large dune fields are known as ergs.

Some coastal areas have one or more sets of dunes IUNNing
parallel to the shoreline directly inland from the beach. In most
cases the dunes are important in protecting the land against
potential ravages by storm waves from the sea. Although the most
widely distributed dunes are those associated with coastal regions,
the largest complexes of dunes are found inland in dry regions
and associated with ancient lake or sea beds.

Dunes also form under the action of water flow (alluvial

processes), and on sand or gravel beds of rivers, estuaries and the
sea-bed.

The modern word “dune” came into English from French circa
1790. In ancient times, words cognate to “dune” probably had the
meaning of a built-up hill or citadel fortification.

Conservation

Dune habitats provide niches for highly specialised plants
and animals, including numerous rare species and some
endangered species. Due to widespread human population
expansion, dunes face destruction through land development and
recreational usages, as well as alteration to prevent the
encroachment of sand onto inhabited areas. Some countries, nota bly
the United States, Australia, Canada, New Zealand, the United
Kingdom, and Netherlands, have developed significant programs
of dune protection through the use of sand dune stabilization. In
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the U.K., a Biodiversity Action Plan has been developed to assess
dunes loss and to prevent future dunes destruction.

AEOLIAN DUNE SHAPES

Crescentic

Crescent-shaped mounds are generally wider than they are
long. The slipfaces are on the concave sides of the dunes. These
dunes form under winds that blow consistently from one direction,
and they also are known as barchans, or transverse dunes. Some
types of crescentic dunes move more quickly over desert surfaces
than any other type of dune. A group of dunes moved more than
100 metres per year between 1954 and 1959 in the China’s Ningxia
Province, and similar speeds have been recorded in the Western
Desert of Egypt. The largest crescentic dunes on Earth, with mean
crest-to-crest widths of more than 3 kilometres, are in China’s
Taklamakan Desert.

Linear

Straight or slightly sinuous sand rid ges typically much longer
than they are wide are known as linear dunes. They may be more
than 160 kilometres (99 mij) long. Some linear dunes merge to form
Y-shaped compound dunes. Many form in bidirectional wind
regimes. The long axes of these dunes extend in the resultant
direction of sand movement.

Linear loess hills known as pahas are superficially similar.
These hills appear to have been formed during the last ice

age underpermafrost conditions dominated by sparse tundra
vegelation.

Star

Radially symmetrical, star dunes are pyramidal sand mounds
with slipfaces on three or more arms that radiate from the high
center of the mound. They tend to accumulate in areas with
multidirectional wind regimes. Star dunes grow upward rather
than laterally. They dominate the Grand Erg Oriental of the Sahara.
In other deserts, they occur around the margins of the sand seas,
particularly near topographic barriers. In the southeast Badain
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Jaran Desert of China, the star dunes are up to 500 metres tall and
may be the tallest dunes on Earth.

Dome

Oval or circular mounds that generally lack a slipface, dome
dunes are rare, and these occur at the far upwind margins of sand
seas.

Parabolic

U-shaped mounds of sand with convex noses trailed by
elongated arms are parabolic dunes. These dunes are formed from
blowout dunes where the erosion of vegetated sand leads to a U-
shaped depression. The elongated arms are held in place by
vegetation; the largest arm known on Earth reaches 12 km.
Sometimes these dunes are called U-shaped, blowout, or hairpin
dunes, and they are well known in coastal deserts. Unlike crescent

shaped dunes, their crests point upwind. The bulk of the sand in
the dune migrates forward.

In plan view, these are U-shaped or V-shaped mounds of well-
sorted, very fine to medium sand with elongated arms that extend
upwind behind the central part of the dune. There are slip faces

that often occur on the outer side of the nose and on the outer
slopes of the arms.

These dunes often occur in semiarid areas where the
precipitation is retained in the lower parts of the dune and
underlying soils. Parabolic dunes are dependent on the vegetation
that covers them—grasses,shrubs,and trees, which help anchor
the trailing arms. In inland deserts, parabolic dunes commonly
originate and extend downwind from blowouts in sand sheels
only partly anchored by vegetation. They can also originate from
beach sands and extend inland into vegetated areas in coastal
zones and on shores of large lakes.

Most parabolic dunes do not reach heights higher than a few
tens of metres except at their nose, where vegetation stops or slows
the advance of accumulating sand.

Simple parabolic dunes have only one set of arms that trail
upwind, behind the leading nose. Compound parabolic dunes are
coalesced features with several sets of trailing arms. Complex
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parabolic dunes include subsidiary superposed or coalesced forms,
usually of barchanoid or linear shapes.

Parabolic dunes, like crescent dunes, occur in areas where very
strong winds are mostly unidirectional. Although these dunes are
found in areas now characterized by variable wind speeds, the
effective winds associated with the growth and migration of both
the parabolic and crescent dunes probably are the most consistent
in wind direction.

The grain size for these well-sorted, very fine to medium sands
is about 0.06 to 0.5 mm. Parabolic dunes have loose sand and steep
slopes only on their outer flanks. The inner slopes are mostly well
packed and anchored by vegetation, as are the corridors between
individual dunes. Because all dune arms are oriented in the same
direction, and, the inter-dune corridors are generally swept clear
of loose sand, the corridors can usually be traversed inbetween the
trailing arms of the dune. However to cross straight over the dune
by going over the trailin g arms, can be very difficult. Also, traversing
the nose is very difficult as well because the nose is usually made
up of loose sand without much if any vegetation.

Longitudinal (Seif) Dunes

Longitudinal dunes (also called Seif dunes, after the Arabic
word for “sword”), elon gate parallel to the prevai]ing wind,
possibly caused by a larger dune having its smaller sides blown
away. Seif dunes are sharp-crested and are common in the Sahara.
They range up to 300 m (980 ft) in height and 300 km (190 mi) in
length. In the southern third of the Arabian Peninsula, a vast erg
called the Rub” al Khali or the Empty Quarter, contains seif dunes
that stretch for almost 200 km and reach heights of over 300 m.

Seif dunes are thought to develop from barchans if a change of
the usual wind direction oceurs. The new wind direction will lead
to the development of a new wing and the over development of one
of the original wings. If the prevailing wind then becomes dominant
for a lengthy period of time the dune will revert to its barchan form,
with one exaggerated wing. Should the strong wind then return
the exaggerated wing will further extend so that eventually it will
be supplied with sand when the prevailing wind returns. The wing
will continue to grow under both wind conditions, thus producing
a seif dune. On a seif dune the slip face develops on the side facing
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away from the strong wind, while the slip face of a barchan faces
the direction of movement. In the sheltered troughs between highly

developed seif dunes barchans may be formed because the wind is
unidirectional.

A transverse dune is perpendicular to the prevailing wind,
probably caused by a steady build-up of sand on an already existing
minuscule mound. :

Reversing Dunes

Occurring wherever winds periodically reverse direction,
reversing dunes are varielies of any of the above shapes. These

dunes typically have major and minor slipfaces oriented in opposite
directions.

All these dune shapes may occur in three forms: simple,
compound, and complex. Simple dunes are basic forms with a
minimum number of slipfaces that define the geometric type.
Compound dunes are large dunes on which smaller dunes of
similar type and slipface orientation are superimposed, and
complex dunes are combinations of two or more dune types. A
crescentic dune with a star dune superimposed on its crest is the
most common complex dune. Simple dunes represent a wind regime
that has not changed in intensity or direction since the formation
of the dune, while compound and complex dunes suggest that the
intensity and direction of the wind has changed.

Sub-aqueous Dunes

Sub-aqueous (underwater) dunes (also known in geology as
megaripples) form on a bed of sand or gravel under the actions of
water flow. They are ubiquitous in natural channels such as rivers
and estuaries, and also form in engineered canals and pipelines.
Dunes move downstream as the upstream slope is eroded and the
sediment deposited on the downstream or lee slope in
typical bedform construction.

These dunes most often form as a continuous ‘train’ of dunes,
showing remarkable similarity in wavelength and height.

Dunes on the bed of a channel significantly increase flow
resistance, their presence and growth playing a major part in
river flooding,
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Lithified Dunes

A lithified (consolidated) sand dune is a type of sandstone that
is formed when a marine or aeolian sand dune becomes compacted
and hardened. Once in this form, water passing through the rock
can carry and deposit minerals, which can alter the color of the
rock. Cross-bedded layers of stacks of lithified dunes can produce
the cross-hatching patterns, such as those seen in the Zion National
Park in the western United States.

A slang term that is used in the Southwestern States (of the
U.S.A.) for those consolidated and hardened sand dunes is
“slickrock”, a name that was introduced by pioneers of the Old
West because their steel-rimmed wagon wheels could not gain
traction on the rock.

Coastal Dunes

Dunes form where constructive waves encourage the
accumulation of sand, and where prevailing onshore winds blow
this sand inland. There need to be obstacles — for example,
vegetation, pebbles and so on — to trap the moving sand grains.
As the sand grains get trapped they start to accumulate, starting
dune formation. The wind then starts to affect the mound of sand
by eroding sand particles from the windward side and depositing
them on the leeward side. Gradually this action causes the dune to
- “migrate” inland, as it does so it accumulates more and more sand.
Dunes provide privacy and shelter from the wind.

ECOLOGICAL SUCCESSION ON COASTAL DUNES

As a dune forms, plant succession occurs. The conditions on
an embryo dune are harsh, with salt spray from the sea carried on strong
winds. The dune is well drained and often dry, and composed of calcdium
carbonate from seashells. Rotting seaweed, brought in by storm waves
adds nutrients to allow pioneer species to colonize the dune. These
pioneer species are marram grass, sea wort grass and other sea grasses
in the United Kingdom. These plants are well adapted to the harsh
conditions of the foredune typically having deep roots which reach
thewater table, rool nodules that produce nitrogen compounds, and
protected stoma, reducingtranspiration. Also, the deep roots bind the
sand together, and the dune grows into aforedune as more sand is
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blown over the grasses. The grasses add nitrogen to the soil, meaning
other, less hardy plants can then colonize the dunes. Typically these
are heather,heaths and gorses. These too are adapted to the low soil
water content and have small, prickly leaves which reduce
transpiration. Heather adds humus to the soil and is usually replaced
by coniferous trees, which can tolerate low soil pH, caused by the
accumulation and decomposition of organic matter with nitrate
leaching. Coniferous forests and heathland are common climax
communities for sand dune systems.

Young dunes are called yellow dunes and dunes which have
high humus content are called grey dunes. Leaching occurs on the
dunes, washing humus into the slacks, and the slacks may be much
more developed than the exposed tops of the dunes. It is usually in
the slacks that more rare species are developed and there is a
tendency for the dune slacks soil to be waterlogged and where
only marsh plants can survive. These plants would include:
creeping willow, cotton grass, yellow ins, reeds, and rushes. As for
the species, there is a tendency for natterjack toads to breed here.

Sand dunes can have a negative impact on humans when they
encroach on human habitats. Sand dunes move via a few different
means, all of them helped along by wind. One way that dunes can
move is by saltation, where sand particles skip along the ground
like a bouncing ball. When these skipping particles land, they may
knock into other particles and cause them to move as well, in a
process kriown as creep. With slightly stronger winds, particles
collide in mid-air, causing sheet flows. In a major dust storm, dunes
may move tens of metres through such sheet flows. Also as in the
case of snow, sand avalanches, falling down the slipface of the dunes
- that face away from the winds - also move the dunes forward.

Sand threatens buildings and crops in Africa, the Middle East,
and China. Drenching sand dunes with oil stops their migration,
but this approach is quite destructive to the dunes’ animal habitats
and uses a valuable resource. Sand fences might also slow their
movement to a craw], but geologists are still analyzing resulis for
the optimum fence designs. Preventing sand dunes from
overwhelming towns, villages, and agricultural areas has become
a priority for the United Nations Environment Programme. Planting
dunes with vegetation also helps to stabilise them.
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THE EARTH'S ATMOSPHERE

The present atmosphere of the Earth is probably not its original
atmosphere. Our current atmosphere is what chemists would call
an oxidizing atmosphere, while the original atmosphere was what
chemists would call a reducing atmosphere. In particular, it
probably did not contain oxygen.

The atmosphere of Earth is a layer of gases surrounding the
planet Earth that is retained by Earth's gravity. The atmosphere
protects life on Earth by absorbing ultraviolet solar radiation,
warming the surface through heat retention (greenhouse effect),

and reducing temperature extremes between day and night (the
diurnal temperature variation).

The original atmosphere may have been similar to the
composition of the solar nebula and close to the present composition
of the Gas Giant planets, though this depends on the details of
how the planets condensed from the solar nebula. That atmosphere
was lost to space, and replaced by compounds outgassed from the
crust or (in some more recent theories) much of the atmosphere
may have come instead from the impacts of comets and other
planetesimals rich in volatile materials.

The oxygen so characteristic of our atmosphere was almost all
produced by plants (cyanobacteria or, more colloquially, blue-green
algae). Thus, the present composition of the atmosphere is 79%
nitrogen, 20% oxygen, and 1% other gases.
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Atmospheric stratification describes the structure of the
atmosphere, dividing it into distinct layers, each with specific
characteristics such as temperature or composition. The
atmosphere has a mass of about 5x10" kg, three quarters of which
is within about 11 km (6.8 mi; 36,000 ft) of the surface. The
atmosphere becomes thinner and thinner with increasing altitude,

“with no definite boundary between the atmosphere andouter space.
Analtitude of 120 km (75 mi) is where atmospheric effects become
noticeable during atmospheric reentry of spacecraft. TheKarman
line, at 100 km (62 mi), also is often regarded as the boundary
between atmosphere and outer space.

Air is the name given to atmosphere used in breathing and
photosynthesis. Dry air contains roughly (by volume) 78.09%
nitrogen, 20.95%oxygen, 0.93% argon, 0.039% carbon dioxide, and
small amounts of other gases. Air also contains a variable amount
of water vapor, on average around 1%. While air content
and atmospheric pressure varies at different layers, air suitable for
the survival of terrestrial plants andterrestrial animals is currently
only known to be found in Earth’s troposphere and artificial
atmospheres.
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COMPFPOSITION

Air is mainly composed of nitrogen, oxygen, and argon, which
together constitute the major gases of the atmosphere. The
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remaining gases are often referred to as trace gases, among which
are the greenhouse gases such as water vapor, carbon dioxide,
methane, nitrous oxide, and ozone. Filtered air includes trace
amounts of many other chemical compounds. Many natural
substances may be present in tiny amounts in an unfiltered air
sample, including dust, pollen and spores, seaspray, and volcanic
ash. Various industrial pollutants also may be present, such
as chlorine (elementary or in compounds), fluorine compounds,
elemental mercury, and sulfur compounds such as sulfur
dioxide [SO,].

STRUCTURE OF THE ATMOSPHERE

In general, air pressure and density decrease in the atmosphere
as height increases. However, temperature has a more complicated
profile with altitude. Because the general pattern of this profile is
constantand recognizable through means such as balloon soundings,
temperature provides a useful metric to distinguish between
atmospheric layers. In this way, Earth’s atmosphere can be divided
into five main layers. From highest to lowest, these layers are:

Exosphere

An exosphere is the uppermost layer of an atmosphere where
the density isex I.Temelj,r low. An upw.-'mrd traveling molecule l'nm."irlg
through the exosphere fast enough to attain escape velocity can
escape to space with a low chance of collisions; if it is moving below
escape velocity it will be prevented from escaping from the celestial
body by gravity. In either case, such a moleculeis unlikely to collide
with another molecule due to the exosphere’s low density.

The main gases within the Earth’s exosphere are the lightest
gases, mainly hydrogen, with some helium, carbon dioxide,
and atomic oxygen near the exobase. The exosphere is the last layer
before outer space. Since there is no clear boundary between outer
space and the exosphere, the exosphere is sometimes considered a
part of outer space.

Lower Boundary

The altitude of its lower boundary, known as the thermopause
and exobase, ranges from about 250 to 500 kilometres (160 to 310 mi)
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depending onsolar activity. Its lower boundary at the edge of the
thermosphere has sometimes been estimated to be 500 to 1,000 km
(310 to 620 mi) above the Earth’s surface. The exobase is also called
the critical level, the lowest altitude of the exosphere, and is typically
defined in one of two ways:

1. The height above which there are negligible atomic collisions
between the particles (free molecular flow) and

2. The height above which constituent atoms are on purely
ballistic trajectories.

If we define the exobase as the height at which upward traveling
molecules experience one collision on average, then at this position
the mean free path of a molecule is equal to one pressure scale
height. This is shown in the following. Consider a volume of air,
with horizontal area A and height equal to the mean free path ], at

pressure p and temperature T. For an ideal gas, the number of
molecules contained in it is:

pAl
RT

where R is the universal gas constant. From the requirement
that each molecule traveling upward undergoes on average one

collision, the pressure is:
mang
P = )

ﬂ:

where m, is the mean molecular mass of the gas. Solving these
two equalions gives:

RT

Jo otk

mag

which is the equation for the pressure scale height. As the
pressure scale height is almost equal to the density scale height of
the primary constituent, and since the Knudsen number is the ratio
of mean free path and typical density fluctuation scale, this means

that the exobase lies in the region where Kn{hﬂg] ~ 1.
The fluctuation in the height of the exobase is important because

this provides atmospheric drag on satellites, eventually causing them
to fall from orbit if no action is taken to maintain the orbit.
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UPPER BOUNDARY

The upper boundary of the exosphere can be defined
theoretically by the altitude about 190,000 kilometres (120,000 mi),
half the distance to the Moon, at which the influence of solar
radiation pressure on atomic hydrogen velocities exceeds that of
the Earth’s gravitational pull. The exosphere observable from space
as thegeocorona is seen to extend to at least 100,000 kilometres
(62,000 mi) from the surface of the Earth. The exosphere is a
transitional zone between Earth’s atmosphere and interplanetary
space.

The atmosphere has changed a lot compared to the Earth's
early atmosphere, but for the last billion years it has remained
pretty constant. We now need to look at 3 very different
atmospheric problems:

(1) The Greenhouse effect : The earth is surrounded by a blanket
of gases. This blanket traps energy in the atmosphere, much the
same way as glass traps heat inside a greenhouse. This results in
an build up of energy, and the overall warming of the atmosphere.
The greenhouse effect is a natural process which made life on Earth
possible. Without naturally occurring greenhouse gases such as
water vapour, carbon dioxide, methane and nitrous oxide, the
Earth’s surface temperature would be 33°C cooler, a chilly -18°C
rather than the tolerable 15°C,

When we talk about the greenhouse effect we mean the
ENHANCED effect which is caused by the increase of greenhouse
gases from human sources. Since the beginning of industrialization,
200 years ago, concentrations of these gases have increased . It is
estimated that the Earth’s average temperature has risen by 0.6°C
since 1880 because of emissions of greenhouse gases from human
activity.

The main sources of these emissions, particularly carbon
dioxide, methane and nitrous oxide, are:

The combustion of large amounts of fossil fuels (producing CO,)

Deforestation (less trees mean that less CO, is being mopped

up)

A increase in global temperatures may seem great, you might
even think of ‘Costa del Blackpool'. Unfortunately global warming
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will probably result in big swings in weather patterns across the
world. Summers will become dryer and hotter, Winters will be wetter
and colder. Other things will start to happen:

Thermal expansion of the water and melting of continental
glaciers would cause sea levels to rise, possibly as much as
two feet, by the end of next century.

Rising temperatures could lead to changes in regional wind
systems which would influence global rainfall distribution
and lead to the redistributionand frequency of floods, droughts
and forest fires. = 5

L

Increased sea ten}peral';lires would cause the destruction of
coral reefs around the world.

Climate change would create favourable conditions for growth
in insect populations. This would likely have a bad effect on
agriculture and human health and result in aspread of malaria
and other tropical diseases.

Water supplies would become disrupted and droughts would
be more common.

There is a lot of controversy surrounding global warming, views
range from those who believe that there is nothing to worry about
to those who believe that the world is heading for a global
catastrophe. An edited version of a Greenpeace arlicle on Global
warning, climate change and the greenhouse effect can be found
(here). Other sources of information can be found on the links
page on this site

(2) Damage to the ozone layer : Ozone is oxygen that contains
molecules that have 3 oxygen atoms (O,). The molecule is triatomic
instead of the usual O, molecule which is diatomic. There is a
layer of ozone high up in the atmosphere which shields the Earth
from the sun’s harmful UV rays, these rays can lead to an increase
in skin cancer. The ozone is present in very small quantities but it
is enough to absorb the UV rays preventing them reaching the
surface. %

Scientists begén to investigate the ozone layer in the 1970%s, it
wasn’t until-the mid 1980’s that alarm bells started to ring.
Concentrations of ozone appeared to be dropping in certain areas
of the-world (the layer was starting to thin-out). The cause of this
rediiction was thought to be man-made.
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In 1985 over 60 countries pledged to phased out a group of
chemicals called CFC’s. These very stable chemicals were once
widely used in aerosols and refrigerators. It was thought that their
release into the atmosphere produced chlorine radicals which
reacted with O, to produce O, The emission of CFC’s into the
environment is now greatly reduced, unfortunately the damage
has already been done and the CFC molecules, thanks to their
stability, are still causing ozone depletion.

(3) Acid rain : Rain water is naturally acidic due to carbon
dioxide which partially reacts with water to give carbonic acid
(H,0+CO, -» H,CO,). When we talk about acid rain we mean the
ENHANCED effect which is caused by other gases released when
fossil fuels are burnt. Two gases are the main culp[i,tg:

Sulphur dioxide - Fossil fuels often contain a lot of sulphur
impurities which burn to give sulphur dioxide. The SO, reacts with
water in the atmosphere to from a weak solution of sulphuric acid.

Nitrogen oxides - Under normal conditions nitrogen and
oxygen don’t react together. At very high temperatures (in an
engine) a small proportion of oxygen reacts with nitrogen to
givenitrogen oxides. These oxides react with water in the
atmosphere to from a weak solution of nitric acid acid.

The dilute acid falls to ground as acid rain which causes the
following problems:

Lakes become acidic and plants and fishes die as a result

Tree growth is damaged, whole forests can die as a result

Acid rain attacks metal structures and also buildings made of
limestone

THERMOSPHERE

The thermosphere is the biggest of all the layers of the Earth’s
atmosphere directly above the mesosphere and directly below
the exosphere. Within this la}rer,ultraviﬂlet radiation causes
ionization. The International Space Station has a stable orbit within
the middle of the thermosphere, between 320 and 380 kilometres
(200 and 240 mi). Auroras also occur in the thermosphere.

Named from the Greek thermos meaning heat, the
thermosphere begins about 80 kilometres (50 mi) above the Earth.
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At these high altitudes, the residual atmospheric gases sort into
strata according to molecular mass. Thermospheric temperatures
increase with altitude due to absorption of highly energetic solar
radiation by the small amount of residual oxygen still present.
Temperatures are highly dependent on solar activity, and can rise
to 1,500 °C (2,730 °F). Radiation causes the atmosphere particles
in this layer to become electrically charged, enabling radio waves to
bounce off and be received beyond the horizon. In the exosphere,
beginning at 500 to 1,000 kilometres (310 to 620 mi) above the
Earth’s surface, the atmosphere turns into space.

The highly diluted gas in this layer can reach 2,500
°C (4,530 °F) during the day. Even though the temperature is so
high, one would not feel warm in the thermosphere, because it is so
near vacuum that there is not enough contact with the few atoms of
gas to transfer much heat. A normal thermometer would read
significantly below 0 °C (32 °F), due to the energy lost by thermal
radiation overtaking the energy acquired from the atmospheric gas
by direct contact. In theanacoustic zone above 160 kilometres
(99 mi), the density is so low that molecular interactions are too
infrequent to permit the transmission of sound.

The dynamics of the lower thermosphere (below approximately
120 kilometres (75 mi)) are dominated by atmospheric tide, which
is driven, in part, by the very significant diurnal heating. The
atmospheric tide dissipates above this level since molecular

concentrations do not support the coherent motion needed for fluid
How,

Mesosphere

The mesosphere is the layer of the Earth’s atmosphere that is
directly above the stratosphere and directly below the thermosphere.
In the mesosphere temperature decreases with increasing height.
The upper boundary of the mesosphere is the mesopause, which
can be the coldest naturally occurring place on Earth with
temperatures below 130 K. The exact upper and lower boundaries
of the mesosphere vary with latitude and with season, but the lower
boundary of the mesosphere is usually located at heights of about
50 km above the Earth’s surface and the mesopause is usually at
heights near 100 km, except at middle and high latitudes in summer
where it descends to heights of about 85 km.
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The stratosphere, mesosphere and lowest part of the
thermosphere are collectively referred to as the “middle
atmosphere”, which spans heights from approximately 10 to 100
km. The mesopause, at an altitude of 80-90 km (50-56 mi), separates
the mesosphere from the thermosphere—the second-outermost
layer of the Earth’s atmosphere. This is also around the same
altitude as the turbopause, below which different chemical species
are well mixed due to turbulent eddies. Above this level the
atmosphere becomes non-uniform; the scale heights of different
chemical species differ by their molecular masses.

Temperature

Within the mesosphere, temperature decreases with
increasing altitude. This is due to decreasing solar heating and
increasing cooling by CO, radiative emission. The top of the
mesosphere, called the mesopause, is the coldest part of Earth’s
atmosphere. Temperatures in the upper mesosphere fall as low
as 100 *C(173 K; “148 °F), varying according to latitude and
season.

Dynamical Features

The main dynamical features in this region are strong zonal
(East-West) winds, atmospheric tides, internal atmospheric gravity
waves (commonly called “gravity waves”) and planetary waves.
Most of these tides and waves are excited in the troposphere and
lower stratosphere, and propagate upward to the mesosphere. In
the mesosphere, gravity-wave amplitudes can become so large that
the waves become unstable and dissi pate. This dissipation deposits
momentum into the mesosphere and largely drives global circulation.

Noctilucent clouds are located in the mesosphere. The upper
mesosphere is also the region of the ionosphere known as the D
layer. The D layer is only present during the day, when
some ionization occurs with nitric oxide being ionized by Lyman
series-alpha hydrogen radiation. The ionization is so weak that
when night falls, and the source of ionization is removed, the free
electron and ion form back into a neutral molecule. A 5 km (3.1 mi)
deep sodium layer is located between 80-105 km (50-65 mi). Made
of unbound, non-ionized atoms of sodium, the sodium layer
radiates weakly tocontribute to the airglow.
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Uncertainties

The mesosphere lies above the maximum altitude for aircraft
and below the minimum altitude for orbital spacecraft. It has only
been accessed through the use ofsounding rockets. As a result, itis
the most poorly understood part of the atmosphere. The presence
of red sprites and blue jets (electrical discharges or lightningwithin
the lower mesosphere), noctilucent clouds and density shears
within the poorly understood layer are of current scientific interest.

Meteors

Millions of meteors enter the atmosphere, an average of 40 tons
per day. Within the mesosphere most melt or vaporize as a result
of collisions with the gas particles contained there. This results in

a higher concentration of iron and other refractory materials
reaching the surface.

Stratosphere

The stratosphere is the second major layer of Earth's
atmosphere, just above the troposphere, and below the mesosphere.
It is stratifiedin temperature, with warmer layers higher up and
cooler layers farther down. This is in contrast to the troposphere
near the Earth’s surface, which is cooler higher up and warmer
farther down. The border of the troposphere and stratosphere,
the tropopause, is marked by where this inversion begins, which
in terms of atmospheric thermodynamics is the equilibrium level.
The stratosphere is situated between about 10 km (6 mi) and 50 km
(30 mi) altitude above the surface at moderate latitudes, while at
the poles it starts at about 8 km (5 mi) altitude.

OZONE AND TEMPERATURE

Within this layer, temperature increases as altitude increases;
the top of the stratosphere has a temperature of about 270 K (“3°C or
29.6°F), just slightly below the freezing point of water. The
stratosphere is layered in temperature because ozone (O,) here
absorbs high energy UVB and UVC energy waves from the Sun and
is broken down into atomic oxygen (O) and diatomic oxygen (O,).

Atomic oxygen is found prevalent in the upper stratosphere
due to the bombardment of UV light .and the destruction of both
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ozone and diatomic oxygen. The mid stratosphere has less UV
light passing through it, O and O, are able to combine, and is where
the majority of natural ozone is produced. It is when these two
forms of oxygen recombine to form ozone that they release the heat
found in the stratosphere.

The lower stratosphere receives very low amounts of UVC,
thus atomic oxygen is not found here and ozone is not formed
(with heat as the byproduct). This vertical stratification, with
warmer layers above and cooler layers below, makes the
stratosphere dynamically stable: there is no regular convection and
associated turbulence in this part of the atmosphere. The top of the
stratosphere is called the stratopause, above which the temperalure
decreases with height.

Methane, (CH,) while nol a direct cause of ozone destruction
in the stratosphere, does lead to the formation of compounds that
destroy ozone. Monoatomic oxygen (O) in the upper stratosphere
reacts with methane (CH,) to form a hydroxyl radical (OH'). This
hydroxyl radical is then able to interact with non-soluble
compounds like chlorofluorocarbons, and UV light break oif
chlorine radicals (Cl). These chlorine radicals break off an oxygen
atom frora the ozone molecule, crea ting an oxygen molecule (O,)
and a hypochlorite radical (Cl1O-). The hypochlorite radical then
reacts with an atomic oxygen creating another oxygen molecule
and another chlorine radical, thereby preventing the reaction of a
monoatomic oxygen with O, to create natural ozone.

Aircraft Flight

Commercial airliners typically cruise at altitudes of 9-12 km
(30,000-39,000 ft) in temperate latitudes (in the lower reaches of
the stratosphere). This optimizes fuel burn, mostly thanks to the
low temperatures encountered near the tropopause and low air
density, reducing parasitic drag on the airframe. It also allows them
to stay above hard weather (extreme turbulence).

Because the temperature in the tropopause and lower
stratosphere remains constant (or slightly increases) with
increasing altitude, very little convective turbulence occurs at these
altitudes. Though most turbulence at this altitude is caused by
variations in the jet stream and other local wind shears, areas of
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significant convective activity (thunderstorms) in the troposphere
below may produce convective overshoot.

Although a few gliders have achieved great altitudes in the
powerful thermals in thunderstorms, this is dangerous. Most high
altitude flights by gliders use lee wavesfrom mountain ranges and
were used to set the current record of 15,447 m (50,679 ft).

CIRCULATION AND MIXING

The stratosphere is a region of intense interactions among
radiative, dynamical, and chemical processes, in which the
horizontal mixing of gaseous components proceeds much more
rapidly than in vertical mixing,

An interesting feature of stratospheric circulation is the quasi-
biennial oscillation (QBO) in the tropical latitudes, which is driven
by gravity waves that are convectively generated in the troposphere.
The QBO induces a secondary circulation that is important for the
global stratospheric transport of tracers, such asozone or water
vapor.

In northern hemispheric winter, sudden stratospheric
warmings, caused by the absorption of Rossby waves in the
stratosphere, can often be observed.

Life

Bacterial life survives in the stratosphere, making it a part of
the biosphere. Also, some bird species have been reported to fly at
the lower levels of the stratosphere. On November 29, 1975,
a Riippell’s Vulture was reportedly ingested into a jet engine
11,552 m (37,900 ft) above the Ivory Coast, and Bar-headed

geese routinely overfly Mount Everest’s summit, which is 8,848 m
(29,029 ft).

Troposphere

The troposphere is the lowest portion of Earth’s atmosphere.
It contains approximately 80% of the atmosphere’s mass and 99%
of its water vapor and aerosols. The average depth of the
troposphere is approximately 17 km (11 mi) in the middle latitudes.
It is deeper in the tropics, up to 20 km (12 mi), and shallower near
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thepolar regions, at 7 km (4.3 mi) in summer, and indistinct in
winter.

The lowest part of the troposphere, where friction with the
Earth’s surface influences air flow, is the planetary boundary layer.
This layer is typically a few hundred meters to 2 km (1.2 mi) deep
depending on the landform and time of day. The border between
the troposphere and stratosphere, called the tropopause, is
a temperature inversion.

The word troposphere derives from the Greek: tropos for
“turning” or “mixing,"” reflecting the fact that turbulent mixing
plays an important role in the troposphere’s structure and behavior.
Most of the phenomena we associate with day-to-day weather occur
in the troposphere.

Composition

The chemical composition of the troposphere is essentially
uniform, with the notable exception of water vapor. The source of
water vapor is at the surface through the processes of evaporation
and transpiration. Furthermore the tempEral‘Lll'E of the troposphere
decreases with height, and saturation vapor pressure decreases
strongly as temperature drops, so the amount of water vapor that
can exist in the atmosphere decreases strongly with heighl. Thus
the proportion of water vapor is normally greatest near the surface
and decreases with height.

Pressure

The pressure of the atmosphere is maximum at sea level and
decreases with higher altitude. This is because the atmosphere is
very nearly in hydrostatic equilibrium, so that the pressure is equal
to the weight of air above a given point. The change in pressure
with height, therefore can be equated to the density with
this hydrostatic equation:

dp mpg
i B T RT
where:

® g isthe standard gravity
® pisthe density '
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e zisthe altitude

e pisthe pressure

» Ris the gas constant

» T isthe thermodynamic (absolute) temperature
* m is the molar mass

Since temperature in principle also depends on altitude, one
needs a second equation to determine the pressure as a function of
height, as discussed in the next section.

Temperature

The temperature of the troposphere generally decreases as
altitude increases. The rate at which the temperature decreases, ”
dT / dz, is called the environmental lapse rate (ELR). The ELR is
nothing more than the difference in temperature between the surface
and the tropopause divided by the height. The reason for this
temperature difference is the absorption of the sun’s energy.occurs
at the ground which heats the lower levels of the atmosphere, and
the radiation of heat occurs at the top of the atmosphere cooling the
earth, this process maintaining the overall heat balance of the earth.

As parcels of air in the atmosphere rise and fall, they also
undergo changes in temperature for reasons described below. The
rate of change of the temperature in the parcel may be less than or
more than the ELR. When a parcel of air rises, it expands, because
the pressure is lower at higher altitudes. As the air parcel expands,
it pushes on the air around it, doing work; but generally it does not
gain heat in exchange from its environment, because its thermal
conductivity is low (such a process is called adiabatic). Since the
parcel does work and gains no heat, it loses energy, and so its

temperature decreases. (The reverse, of course, will be true for a
sinking parcel of air.)

Since the heat exchanged d( is related to the entropy change
dS by dQ = TdS, the equation governing the temperature as a
function of height for a thoroughly mixed atmosphere is

ds

dz

where 5 is the entropy. The rate at which temperature decreases
with height under such conditions is called the adiabatic lapse rate.

g
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For dry air, which is approximately an ideal gas, we can
proceed further. The adiabatic equation for an ideal gas is

p[z)T{z]‘?ﬁT = constant

where 3 is the heat capacity ratio (3=7/5, for air). Combining
with the equation for the pressure, one arrives at the dry adiabatic
lapse rate,

dI' _ mgy-—1

dz R o

If the air contains water vapor, then cooling of the air can cause
the water to condense, and the behavior is no longer that of an
ideal gas. If the air is at the saturated vapor pressure, then the rate
at which temperature drops with height is called the saturated
adiabatic lapse rate. More generally, the actual rate al which the
temperature drops with altitude is called the environmental lapse
rate. In the troposphere, the average environmental lapserateisa
drop of about 6.5 °C for every 1 km (1,000 meters) in increased
height.

The environmental lapse rate (the actual rate at which
temperature drops with height, dT / dz) is not usually equal to the

adiabatic lapse rate (or correspondingly, dS f dz # (). If the
upper air is warmer than predicted by the adiabatic lapse rate
(dS / dz = 0), then when a parcel of air rises and expands, it will
arrive at the new height at a lower temperature than its
surroundings. In this case, the air parcel is denser than its
surroundings, so it sinks back to its original height, and the air is
stable against being lifted. If, on the contrary, the upper air is cooler
than predicted by the adiabatic lapse rate, then when the air parcel
rises to its new height it will have a higher temperature and a
lower density thanits surroundings, and will continue to accelerate
upward.

Temperatures decrease at middle latitudes from an average of
15°C at sea level to about -55°C at the top of the tropopause. At
the poles, the troposphere is thinner and the temperature only
decreases to -45°C, while at the equator the temperature at the top
of the troposphere can reach -75°C.

= _9.8°C/km
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TROPOPAUSE

The tropopause is the boundary region between the troposphere
and the stratosphere. Measuring the temperature change with
heignt through the troposphere and the stratosphere identifies the
location of the tropopause. In the troposphere, temperature
decreases with altitude. In the stratosphere, however, the
temperature remains constant for a while and then increases with
altitude. The region of the atmosphere where the lapse rate changes
from positive (in the troposphere) to negative (in the stratosphere),
is defined as the tropopause. Thus, the tropopause is an inversion

layer, and there is little mixing between the two layers of the
atmosphere.

Atmospheric Flow

The flow of the atmosphere generally moves in a west to east
direction. This however can often become interrupted, creating a
more north to south or south to north flow. These scenarios are
often described in meteorology as zonal or meridional. These terms,
however, tend to be used in reference to localised areas of
atmosphere (at a synopticscale)). A fuller explanation of the flow

of atmosphere around the Earth as a whole can be found in the
three-cell model.

Zonal Flow

A zonal flow regime is the meteorological term meaning that
the general flow pattern is west to east along the Earth’s latitude
lines, with weak shortwaves embedded in the flow. The use of the
word “zone” refers to the flow being along the Earth’s latitudinal

“zones”. This pattern can buckle and thus become a meridional
flow,

Meridional Flow

When the zonal flow buckles, the atmosphere can flow in a
more longitudinal (or meridional) direction, and thus the term
“meridional flow"” arises. Meridional flow patternsfeature strong,
amplified troughs and ridges, with more north-south flow in the
general pattern than west-to-east flow.
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Three-cell Model

The three cells model attempts to describe the actual flow of
the Earth’s atmosphere as a whole. It divides the Earth into the
tropical (Hadley cell), mid latititude (Ferrel cell), and polar (polar
cell) regions, dealing with energy flow and global circulation. Its
fundamental principle is that of balance - the energy that the Earth
absorbs from the sun each year is equal to that which it loses back
into space, but this however is not a balance precisely maintained
in each latitude due to the varying strength of the sun in each
“cell” resulting from the tilt of the Earth’s axis in relation to its
orbit. It demonstrates that a pattern emerges to mirror that of the
ocean - the tropics do not continue to get warmer because the
atmosphere transports warm air poleward and cold air
equatorward, the purpose of which appears to be that of heatand
moisture distribution around the planet.

SYNOFTIC SCALE OBSERVATIONS AND
CONCEPTS

Forcing

Forcing is a term used by meteorologists to describe the situation
where a change or an event in one part of the atmosphere causes a
strengthening change in another part of the atmosphere. It is
usually used to describe connections between upper, middle or
lower levels (such as upper-level divergence causing lower level
convergence in cyclone formation), but can sometimes also be used
to describe such connections over distance rather than height alone,
In some respects, tele-connections could be considered a type of
forcing,

Divergence and Convergence

An area of convergence is one in which the total mass of air is
increasing with time, resulting in an increase in pressure at
locations below the convergence level (recall that atmospheric
pressure is just the total weight of air above a given point).
Divergence is the opposite of convergence - an area where the total
mass of air is decreasing with time, resulting in falling pressure in
regions below the area of divergence.
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. Where divergence is occurring in the upper atmosphere, there
will be air coming in to try to balance the net loss of mass (this is
called the principle of mass conservation), and there is a resulling
upward motion (positive vertical velocity). Another way to state
this is to say that regions of upper air divergence are conducive to
lower level convergence, cyclone formation, and positive vertical
velocity. Therefore, identifying regions of upper air divergence is
an important step in forecasting the formation of a surface low
pressure area.

Other Layers

Within the five principal layers determined by temperature
are several layers determined by other properties:

o The ozone layer is contained within the stratosphere. In this
layer ozone concentrations are about 2 to 8 parts per million,
which is much higher than in the lower atmosphere but still
very small compared to the main components of the
atmosphere. It is mainly located in the lower portion of the
stratosphere from about 15-35 km (9.3-22 mi; 49,000-110,000
ft), though the thickness varies seasonally and geographically.
About 90% of the ozone in our atmosphere is contained in the
stratosphere.

® The ionosphere, the part of the atmosphere that is ionized by
solar radiation, stretches from 50 to 1,000 km (31 to 620 mi;
160,000 to 3,300,000 ft) and typically overlaps both the
exosphere and the thermosphere. It forms the inner edge of the
magnetosphere. It has practical importance because it
influences, for example, radio propagation on the Earth. It is
responsible for auroras.

* The homosphere and heterosphere are defined by whether the
atmospheric gases are well mixed. In the homosphere the
chemical composition of the atmosphere does not depend on
molecular weight because the gases are mixed by turbulence.
The homosphere includes the troposphere, stratosphere, and
mesosphere. Above the turbopause at about 100 km (62 mi;
330,000 ft) (essentially corresponding to the mesopause), the
composition varies with altitude. This is because the distance
that particles can move without colliding with one another is
large compared with the size of motions that cause mixing,. This
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allows the gases tostratify by molecular weight, with the heavier
ones such as oxygen and nitrogen present only near the bottom
of the heterosphere. The upper part of the heterosphere is
composed almost completely of hydrogen, the lightest element.
o The planetary boundary layer is the part of the troposphere
that is nearest the Earth’s surface and is directly affected by it,
mainly through turbulent diffusion. During the day the
planetary boundary layer usually is well-mixed, while at night
it becomes stably stratified with weak or intermittent mixing.
The depth of the planetary boundary layer ranges from as little
as about 100 mon clear, calm nights to 3000 m or more during
the afternoon in dry regions.
The average temperature of the atmosphere at the surface of
Earthis 14 °C (57 °F; 287 K) or 15°C (59 °F;288 K), dependingon
the reference.

PHYSICAL PROPERTIES

Pressure and Thickness

The average atmospheric pressure at sea level is about 1
atmosphere (atm) =101.3 kPa (kilopascals) = 14.7 psi (pounds per
square inch) = 760 torr = 29.92 inches of mercury (symbol Hg).
Total atmospheric mass is 5.1480x10" kg (1.135x10" Ib), aboul
2.5% less than would be inferred from the average sea level pressure
and the Earth’s area of 51007.2 megahectares, this portion being
displaced by the Earth’s mountainous terrain. Atmospheric
pressure is the total weight of the air above unit area at the point
where the pressure is measured. Thus air pressure varies with
location and weather.

If atmospheric density were to remain constant with height
the atmosphere would terminate abruptly at 8.50 km (27,900 ft).
Instead, density decreases with height, dropping by 50% at an
altitude of about 5.6 km (18,000 ft). As a result the pressure decrease
15 appmxima lely exponential with height, so that pressure
decreases by a factor of two approximately every 5.6 km (18,000 ft)
and by a factor of e =2.718.., approximately every 7.64 km125,100
ft), the latter being the average scale height of Earth’s atmosphere
below 70 km (43 mi; 230,000 ft).
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However, because of changes in temperature, average
molecular weight, and gravity throughout the atmospheric column,
the dependence of atmospheric pressure on altitude is modeled by
separate equations for each of the layers listed above. Even in the
exosphere, the almosphere is still present. This can be seen by the
effects of atmospheric drag on satellites.

In summary, the equations of pressure by altitude in the above
references can be used directly to estimate atmospheric thickness.
However, the following published data are given for reference:

* 50% of the atmosphere by mass is below an altitude of 5.6 km
(18,000 ft).

o 90% of the atmosphere by mass is below an altitude of 16 km
(52,000 ft). The common altitude of commercial airliners is

about 10 km (33,000 ft) and Mt. Everest’'s summit is 8,848 m
(29,029 ft) above sea level,

®  99.99997% of the atmosphere by mass is below 100 km (62 mi;
330,000 ft), although in the rarefied region above this there
are auroras and other atmospheric effects. The highest X-

15 plane flight in 1963 reached an altitude of 108.0 km
(354,300 ft).

Density and Mass

The density of air at sea level is about 1.2 kg/m? (1.2 g/L).
Density is not measured directly but is calculated from
measurements of temperature, pressure and humidity using the
equation of state for air (a form of the ideal gas law). Atmospheric
density decreases as the altitude increases. This variation can be
approximately modeled using the barometric formula. More
sophisticated models are used to predict orbital decay of satellites.

The average mass of the atmosphere is about 5 quadrillion
(5x10%) tonnes or 1/1,200,000 the mass of Earth. According to the
AmericanMNational Center for Atmospheric Research, “The total
mean mass of the atmosphere is 5.1480x10" kg with an annual
range due to water vapor of 1.2 or 1.5x10"" kg depending on
whether surface pressure or water vapor data are used; somewhat
smaller than the previous estimate. The mean mass of water vapor
is estimated as 1.27x10" kg and the dry air mass as 5.1352
+0.0003x10" kg.”
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OPTICAL PROPERTIES

Solar radiation (or sunlight) is the energy the Earth receives
from the Sun. The Earth also emits radiation back into space, but at
longer wavelengths that we cannot see. Part of the incoming and
emitted radiation is absorbed or reflected by the atmosphere.

Scattering

When light passes through our atmosphere, photons interact
with it through scattering. If the light does not interact with the
atmosphere, it is called direct radiation and is what you see if you
were to look directly at the Sun. Indirect radiation is light that has
been scattered in the atmosphere. For example, on an overcast day
when you cannot see your shadow there is no direct radiation
reaching you, it has all been scattered.

As another example, due to a phenomenon called Rayleigh
scattering, shorter (blue) wavelengths scatter more easily than
longer (red) wavelengths. This is why the sky looks blue, you are
seeing scattered blue light. This is also why sunsets are red. Because
the Sun is close to the horizon, the Sun’s rays pass through more
atmosphere than normal to reach your eye. Much of the blue light
has been scattered out, leaving the red light in a sunset.

Absorption

Different molecules absorb different wavelengths of radiation.
Forexample, O, and O, absorb almost all wavelengths shorter than
300 nanometers. Water (H,0) absorbs many wavelengths above
700 nm. When a molecule absorbs a photon, it increases the energy
of the molecule. We can think of this as heating the atmosphere,

but the atmosphere also cools by emitting radiation, as discussed
below.

The combined absorption spectra of the gases in the
atmosphere leave “windows” of low opacity, allowing the
transmission of only certain bands of light. The optical window
runs from around 300 nm (ultraviolel-C) up into the range humans
can see, the visible spectrum (commonly called light), at roughly
400-700 nm and continues to the infrared to around 1100 nm. There
are also infrared and radio windows that transmit some infrared
and radio waves at longer wavelengths. For example, the radio
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window runs from about one centimeter to about eleven-meter
Waves.

Emission

Emission is the opposite of absorption, it is when an object
emits radiation. Objects tend to emit amounts and wavelengths of
radiation depending on their “black body” emission curves,
therefore hotter objects tend to emit more radiation, with shorter
wavelengths. Colder objects emit less radiation, with longer
wavelengths. For example, the Sun is approximately 6,000 K
(5,730 °C; 10,340 °F), its radiation peaks near 500 nm, and is visible
to the human eye. The Earth is approximately 290 K (17 “C; 62 °F),
so its radiation peaks near 10,000 nm, and is much too long to be
visible to humans.

Because of its temperature, the atmosphere emits infrared
radiation. For example, on clear nights the Earth’s surface cools
down faster than on cloudy nights. This is because clouds (H,O)
are strong absorbers and emitters of infrared radiation. This is also
why it becomes colder at night at higher elevations. The atmosphere
acts as a “blanket” to limit the amount of radiation the Earth loses
into space. The greenhouse effect is directly related to this
absorption and emission (or “blanket”) effect. Some chemicals in
the atmosphere absorb and emit infrared radiation, but do not
interact with sunlight in the visible spectrum. Common examples
of these chemicals are CO, and H,O. If there are too much of
these greenhouse gases, sunlight heats the Earth’s surface, but the
gases block the infrared radiation from exiting back to space. This
imbalance causes the Earth to warm, and thus climate change.

Refractive Index

The refractive index of air is close to, but just greater than 1.
Systematic variations in refractive index can lead to the bending of
light rays over long optical paths. One example is that, under some
circumstances, observers onboard ships can see other vessels just
over the horizon because light is refracted in the same direction as
the curvature of the Earth’s surface.

The refractive index of air depends on temperature, giving rise
to refraction effects when the temperature gradient is large. An
example of such effects is the mirage.
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Circulation

Atmospheric circulation is the large-scale movement of air
througn the troposphere, and the means (with ocean circulation)
by which heat is distributed around the Earth. The large-scale
structure of the atmospheric circulation varies from year to year,
but the basic structure remains fairly constant as it is determined
by the Earth’s rotation rate and the difference in solar radiation
between the equator and poles.

EVOLUTION OF EARTH'S ATMOSPHERE

Earliest Atmosphere

The outgassings of the Earth were stripped away by solar
winds early in the history of the planet until a steady state was
established, the first atmosphere. Based on today’s volcanic
evidence, this atmosphere would have contained 60% hydrogen,
20% oxygen (mostly in the form of water vapor), 10% carbon dioxide,
5 to 7% hydrogen sulfide, and smaller amounts of nitrogen, carbon
monoxide, free hydrogen, methane and inert gases.

A major rainfall led to the buildup of a vast ocean, enriching
the other agents, first carbon dioxide and later nitrogen and inert
gases. A major part of carbon dioxide exhalations were soon
dissc-lvgd in water and built up carbonate sediments.

Second Atmosphere

Water-related sediments have been found dating from as early
as 3.8 billion years ago. About 3.4 billion years ago, nitrogen was
the major part of the then stable “second atmosphere”. An influence
of life has to be taken into account rather soon in the history of the
atmosphere, since hints of early life forms are to be found as early
as 3.5 billion years ago. The fact that this is not perfectly in line
with the 30% lower solar radiance (compared to today) of the early
Sun has been described as the “faint young Sun paradox”.

The geological record however shows a continually relatively
warm surface during the complete early temperature record of the
Earth with the exceplion of one cold glacial phase about 2.4 billion
years ago. In the late Archaean eon an oxygen-containing
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atmosphere began to develop, apparently from photosynthesizing
algae which have been found as stromatolite fossils from 2.7 billion
years ago. The early basic carbon isotopy (isotope ratio proportions)
is very much in line with what is found today, suggesting that the
fundamental features of thecarbon cycle were established as early
as 4 billion years ago.

Third Atmosphere

The accretion of continents about 3.5 billion years ago
added plate tectonics, constantly rearranging the continents and
also shaping long-term climate evolution by allowing the transfer
of carbon dioxide to large land-based carbonate storages. Free
oxygen did not exist until about 1.7 billion years ago and this can
be seen with the development of the red beds and the end of the
banded iron formations. This signifies a shift from a reducing
atmosphere to an oxidising atmosphere. O, showed major ups and
downs until reaching a steady state of more than 15%. The
following time span was the Phanerozoic eon, during which
oxygen-breathing metazoan life forms began to appear.

Currently, anthropogenic greenhouse gases are increasing in
the atmosphere. According to the Intergovernmental Panel on
Climate Change, this increase is the main cause of global warming,
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PaYsiCAL OCEANOGRAPHY

Physical oceanography is the study of physical conditions
and physical processes within the ocean, especially the motions
and physical properties of ocean walers. It is one of several sub-
domains into which oceanography is divided. Others include
biological, chemical and geological oceanographies.

The pioneering oceanographer Matthew Maury said in
1855 "Our planet is invested with two great oceans; one visible,
the other invisible; one underfoot, the other overhead; one entirely
envelopes it, the other covers about two thirds of its surface,” The
fundamental role of the oceans in shaping Earth is acknowledged
by ecologists, geologists, meteorologists, climatologists, geographers and
others interested in the physical world. An Earth without oceans
would truly be unrecognizable.

Roughly 97% of the planet’s waler is in its oceans, and the oceans
are the source of the vast majority of water vapor that condenses in
the atmosphere and falls as rain or snow on the continents. The
tremendous heat capacity of the oceans moderates the
planet’s climate, and its absorption of various gases affects the
composition of the atmosphere. The ocean’s influence extends even
to the compeosition of velcanicrocks through seafloor metamorphism,

as well as to that of volcanic gases and magmas created at subduction
ZOnNes.
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The oceans are far deeper than the continents are tall;
examination of the Earth's hypsographic curve shows that the
average elevation of Earth's landmasses is only 840 metres (2,760 ft),
while the ocean’s average depth is 3,800 metres (12,500 ft). Though
this apparent discrepancy is great, for both land and sea, the
respective extremes such as mountains and trenches are rare.

TEMPERATURE, SALINITY AND DENSITY

Because the vast majority of the world ocean’s volume is deep
water, the mean temperature of seawater is low; roughly 75% of the
ocean’s volume has a temperature from 0° - 5°C (Pinet 1996). The
same percentage falls in a salinity range between 34-35 ppt (3.4~
3.5%) (Pinet 1996). There is still quite a bit of variation, however,
Surface temperatures can range from below freezing near the poles

to 35°C in restricted tropical seas, while salinity can vary from 10
to 41 ppt (1.0-4.1%).

The vertical structure of the temperature can be divided into
three basic layers, a surface mixed layer, where gradients are low,
a thermocline where gradients are high, and a poorly stratified
abyss.

In terms of temperature, the ocean’s layers are highly latitude-
dependent; the thermocline is pronounced in the tropics, but
nonexistent in polar waters (Marshak 2001). The halocline usually
lies near the surface, where evaporation raises salinity in the
tropics, or meltwater dilutes it in polar regions. These variations
of salinity and temperature with depth change the density of the
seawater, creating the pycnocline.

Circulation

The ultimate energy source for the ocean circulation (and for
the atmospheric circulation) is the sun. The amount of sunlight
absorbed at the surface varies strongly with latitude, being greater
at the equator than at the poles, and this engenders fluid motion in
both the atmosphere and ocean that acts to redistribute heat from
the equator towards the poles, thereby reducing the temperature
gradients that would exist in the absence of fluid motion. Perhaps
three quarters of this heat is carried in the atmosphere; the rest is
carried in the ocean.
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The atmosphere is heated from below, which leads to
convection, the largest expression of which is the Hadley
circulation. By contrast the ocean is heated from above, which tends
bo suppress convection. Instead ocean deep water is formed in polar
regions where cold salty waters sink in fairly restricted areas. This
is the beginning of the thermohaline circulation.

Oceanic currents are largely driven by the surface wind stress;
hence the large-scale atmospheric circulation is important to
understanding the ocean circulation. The Hadley circulation
leads to Easterly winds in the tropics and Westerlies in mid-
latitudes, which creates an anticyclonic wind stress cur] over the
subtropical ocean. This leads to slow equatorward flow
throughout most of a subtropical ocean basin (the Sverdrup
balance). The return flow occurs in an intense, narrow, poleward
western boundary current.

Like the atmosphere, the ocean is far wider than it is deep, and
hence horizontal molion is in general much faster than vertical
motion. In the southern hemisphere there is a continuous belt of
ocean, and hence the mid-latitude westerlies force the strong
Antarctic Circumpolar Current. In the northern hemisphere the
land masses prevent this and the ocean circulation is broken into
smaller gyres in the Atlantic and Pacific basins.

Coriolis Effect

The Coriolis effect results in a deflection of fluid flows (to the
right in the Northern Hemisphere and left in the Southern
Hemisphere). Because the distance around the Earth decreases as
one moves away from the equator, and because the Earth rotates in
a counter clockwise direction as seen from the north pole, air and
water masses are deflected to the east as they move from the equator
to the poles, and to the west as they move from the poles to the
equator. This has profound effects on the flow of the oceans.

In particular it means the flow goesaround high and low
pressure systems, permitling them to persist for long periods of
time. As a result, iny variations in pressure can produce measurable
currents. A slope of one part in one million in sea surface height,
for example, will result in a current of 1 em /s at mid-latitudes. The
fact that the Coriolis effect is largest at the poles and weak at the
equator results in sharp, relatively steady western boundary
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currents which are absent on eastern boundaries. Also see
secondary circulation effects.

Ekman Transport

Ekman Transport results in the net transport of surface water
90 degrees to the right of the wind in the Northern Hemisphere,
and 90 degrees to the left of the wind in the Southern Hemisphere.
As the wind blows across the surface of the ocean, it “grabs” onto
a thin layer of the surface water. In turn, that thin sheet of water

transfers motion energy to the thin layer of water under it, and so
on.

However, because of the Coriolis Effect, the direction of travel
of the layers of water slowly move farther and farther to the right as
they get deeper in the Northern Hemisphere, and to the left in the
Southern Hemisphere. In most cases, the very bottom layer of water
affected by the wind is ata depth of 100 m—150 m and is traveling
about 180 degrees, completely opposite of the direction that the
wind is blowing. Overall, the net transport of water would be 90
degrees from the original direction of the wind.

LANGMUIR CIRCULATION

Langmuir circulation results in the occurrence of thin, visible
stripes, called windrows on the surface of the ocean paralle] to the
direction that the wind is blowing. If the wind is blowing with
more than 3 ms’, it can create parallel windrows alternating
upwelling and downwelling about 5-300 m apart.

These windrows are created by adjacent ovular water cells
(extending to about 6 m (20 ft) deep) alternating rotating clockwise
and counterclockwise. In the convergence zones debris, foam and
seaweed accumulates, while at the divergence zones plankton are
caught and carried to the surface. If there are many plankton in the
divergence zone fish are often atiracted to feed on them.

Ocean-atmosphere Interface

Al the ocean-atmosphere interface, the ocean and atmosphere
exchange fluxes of heat, moisture and momentum.
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Heat

The important heat terms at the surface are the sensible
heat flux, the latent heat flux, the incoming solar radiation and the
balance of long-wave (infrared)radiation. In general, the tropical
oceans will tend to show a net gain of heat, and the polar oceans a
net loss, the result of a net transfer of energy polewards in the
oceans.

The oceans’ large heat capacity moderates the climate of areas
adjacent to the oceans, leading to a maritime climate at such
locations. This can be a result of heat storage in summer and release
in winter; or of transport of heat from warmer locations: a
particularly notable example of this is Western Europe, which is
heated at least in part by the north atlantic drift.

Momentum

Surface winds tend to be of order meters per second; ocean
currents of order cenlimeters per second. Hence from the point of
view of the almosphere, the ocean can be considered effectively
stationary; from the point of view of the ocean, the atmosphere
imposes a significant wind stress on its surface, and this forces
large-scale currents in the ocean.

Through the wind stress, the wind generates ocean surface
waves; the longer waves have a phase velocity tending towards
the wind speed. Momentum of the surface winds is transferred into
the energy flux by the ocean surface waves. The increased
roughness of the ocean surface, by the presence of the waves,
changes the wind near the surface.

Moisture

The ocean can gain moisture from rainfall, or lose it through
evaporation. Evaporative loss leaves the ocean saltier; the
Mediterranean and Persian Gulf for example have strong
evaporative loss; the resulting plume of dense salty water may be
traced through the Straits of Gibraltar into the Atlantic Ocean. At
one time, it was believed that evaporaticn/precipitationwas a
major driver of ocean currents; it is now known to be only a very
minor factor.
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PLANETARY WAVES

Kelvin Waves

A Kelvin wave is any progressive wave thal is channeled
between two boundaries or opposing forces (usually between
the Coriolis {orce and a coastline or the equator). There are two
types, coastal and equatorial. Kelvin waves are gravity driven and
non-dispersive, meaning that the phase speed of the wave at any
one frequency will equal the group speed of the wave energy for
all frequencies. This means that Kelvin waves can retain their
shape and direction over long periods of time. They are usually
created by a sudden shift in the wind, such as the change of the trade
winds at the beginning of the El Nifio-Southern Oscillation.

Coastal Kelvin waves follow shorelines and will always
propagate in a counterclockwise direction in the Northern
hemisphere (with the shoreline to the right of the direction of travel)
andclockwise in the Southern hemisphere.

Equatorial Kelvin waves propagate to the east in the Northern
hemisphere and to the west in the Southern hemisphere, using
the equator as a guide.

Kelvin waves are known to have very high speeds, typically
around 2-3 meters per second. They have wavelengths of
thousands of kilometers and amplitudes in the tens of meters.

Rossby Waves

Rossby waves, or planetary waves are huge, slow waves
generated in the troposphere by temperature differences between
the ocean and the continents. Their major restoring force is the
change in Coriolis force with latitude. Their wave amplitudes are
usually in the tens of meters and very large wavelengths. They are
usually found at low or mid latitudes

There are two types of Rossby waves, barotropic and
baroclinic. Barotropic Rossby waves have the highest speeds and
do not vary vertically. Baroclinic Rossby waves are much slower.

The special identifying feature of Rossby waves is that
the phase velocity of each individual wave always has a westward
component, but the group velocity can be in any direction. Usually
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the shorter Rossby waves have an eastward group velocity and the
longer ones have a westward group velocity.

Climate Variability

The interaction of ocean circulation, which serves as a type of
heat pump, and biological effects such as the concentration
of carbon dioxide can result in global climate changes on a time
scale of decades. Known climate oscillations resulting from these
interactions, include the Pacific decadal oscillation, North Atlantic
oscillation, andArctic oscillation. The oceanic process
of thermohaline circulation is a significant component of heat
redistribution across the globe, and changes in this circulation can
have major impacts upon the climate.

Antarctic Circumpolar Wave

This is a coupled ocean/atmosphere wave that circles
the Southern Ocean about every eight years. Since it is a wave-2
phenomenon (there are two peaks and two troughs in a latitude
circle) at each fixed point in space a signal with a periﬂd of four
years is seen. The wave moves eastward m the direction of
the Antarctic Circumpolar Current.

Ocean Currents

Among the most important ocean currents are the:
e Antarctic Circumpolar Current
¢ Deep ocean (density-driven)
e Western boundary currents
e  Gulf Stream
e Kuroshio Current
e Labrador Current
e  Oyashio Current
e Agnlhas Current
s Brazil Current
» East Australia Current
e Eastern Boundary currents
e (alifornia Current
e CanaryCurrent
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*  Peru Current
* Benguela Current

Antarctic Circumpolar

The ocean body surrounding the Antarctic is currently the only
continuous body of water where there is a wide latitude band of
open watler. It interconnects the Atlantic, Pacific and Indianoceans,
and provide an uninterrupted stretch for the prevailing westerly
winds to significantly increase wave amplitudes. It is generally
accepted that these prevailing winds are primarily responsible for
the circumpolar current transport. This current is now thought to
vary with time, possibly in an oscillatory manner.

Deep Ocean

In the Norwegian Sea evaporative cooling is predominant, and
the sinking water mass, the North Atlantic Deep Water (NADW),
fills the basin and spills southwards through crevasses in
the submarine sills that connect Greenland, Iceland and Britain. It
then flows along the western boundary of the Atlantic with some
part of the flow moving eastward along the equator and then
poleward into the ocean basins. The NADW is entrained into the
Circumpolar Current, and can be traced into the Indian and Pacific
basins. Flow from the Arclic Ocean Basin into the Pacific, however,
is blocked by the narrow shallows of the Bering Strait.

Also see marine geology about that explores the geology of the
ocean floor including plate tectonics that create deep ocean
trenches.

Western Boundary

An idealised subtropical ocean basin forced by winds rircling
around a high pressure (anticyclonic) systems such as the Azores-
Bermuda high aevelops a gyre circulation with slow steady flows
towards the equator in the interior. As discussed by Henry
Stommel, these flows are balanced in the region of the western
boundary, where a thin fast polewards flow called a western
boundary current develops. Flow in the real ocean is more complex,
but the Gulf stream, Agulhas and Kuroshio are examples of such -
currents. They are narrow (approximately 100 km across) and fast
(approximately 1.5 m/s).
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Equatorwards western boundary currents occur in tropical

and polar locations, e.g. the East Greenland and Labrador currents,
in the Atlantic and the Oyashio. They are forced by winds

circulation around low pressure (cyclonic)

Gulf Stream

The Gulf Stream, together with its northern extension, North
Atlantic Current, is a powerful, warm, and swift Atlantic ocean
current that originates in the Gulf of Mexico, exits through the Strait
of Florida, and follows the eastern coastlines of the United States
and Newfoundland to the northeast before crossing the Atlantic
Ocean.

Kuroshio

The Kuroshio Current is an ocean current found in the western
Pacific Ocean off the east coast of Taiwan and flowing
northeastward past Japan, where it merges with the easterly drift
of the North Pacific Current. It is analogous to the Gulf Stream in
the Atlantic Ocean, transporting warm, tropical water northward
towards the polar region.

RAPID VARIATIONS

Tides

The rise and fall of the oceans due to tidal effects is a key
influence upon the coastal areas. Ocean tides on the planet Earth
are created by the gravitational effects of the Sun and Moon. The
tides produced by these two bodies are roughly comparable in
magnitude, but the orbital motion of the Moon results in tidal
patterns that vary over the course of a month.

The ebb and flow of the tides produce a cyclical current along
the coast, and the strength of this current can be quite dramatic
along narrow estuaries. Incoming tides can also produce a tidal
bore along a river or narrow bay as the water flow against the
current results in a wave on the surface.

Tide and Current (Wyban 1992) clearly illustrates the impact
of these natural cycles on the lifestyle and livelihood of Native
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Hawaiians tending coastal fishponds. Aia ke ola ka hana meaning
... Lifeis in labor. :

Tidal resonance occurs in the Bay of Fundy since the time it
takes for a large wave to travel from the mouth of the bay to the
opposite end, then reflect and travel back to the mouth of the bay
coincides with the timing between this repeating wave that is also
reinforced by the tidal rhythm producing the world’s highest tides.

As the surface tide oscillates over topography, such as
submerged seamounts or ridges, it generates internal waves at the
tidal frequency, which are known as internal tides.

Tsunamis

A series of surface waves can be generated due to large-scale
displacement of the ocean water. These can be caused by sub-
marine landslides, seafloor deformations due toearthquakes, or the
impact of a large meteorite.

The waves can travel with a velocity of up to several hundred
km /hour across the ocean surface, but in mid-ocean they are barely
detectable with wavelengths spanning hundreds of kilometers.

Tsunamis, originally called tidal waves, were renamed because
they are not related to the tides. They are regarded as shallow-
water waves, or waves in water with a depth less than 1 /20 their
wavelength. Tsunamis have very large periods, high speeds, and
great wave heights.

The primary impact of these waves is along the coastal
shoreline, as large amounts of ocean water are cyclically propelled
inland and then drawn out to sea. This can result in significant
modifications to the coastline regions where the waves strike with
sufficient energy.

The tsunami that occurred in Lituya Bay, Alaska on July 9,
1958 was 520 m (1,710 ft) high and is the biggest tsunami ever
measured, almost 90 m (300 ft) taller than the Sears Tower in
Chicago and about 110 m (360 ft) taller than the World Trade

Center in New York.

Surface waves

The wind generates ocean surface waves, which have a large
impact on offshore structures, ships, coastal erosion and
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sedimentation, as well as harbours. After their generation by the
wind, ocean surface waves can travel (as swell) over long distances.

Thermohaline Circulation

The term thermohaline circulation (THC) refers to a part of the
large-scale ocean circulation that is driven by global density
gradients created by surface heat and freshwater fluxes. The
adjective thermohaline derives fromthermo- referring to
temperature and -haline referring to salt content, factors which
together delermine thedensity of sea water. Wind-driven surface
currents (such as the Gulf Stream) head polewards from the
equatorial Atlantic Ocean, cooling all the while and eventually
sinking at high latitudes (forming North Atlantic Deep Water). This
dense water then flows into the ocean basins.

While the bulk of it upwells in the Southern Ocean, the oldest
waters (with a transit time of around 1600 years) upwell in the
North Pacific (Primeau, 2005). Extensive mixing therefore takes
place between the ocean basins, reducing differences between them
and making the Earth’s ocean a global system. On their journey,
the water masses transport both energy (in the form of heat) and
matter (solids, dissolved substances and gases) around the globe.
As such, the state of the circulation has a large impact on
the climate of the Earth.

The thermohaline circulation is sometimes called the ocean
conveyor belt, the great ocean conveyor, or the global conveyor belt.

On occasion, it is used to refer to the meridional overturning
circulation (often abbreviated as MOC). The term MOC, however,
is more accurate and well defined, as it is difficult to separate the
part of the circulation which is actually driven by temperature and
salinity alone as opposed to other factors such as the wind and
tidal forcing. Temperature and salinity gradients can also lead to
a circulation which does not add to the MOC itself.

The movement of surface currents pushed by the wind is fairly
intuitive. For example, the wind easily produces ripples on the
surface of a pond. Thus the deep ocean —- devoid of wind — was
assumned to be perfectly static by early oceanographers. However,
modern instrumentation shows that current velocities in deep water
masses can be significant (although much less than surface speeds).
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In the deep ocean, the predominant driving force is differences
in density, caused by salinity and temperature (the more saline the
denser, and the colder the denser). There is often confusion over
the components of the circulation that are wind and density driven.

Note that ocean currents due to tides are also significant in many
places; most prominent in relatively shallow coastal areas, tidal
currents can also be significant in the deep ocean.

The density of ocean water is not globally homogeneous, but
varies significantly and discretely. Sharply defined boundaries
exist between water masses which form at the surface, and
subsequently maintain their own identity within the ocean. They
position themselves one above or below each other according to
their density, which depends on both temperature and salinity.

Warm seawater expands and is thus less dense than cooler
seawater. Saltier water is denser than fresher water because the
dissolved salts fill interstices between water molecules, resulting
N more mass per unit volume. Lighter water masses float over
denser ones (just as a piece of wood or ice will float on water,
seebuoyancy). This is known as “stable stratification”. When dense
walter masses are first formed, they are not stably stratified. In order
to take up their most stable positions, water masses of different
densities must flow, providing a driving force for deep currents.

The thermohaline circulation is mainly triggered by the
formation of deep water masses in the North Atlantic and
the Southern Ocean and Haline forcing caused by differences in
temperature and salinity of the water.

FORMATION OF DEEP WATER MASSES

The aense water masses that sink into the deep basins are
formed in quite specific areas of the North Atlanticand the Southern
Ocean. In these polar regions, seawater at the surface of the ocean
is intensely cooled by the wind. Wind moving over the water also
produces a great deal of evaporation, leading to a decrease in
temperature, called evaporative cooling. Evaporation removes only
water molecules, resulting in an increase in the salinity of the
seawater left behind, and thus an increase in the density of the
water mass.
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[n the Norwegian Sea evaporative cooling is predominant, and
the sinking water mass, the North Atlantic Deep Water (NADW),
fills the basin and spills southwards throdgh crevasses in
the submarine sills that connect Greenland, Iceland and Great
Britain. It then flows very slowly into the deep abyssal plains of
the Atlantic, always in a southerly direction. Flow from the Arctic
Ocean Basin into the Pacific, however, is blocked by the narrow
shallows of the Bering Strait.

The formation of sea ice also contributes to an increase in
seawater salinity; saltier brine is left behind as the sea ice forms
around it (pure water preferentially being frozen). Increasing
salinity depresses the freezing temperature of seawater, so cold
liquid brine is formed in inclusions within a honeycomb of ice. The
brine progressively melts the ice just beneath it, eventually dripping
out of the ice matrix and sinking. This process is known as brine
exclusion. By contrast in the Weddell Sea off the coast
of Antarctica near the edge of the ice pack, the effect of wind cooling
is intensified by brine exclusion.

The resulting Antarctic Bottom Water (AABW) sinks and flows
north into the Atlantic Basin, but is so dense it actually underflows
the NADW. Again, flow into the Pacific is blocked, this time by
the Drake Passage between the Antarctic Peninsula and the
southernmost tip of South America.

. The dense water masses formed by these processes flow
downhill at the bottom of the ocean, like a stream within the
surrounding less dense fluid, and fill up the basins of the polar
seas. Just as river valleys direct streams and rivers on the continents,
the bottom topography steers the deep and bottom water masses.

Note that, unlike fresh water, saline water does not have a
density maximum at 4°C but gets denser as it cools all the way to
its frEEzing point of approximately “1.8°C,

Movement of Thermohaline Circulation

Formation and movement of the deep water masses at the North
Atlantic Ocean, creates sinking water masses that fill the basin
and flows very slowly into the deep abyssal plains of the Atlantic.
This high latitude cooling and the low lalitude heating drives the
movement of the deep water ina polar southward flow. The deep
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water flows through the Antarctic Ocean Basin around South
Africa where it is split into two routes: one into the Indian
Ocean and one past Australia into the Pacific.

At the Indian Ocean, some of the cold and salty water from the
Atlantic — drawn by the flow of warmer and fresher upper ocean
water from the tropical Pacific — causes a vertical exchange of
dense, sinking water with lighter water above. It is known
as overturning. In the Pacific Ocean, the rest of the cold and salty
water from the Atlantic undergoes Haline forcing and faster
becomes warmer and fresher.

The out-flowing undersea of cold and salty water makes the
sea level of the Atlantic slightly lower than the Pacific and salinity
or halinity of water at the Atlantic higher than the Pacific. This
generates a large but slow flow of warmer and fresher upper ocean
water from the tropical Pacific to the Indian Ocean through
the Indonesian Archipelago to replace the cold and salty Antarctic
Bottom Water. This is also known as ‘Haline forcing’ (net high
latitude freshwater gain and low latitude evaporation). This
warmer, fresher water from the Pacific flows up through the South
Atlantic to Greenland, where it cools off and undergoes evaporative

cooling and sinks to the ocean floor, providing a continuous
thermohaline circulation.

Hence, a recent and popular name for the thermohaline
circulation, emphasizing the vertical nature and pole-to-pole
character of this kind of ocean circulation, is the meridional
overturning circulation.

Quantitative Estimation

The deep water masses that participate in the MOC have
chemical, temperature and isotopic ratio signatures and can be

traced, their flow rate calculated, and their age determined. These
include #'Pa / *'Th ratios.

Gulf Stream

The North Atlantic Current, warm ocean current that continues
the Gulf Stream northeast, is largely driven by the global
thermohaline circulation to further east and north from the North
American coasl, across the Atlantic and into the Arctic Ocean.
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Upwelling

All these dense water masses sinking into the ocean basins
displace the water below them, so that elsewhere water must be
rising in order to maintain a balance. However, because this
thermohaline upwelling is so widespread and diffuse, its speeds
are very slow evencompared to the movement of the bottom water
masses.

1t is therefore difficult to measure where upwelling occurs using,
current speeds, given all the other wind-driven processes going on
in the surface ocean. Deep waters do however have their own
chemical signature, formed from the breakdown of particulate
matter falling into them over the course of their long journey at
depth; and a number of authors have tried to use these tracers to
infer where the upwelling occurs.

Wallace Broecker, using box models, has asserted that the bulk
of deep upwelling occurs in the North Pacific, using as evidence
the high values of silicon found in these waters. However, other
investigators have not found such clear evidence. Computer models
of ocean circulation increasingly place most of the deep upwelling
in the Southern Ocean, associated with the strong winds in the
open latitudes between South America and Antarctica.

While this picture is consistent with the global observational
synthesis of William Schmitz at Woods Hole and with low observed
values of diffusion, not all observational syntheses agree. Recent
papers by Lynne Talley at the Scripps Institution of Oceanography
and Bernadette Sloyan and Stephen Rintoul in Australia suggest
that a significant amount of dense deep water must be transformed
to light water somewhere north of the Southern Ocean.

Effects on Global Climate

The thermohaline circulation plays an important role in
supplying heat to the polar regions, and thus in regulating the
amount of sea ice in these regions, although poleward heat transport
outside the tropics is considerably larger in the atmosphere than
in the ocean. Changes in the thermohaline circulation are thought
to have significant impacts on the Earth’s radiation budget. Insofar
as the thermohaline circulation governs the rate at which deep
waters are exposed to the surface, it may also play an importanl
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role in delermining the concentration of carbon dioxide in the
almosphere.

While it is often stated that the thermohaline circulation is the
primary reason that Western Europe is so temperate, it has been
suggested that this is largely incorrect, and that Europe is warm
mostly because it lies downwind of an ocean basin, and because of
the effect of atmospheric waves bringing warm air north from
thesubtropics. However, the underlying assumptions of this
particular analysis have likewise been challenged.

Large influxes of low density meltwater from Lake Agassiz and
deglaciation in North America are thought to have led to a
disruption of deep water formation and subsidence in the extreme
North Atlantic and caused the climate period in Europe known as
the Younger Dryas.

HYDROTHERMAL CIRCULATION

Hydrothermal circulation in its most general sense is the
circulation of hot water; *hydros’ in the Greek meaning water and
‘thermos’ meaning heat. Hydrothermal circulation occurs most
often in the vicinity of sources of heat within the Earth’s crust.
This generally occurs near volcanic activity, but can oceur in the
deep crust related to the intrusion of granite, or as the result
of orogeny or metamorphism.

Hydrothermal circulation in the oceans is the passage of the
water through mid-oceanic ridge systems.

The term includes both the circulation of the well known, high
temperature vent waters near the ridge crests, and the much lower
temperature, diffuse flow of water through sediments and
buried basalts further from the ridge crests. The former circulation
type is sometimes termed “active”, and the latter “passive”.

In both cases the principle is the same: cold dense seawater
sinks into the basalt of the seafloor and is heated at depth whereupon
it rises back to the rock-ocean water interface due to its lesser
density. The heat source for the active vents is the newly formed
basalt, and, for the highest temperature vents, the underlying
magma chamber. The heat source for the passive vents is the still-
cooling older basalts. Heat flow studies of the seafloor suggest that
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basalts within the oceanic crust take millions of years to completely
cool as they continue to support passive hydrothermal circulation
systems.

Hydrothermal vents are locations on the seafloor where
hydrothermal fluids mix into the overlying ocean. Perhaps the best
known vent forms are the chimneys referred to as black smokers.

Volcanic and Magma Related Hydrothermal
Circulation

Hydrothermal circulation is not limited to ocean ridge
environments. The source water for hydrothermal explosions,
geysers and hot springs is heated groundwater convecting below
and lateral to the hot water vent. Hydrothermal circulating
convection cells exist any place an anomalous source of heat, such

as an intruding magma or volcanic vent, comes into contact with
the gmundw;lter system.

Deep Crust

Hydrothermal also refers to the transport and circulation of
water within the deep crust, generally from areas of hot rocks to
areas of cooler rocks. The causes for this convection can be:
= Intrusion of magma into the crust
° Radioactive heat generated by cooled masses of granite
e  Heal from the mantle

 Hydraulic head from mountain ranges, forexample, the Great
Artesian Basin

° Dewatering of metamorphic rocks which liberates water

e Dewatering of deeply buried sediments
Hydrothermal circulation, particularly in the deep crust, is a

primary cause of mineral deposit formation and a cornerstone of
most theories on ore genesis.

Hydrothermal ore Deposits

During the early 1900s various geologists worked to classify
hydrothermal ore deposits which were assumed to have formed from
upward flowing aqueous solutions. Waldemar Lindgrendeveloped
a classification based on interpreted decreasing temperature and
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pressure conditions of the depositing fluid. His terms: hypothermal,
mesothermal, epithermal and teleothermal were based on
decreasing temperature and increasing distance from a deep source.
Only the epithermal has been used in recent works. John Guilbert's
1985 redo of Lindgren's system for hydrothermal deposits includes
the following:

¢ Ascending hydrothermal fluids, magmatic or meteoric water

* Porphyry copper and other deposits, 200 - 800 °C, moderate
pressure

* Igneous metamorphic, 300 - 800 °C, low - moderate pressure

* Cordilleran veins, intermediate to shallow depths

e Epithermal, shallow to intermediate, 50 - 300 °C, low pressure

® Circulating heated meteoric solutions

* Mississippi Valley type deposits, 25 - 200 °C, low pressure

®  Western US uranium, 25 - 75 °C, low pressure

e Circulating heated seawater

® Oceanic ridge deposits, 25 - 300 °C, low pressure

Hydrothermal Synthesis

Hydrothermal synthesis includes the various techniques of
crystallizing substances from high-temperature aqueous
solutions at high vapor pressures; also termed “hydrothermal
method”. The term “hydrothermal” is of geologic origin.
Geochemists and mineralogists have studied hydrothermal phase
equilibria since the beginning of the twentieth century. George
W. Morey at the Cammegie Institution and later, Percy W. Bridgman
at Harvard University did much of the work to lay the foundations
necessary to containment of reactive media in the temperature
and pressure range where most of the hydrothermal work is
conducted.

Hydrothermal synthesis can be defined as a method of
synthesis of single crystals that depends on the solubility of
minerals in hot water under high pressure. The crystal growth is
performed in an apparatus consisting of a steel pressure vessel
called autoclave, in which a nutrient is supplied along with water.
A gradient of temperature is maintained at the opposite ends of the
growth chamber so that the hotler end dissolves the nutrient and
the cooler end causes seeds to take additional growth.



Physical Oceanography 217

Possible advantages of the hydrothermal method over other
types of crystal growth include the ability to create crystalline
phases which are nol stable at the melting point. Also, materials
which have a high vapour pressure near their melting points can
also be grown by the hydrothermal method. The method is also
particularly suitable for the growth of large good-quality crystals
while maintaining good control over their composition.
Disadvantages of the method include the need of expensive
autoclaves, and the impossibility of observing the crystal as it
grows.

In 1839, the German chemist Robert Bunsen contained aqueous
solutions in thick-walled glass tubes at temperatures above 200 °C
and at pressures above 100 bars. The crystals ofbarium
carbonate and strontium carbonate that he grew under these
conditions mark the first use of hydrothermal aqueous solvents as
media. Other early reports of the hydrothermal growth of crystals
were by Schafhdult in 1845 and by de Sénarmont in 1851, who
produced only microsccpic crystals. Later G. Spezzia (1905)
published reports on the growth of macroscopic crystals.

He used solutions of sodium silicate, natural crystals as seeds
and supply, and a silver-lined vessel. By heating the supply end of
his vessel to 320-350 °C, and the other end to 165-180 °C, he obtained
about 15 mm of new growth over a 200 day period. Unlike modern
practice, the hotter part of the vessel was at the top. Other notable
contributions have been made by Nacken (1946), Hale (1948),
Brown (1951), Walker (1950) and Kohman (1955).

Uses

A large number of compounds belonging to practically all
classes have been synthesized under hydrothermal conditions:
elements, simple and complex oxides, tungstates, molybdates,
carbonates, silicates, germanates etc. Hydrothermal synthesis is
commonly used to grow synthetic quartz, gems and other single
crystals with commercial value. Some of the crystals that have been

efficiently grown are emeralds, rubies, quartz, alexandrite and
others.

The method has proved to be extremely efficient both in the
search for new compounds with specific physical properties and
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in the systematic physicochemical investigation of intricate
multicomponent systems at elevated temperatures and
pIressures.

EQUIPMENT FOR HYDROTHERMAL CRYSTAL
GROWTH

The crystallization vessels used are autoclaves. These are
usually thick-walled steel cylinders with a hermetic seal which
must withstand high temperatures and pressures for prolonged
periods of time. Furthermore, the autoclave material must be inert
with respect to the solvent. The closure is the most important
element of the autoclave. Many designs have been developed for
seals, the most famous being the Bridgman seal. In most cases steel-
corroding solutions are used in hydrothermal experiments. To
prevent corrosion of the internal cavity of the autoclave, protective
inserts are generally used. These may have the same shape of the
auloclave and fit in the internal cavity (contact-type insert) orbe a
“floating” type insert which occupies only part of the autoclave
interior. Inserts may be made of carbon-free iron, copper, silver,
gold, platinum, titanium, glass (or quartz), or Teflon, depending on
the temperature and solution used.catalyst materials prepared by
hydrothermal methods.

Methods

Temperature-difference Method

The most extensively used method in hydrothermal synthesis
and crystal growing. The supersaturation is achieved by reducing
the temperature in the crystal growth zone. The nutrient is placed
in the lower part of the autoclave filled with a specific amount of
solvent. The autoclave is heated in order to create two temperature
zones. The nutrient dissolves in the hotter zone and the saturated
aqueous solution in the lower part is transported to the upper part
by convective motion of the solution. The cooler and denser solution
in the upper part of the autoclave descends while the counterflow
of solution ascends. The solution becomes supersaturated in the
upper part as the result of the reduction in temperature and
crystallization sets in.
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Temperamre-reducﬂﬂn Technique

In this technique crystallization takes place without a
temperature gradient between the growth and dissolution zones.
The supersaturation is achieved by a gradual reduction in
temperature of the solution in the autoclave. The disadvantage of
this technique is the difficulty in controlling the growth process
and introducing seed crystals. For these reasons, this technique is
very seldom used.

Metastable-phase Technique

This technique is based on the difference in solubility between
the phase to be grown and that serving as the starting material.
The nutrient consists of compounds that are thermodynamically
unstable under the growth conditions. The solubility of the
metastable phase exceeds that of the stable phase, and the latter
crystallize due to the dissolution of the metastable phase. This
technique is usually combined with one of the other two techniques
above.

GLOBAL SEA LEVEL OBSERVING SYSTEM

The Global Sea Level Observing System (GLOSS) is an
Intergovernmental Oceanographic Commission program whose
purpose is to measure sea level globally for long-term climate
change studies. The program’s puirpose has changed since the 2004
Indian Ocean earthquake and the program now collects realtime
measurements of sea level. The project is currently upgrading the
over 290 stations it currently runs, so that they can send realtime
data via satellite to newly set up national tsunami centres.

They are also fitling the stations with solar panels so they can

continue to operate even if the mains power supply is interrupted
by severe weather. The Global Sea Level Observing System does
not compete with Deep-ocean Assessment and Reporting of
Tsunamis as most GLOSS transducers are located close to land
masses while DART's transducers are far out in the ocean.

Downwelling

Downwelling is the process of accumulation and sinking of
higher density material beneath lower density material, such as
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cold or saline water beneath warmer or fresher water or cold air
beneath warm air. It is the sinking limb of a convection cell.
Upwelling is the opposite process and together these two forces
are responsible in the oceans for the thermohaline circulation. The
sinking of cold lithosphere at subduction zones is another example
of downwelling in plate tectonics.

Downwelling occurs at anti-cyclonic places within the ocean

where warm rings are spinning clockwise creating surface
CONVergence.
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VYV OLCANOES AND EARTHQUAKE

A volcanois a place on the Earth’s surface (or any other planet’s
or moon's surface) where molten rock, gases and pyroclastic debris
erupt through the earth’s crust. Volcanoes vary quite a bit in their
structure - some are cracks in the earth’s crust where lava erupts,

and some are domes, shields, or mountain-like structures with a
crater at the summit.

A volcano is an opening, or rupture, in a planet’s surface
or crust, which allows hot magma, volcanic ash and gases to
escape from below the surface. Volcanoes are generally found
where tectonic plates are diverging or converging. A mid-oceanic
ridge, for example the Mid-Atlantic Ridge, has examples of
volcanoes caused by divergent tectonic plates pulling apart;
the Pacific Ring of Fire has examples of volcanoes caused
b}r convergent tectonic pIates coming together. By contrast,
volcanoes are usually not created where two tectonic plates slide
past one another.

Volcanoes can also form where there is stretching and thinning
of the Earth'’s crust in the interiors of plates, e.g,, in the East African
Rift, the Wells Gray-Clearwater volcanic field and the Rio Grande
Rift in North America. This type of volcanism falls under the
umbrella of “Plate hypothesis” volcanism. Volcanism away from
plate boundaries has also been explained as mantle plumes. These
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so-called “hotspots”, for example Hawaii, are postulated lo arise
from upwelling diapirs with magma from the core-mantle
boundary, 3,000 km deep in the Earth.

Erupting volcanoes can pose many hazards, not only in the
immediate vicinity of the eruption. Volcanic ash can be a threat
toaircrafl, in particular those with jet engines where ash particles
can be melted by the high operating temperature. Large eruptions
can affect temperature as ash and droplets of sulfuric acid obscure
the sun and cool the Earth’s lower atmosphere ortroposphere;
however, they also absorb heat radiated up from the Earth, thereby
warming the stratosphere. Historically, so-calledvolcanic
winters have caused catastrophic famines.

WHAT CAUSES VOLCANOES?

The earth has “plates” and when two plates hit each other,
one goes under and becomes “molten” which means it gets so hot,
the ground turns into liquid. The molten stuff finds a hole in the
ground and comes out the top. All of the continents used to be just
one big piece of land, but the land broke up and floated away and
created the 7 continents we have now. This was called continental
drift. If you look at South America, it looks like it could fit like a
puzzle piece into Africa.

Because of the way the ground broke, it created plates. Even
though the ground is heavy, the plates continue to move and that -
can cause earthquakes and volcanoes. When two plates hit each
other, one can go under and become”molten” which means it gets
so hot, the ground turns into liquid. The molten stuff finds a hole in
the ground and comes oul the top. When the molten stuff is in the
volcano it is called magma. When it explodes, it is called lava.

Volcanoes explode because of the gas buildup. When the gas
builds up a lot, the gas and lava, which is hot rocks, blows out the
top, it's a lot like the way a soda explodes. The lava can get up to
1600 degrees - a lot hotter than an oven. After the lava cools, it
turns into rock. One of the types of rock is obsidian, which is shiny
and black. Volcanoes can also occur on other planets. Not all
volcanoes explode, some are inactive and some are dormant.

The lava can kill people, but there can be other problems. If
there's heavy rains on the ash it creates a thick mud that has trapped
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people and animals. When all the trees and plants are destroyed
by the lava, the animals have nothing lo eat.

Lots of volcanoes happen in the “Ring of Fire” which is from
California to Asia. There are large tectonic plates in the Ring of Fire
and lots of earthquakes happen here too.

Volcanic eruptions can cause great damage and the loss of life
and property.

The Word Volcano: The word volcano comes from the Roman
god of fire, Vulcan. Vulcan was said to have had a forge (a place to
melt and shape iron) on Vuleano, an active volcano on the Lipari
Islands in Italy.

Extreme Volcanoes: The largest volcano on Earth is Hawaii's
Mauna Loa. Mauna Loa is about 6 miles (10 km) tall from the sea
floor to its summit (it rises about 4 km above sea level). It also has
the greatest volume of any volcano, 10,200 cubic miles (42,500 cubic
kilometers). The most active velcano in the continental USA is Mt.
St. Helens (located in westernWashington state).

The largest volcano in our Solar System is perhaps Olympus
Mons on the planet Mars. This enormous volcane is 17 miles (27
km) tall and over 320 miles (520 km) across.

Divergent Plate Boundaries

At the mid-oceanic ridges, two tectonic plates diverge from one
another. New oceanic crust is being formed by hot molten rock
slowly cooling and solidifying. The crust is very thin at mid-oceanic
ridges due to the pull of the tectonic plates. The release of pressure
due to the thinning of the crust leads to adiabatic expansion, and
the partial melting of the mantle causing volcanism and creating
new oceanic crust. Most divergent plate boundaries are at the
bottom of the oceans, therefore most volcanic activity is submarine,
forming new seafloor. Black smokers or deep sea vents are an
example of this kind of volcanic activity. Where the mid-oceanic
ridge is above sea-level, volcanic islands are formed, for
example, Iceland.

Convergent Plate Boundaries

Subduction zones are places where two plates, usually an
oceanic plate and a continental plate, collide. In this case, the
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oceanic plate subducts, or submerges under the continental plate
forming a deep ocean trench just offshore. Water released from the
subducting plate lowers the melting temperature of the overlying
mantle wedge, creating magma. This magma tends to be
very viscous due to its high silica content, so often does nol reach
the surface and cools at depth. When il does reach the surfaee, a
volcano is formed. Typical examples for this kind of volcano
are Mount Etna and the volcanoes in the Pacific Ring of Fire.

“Hotspots”

“Hotspots” is the name given to volcanic provinces postulated
to be formed by mantle plumes. These are postulated to comprise
columns of hot material that rise from the core-mantle boundary.,
They are suggested to be hot, causing large-volume melting, and to
be fixed in space. Because the tectonic plates move across them,
each volcano becomes dormant after a while and a new volcano is
then formed as the plate shifts over the postulated plume.
The Hawaiian Islands have been suggested to have been formed
in such a manner, as well as theSnake River Plain, with
the Yellowstone Caldera being the part of the North American plate
currently above the hot spot. This theory is currently under
criticism, however,

VOLCANIC GASES AND THEIR EFFECTS

Magma contains dissolved gases that are released into the
atmosphere during eruptions. Gases are also released from magma
that either remains below ground (for example, as an intrusion) or
is rising toward the surface. In such cases, gases may escape
continuously into the atmosphere from the soil, volcanic
vents, fumaroles, and hydrothermal systems.

At high pressures deep beneath the earth’s surface, voleanic
gases are dissolved in molten rock. But as magma rises toward the
surface where the pressure is lower, gases held in the melt begin to
form tiny bubbles. The increasing volume taken up by gas bubbles
makes the magma less dense than the surrounding rock, which
may allow the magma to continue its upward journey. Closer to
the surface, the bubbles increase in number and size so that the gas
volume may exceed the melt volume in the magma, creating a
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magma foam. The rapidly expanding gas bubbles of the foam can
lead to explosive eruptions in which the melt is fragmented into
pieces of volcanic rock, known as tephra. If the molten rock is not
fragmented by explosive activity, a lava flow will be generated.

Together with the tephra and entrained air, volcanic gases can
rise tens of kilomelers into Earth’s atmosphere during large
explosive eruptions. Once airtborne, the prevailing winds may blow
the eruption cloud hundreds to thousands of kilometers from a
volcano. The gases spread from an erupting vent primarily asacid
aerosols (tiny acid droplets), compounds attached to tephra
particles, and microscopic salt particles.

Volcanic gases undergo a tremendous increase in volume when
magma rises to the Earth’s surface and erupts. For example, consider
what happens if one cubic meter of 900°C rhyolite magma
containing five percent by weight of dissolved water were suddenly
brought from depth to the surface. The one cubic meter of magma
now would occupy a volume of 670 m® as a mixture of water vapor
and magma at atmospheric pressure (Sparks et, al,, 1997)! The one
meter cube at depth would increase to 8.75 m on each side at the
surface. Such enormous expansion of volcanic gases, primarily
water, is the main driving force of explosive eruptions.

Sulfur Dioxide (SO,)

The effects of SO, on people and the environment vary widely
depending on (1) the amount of gas a volcano emits into the
atmosphere; (2) whether the gas is injected into the troposphere or
stratosphere; and (3) the regional or global wind and weather
pattern that disperses the gas. Sulfur dioxide (SO,) is a colorless
gas with a pungent odor that irritates skin and the tHssues and
mucous membranes of the eyes, nose, and throat. Sulfur dioxide
chiefly affects upper respiratory tract and bronchi. The World
Health Organization recommends a concentration of no greater
than 0.5 ppm over 24 hours for maximum exposure. A concentration
of 6-12 ppm can cause immediate irritation of the nose and throat;
20 ppm can cause eye irritation; 10,000 ppm will irritate moist skin
within minutes.

Emission rates of SO, from an active volcano range from <20
tonnes/day to >10 million tonnes/day according to the style of
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volcanic activity and type and volume of magma invelved. For
example, the large explosive eruption of Mount Pinatubo on 15
June 1991 expelled 3-5 km?® of dacite magma and injected about 20
million metric tons of SO, into the stratosphere. The sulfur aerosols
resulted in a 0.5-0.6°C cooling of the Earth’s surface in the Northern
Hemisphere. The sulfate aerosols also accelerated chemical
reactions that, together with the increased stratospheric chlorine
levels from human-made chlorofluorocarbon (CFC) pollution,
destroyed ozone and led to some of the lowest ozone levels ever
observed in the atmosphere.

AtKilauea Volcano, the recent effusive eruption of about 0.0005
km?/day (500,000 m?) of basalt magma releases about 2,000 tonnes
of S0, into the lower troposphere. Downwind from the vent, acid
rain and air pollution is a persistent health problem when the
volcano is eruphing.

SO, Causes air Pollution Volcanic Smog

Eruptions of Kilauea Volcano release large quantities of sulfur
dioxide gas into the atmosphere that can lead to volcanic air
pollution on the Island of Hawai'i. Sulfur dioxide gas reacts

chemically with sunlight, oxygen, dust particles, and water to form
volcanic smog known as vog,.

50, effects Earth’s Surface Temperature Global
Cuu]mg and Ozone Depletion

Measurements from recent eruptions such as Mount St. Helens,
Washington (1980), El Chichon, Mexico (1982), and Mount Pinatubo,
Philippines (1991), clearly show the importance of sulfur aerosols
in modifying climate, warming the stratosphere, and cooling the
troposphere. Research has also shown that the liquid drops of
sulfuric acid promote the destruction of the Earth’s ozone layer.,

Please see the web article, “Volcanic Gases and Climate Change
Overview” for additional information.

Hydrogen Sulfide (H,S)

Hydrogen sulfide (H,5) is a colorless, flammable gas with a
strong offensive odor. It is sometimes referred to as sewer gas. At
low concentrations it can irritate the eyes and acts as a depressant;
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at high concentrations it can cause irritation of the upper
respiratory tract and, during long exposure, pulmonary edema. A
30-minute exposure to 500 ppm results in headache, dizziness,
excitement, staggering gait, and diarrhea, followed sometimes by
bronchitis or bronchopneumonia.

Carbon Dioxide (CO,)

Volcanoes release more than 130 million tonnes of CO, into
the atmosphere every year. This colorless, odorless gas usually
does not pose a direct hazard to life because it typically becomes
diluted to low concentrations very quickly whether it is released
continuously from the ground or during episodic eruptions. Butin
certain circumstances, CO, may become concentrated at levels lethal
to people and animals. Carbon dioxide gas is heavier than air and
the gas can flow into in low-lying areas; breathing air with more
than 30% CO, can quickly induce unconsciousness and cause
death. In volcanic or other areas where CO, emissions occur, it is
important to avoid small depressions and low areas that might be
CO, traps. The boundary between air and lethal gas can be
extremely sharp; even a single step upslope may be adequate to
escape death.

When a burning piece of cloth is lowered into a hole that has a
high concentration of CO,, the fire goes out. Such a condition can
be lethal to people and animals.

Air with 5% CO, causes perceptible increased respiration; 6-
10% results in shoriness of breath, headaches, dizziness, sweating,
and general restlessness; 10-15% causes impaired coordination
and abrupt muscle contractions; 20-30% causes loss of
consciousness and convulsions; over 30% can cause death
(Hathaway et. al., 1991).

Please see the web article, “Volcanic Gases and Climate Change
Overview” for more information on Voleanic versus anthropogenic
CO,emissions.

HYDROGEN CHLORIDE (HCL)

Chlorine gas is emitted from volcances in the form of
hydrochloric acid (HCI). Exposure to the gas irritates mucous
membranes of the eyes and respiratory tract. Concentrations over
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35 ppm cause irritation of the throat after short exposure; =100
ppm results in pulmenary edema, and often laryngeal spasm. It
also causes acid rain downwind from volcanoes because HCl is
extremely soluble in condensing water droplets and it is a very
“strong acid” (it dissociates extensively to give H* ions in the
droplets).

Hydrogen Fluoride (HF)

Fluorine is a pale yellow gas that attaches to fine ash particles,
coats grass, and pollutes streams and lakes. Exposure to this
powerful caustic irritant can cause conjunctivitis, skin irritation,
bone degeneration and mottling of teeth. Excess fluorine results in
a significant cause of death and injury in livestock during ash
eruptions. Even in areas that receive just a millimeter of ash,
poisoning can occur where the fluorine content of dried grass
exceeds 250 ppm. Animals that eat grass coated with fluorine-
tainted ash are poisoned. Small amounts of fluorine can be
beneficial, but excess fluorine causes fluorosis, an affliction that
eventually kills animals by destroying their bones. It also promotes
acid rain effects downwind of volcanoes, like HCL.

SECONDARY GAS EMISSIONS

Another type of gas release occurs when lava flows reach the
ocean. Extreme heat from molten lava boils and vaporizes seawater,
leading to a series of chemical reactions. The boiling and reactions
produce a large white plume, locally known as lava haze or laze,

containing a mixture of hydrochloric acid and concentrated
seawaler.

Laze Plumes are Very Acidic

Extreme heat from lava entering the sea rapidly boils and
vaporizes seawater, leading to a series of chemical reactions. The
boiling and reactions produce a large white plume, locally known
as lava haze or laze, which contains a mixture of hydrochloric
acid (HCl) and concentrated seawater. This is a short-lived local

phenomenon that only affects people or vegetation directly under
the plume.
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The hydrochloric acid (HCl) comes from the breakdown of
seawater-derived chlorides during sudden boiling. Because the
lava is largely degassed by the time it reaches the sea, any HCL
coming from it is insignificant by comparison. Analyzed samples
of the plume show thal is is a brine with a salinity of about 2.3
times that of seawater and a pH of 1.5-2.0.

Volcanic Features

The most common perception of a volcano is of a conical
mountain, spewing lava and poisonous gases from a crater at its
summit. This describes just one of many types of volcano, and the
features of volcanoes are much more complicated. The structure
and behavior of volcanoes depends on a number of factors. Some
volcanoes have rugged peaks formed by lava domes rather than a
summit crater, whereas others present landscape features such as
massive plateaus. Vents that issue volcanic material (lava, which
is what magma is called once il has escaped to the surface, and ash)

and gases (mainly steam and magmatic gases) can be located
anywhere on the landform.

Many of these vents give rise to smaller cones such as flank of
Hawaii’s Kilauea. Other types of volcano include eryovolcanoes (or
ice volcanoes), particularly on some moons of Jupiter, Saturn and
Neptune; and mud volcances, which are formations often not
associated with known ma gmatic activil‘}r. Active mud volcanoes tend
to involve temperatures much lower than those of igneous volcanoces,
except when a mud volcano is actually a vent of an igneous voleano.

Fissure Vents

Volcanic fissure vents are flat, linear cracks through which lava
emerges.

Shield Volcanoes

Shield volcanoes, so named for their broad, shield-like profiles,
are formed by the eruption of low-viscosity lava that can flow a great
distance from a vent, but not generally explode catastrophically.
Since low-viscosity magma is typically low insilica, shield volcanoes
are more common in oceanic than continental settings.
The Hawaiian volcanic chain is a series of shield cones, and they
are commonin Iceland, as well.
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Lava Domes

Lava domes are built by slow eruptions of highly viscous lavas.
They are sometimes formed within the crater of a previous volcanic
eruption (as in Mount Saint Helens), but can also form
independently, as in the case of Lassen Peak. Like stratovolcanoes,
they can produce violent, explosive eruptions, but their lavas
generally do not flow far from the originating vent.

Cryvtodomes

Cryptodomes are formed when viscous lava forces its way up
and causes a bulge. The 1980 eruption of Mount 5t. Helens was an
example. Lava was under great pressure and forced a bulge in the
mountain, which was unstable and slid down the north side.

VOLCANIC CONES (CINDER CONES)

Volecanic cones or cinder cones are the result from eruptions that
erupt mostly small pieces of scoria and pyroclastics (both resemble
cinders, hence the name of this volcano type) that build up around
the vent. These can be relatively short-lived eruptions that produce
a cone-shaped hill perhaps 30 to 400 meters high. Most cinder cones
erupt only once. Cinder cones may form as flank vents on larger
volcanoes, or occur on their own. Paricutin in Mexico and Sunset
Crater in Arizona are examples of cinder cones. In New Mexico, Caja
del Rio is a volcanic field of over 60 cinder cones. -

Stratovolcanoes or composite volcanoes are tall conical
mountains composed of lava flows and other ejecta in alternate
layers, the strata that give rise to the name. Stratovolcanoes are
also known as composite volcanoes, created from several structures
during different kinds of eruptions. Strato/composite volcanoes
are made of cinders, ash and lava. Cinders and ash pile on top of
each other, lava flows on top of the ash, where it cools and hardens,
and then the process begins again. Classic examples include Mt.
Fuji in Japan, Mayon Velcano in the Philippines, and Mount
Vesuvius and Stromboli in Italy.

In recorded history, explosive eruptions by stratovolcanoes
have posed the greatest hazard to civilizations, as ash is produced
by an explosive eruption. No supervolcano erupted in recorded
history. Shield volcanoes have not an enormous pressure build up
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from the lava flow. Fissure vents and monogenetic volcanic
fields (volcanic cones) have nol powerful explosive eruptions, as
they are many times under extension. Stratovolcanoes (30-35°) are
steeper than shield volcanoes (generally 5-10°), their loose
tephraare material for dangerous lahars.

Supervolcanoes

A supervolcano is a large volcano that usually has a
large caldera and can potentially produce devastation on an
enormous, sometimes continental, scale. Such eruptions would be
able to cause severe cooling of global temperatures for many years
afterwards because of the huge volumes of sulfur and ash erupted.
They are the most dangerous type of volcano. Examples include
Yellowstone Caldera in Yellowstone National Park and Valles
Caldera in New Mexico (both western United States), Lake Taupo
in New Zealand, Lake Toba in Sumatra, Indonesia and Ngorogoro
Crater in Tanzania, Krakatoa near Java and Sumatra Indonesia.
Supervolcanoes are hard to identify centuries later, given the
enormous areas they cover. Large igneous provinces are also
considered supervolcanoes because of the vast amount of basalt
lava erupted, but are non-explosive.

Submarine Volcanoes

Submarine volcanoes are common features on the ocean floor.
Some are-active and, in shallow water, disclose their presence by
blasting steam and rocky debris high above the surface of the sea.
Many others lie at such great depths that the tremendous weight of
the water above them prevents the explosive release of steam and
gases, although they can be detected by hydrophones and
discoloration of water because of volcanic gases. Pumice rafts may
also appear.

Even large submarine eruptions may not disturb the ocean
surface. Because of the rapid cooling effect of water as compared to
air, and increased buoyancy, submarine volcanoes often form rather
steep pillars over their volcanic vents as compared to above-surface
volcanoes. They may become so large that they break the ocean
surface as new islands. Pillow lava is a common eruptive product
of submarine volcanoes. Hydrothermal vents are common near
these volcanoes, and some support peculiar ecosystems based on
dissolved minerals.
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Subglacial Volcanoes

Subglacial volcanoes develop underneath icecaps. They are
made up of flat lava which flows at the top of extensive pillow
lavas and palagonite. When the icecap mells, the lavas on the top
collapse, leaving a flat-topped mountain. These volcanoes are also
called table mountains, tuyas or (uncommonly) mobergs. Very good
examples of this type of velcano can be seen in Iceland, however,
there are also tuyas in British Columbia.

The origin of the term comes from Tuya Butte, which is one of
the several tuyas in the area of the Tuya River and Tuya Range in
northern British Columbia. Tuya Butte was the first such landform
analyzed and so its name has entered the geological literature for
this kind of volcanic formation. The Tuya Mountains Provineial
Park was recently established to protect this unusual landscape,
which lies north of Tuya Lake and south of the Jennings River near
the boundary with the Yukon Territory.

Mud Volcanoes

Mud velcanoes or mud domes are formations created by geo-
excreted liquids and gases, although there are several processes
which may cause such activity. The largest structures are 10
kilometers in diameter and reach 700 meters high.

Lava Texture

Two types of lava are named according to the surface texture:
pronounce and pahoehoe, both Hawaiian words.It is characterized
by arough, clinkery surface and is the typical texture of viscous lava
flows. However, even basaltic or mafic flows can be erupted as »a»a
flows, particularly if the eruption rate is high and the slope is steep.

Pahoehoe is characterized by its smooth and often ropey or
wrinkly surface and is generally formed from more fluid lava flows.
Usually, only mafic flows will erupt as pshoehoe, since they often
eruptat higher temperatures or have the proper chemical make-up
to allow them to flow with greater fluidity.

Volcanic Activity

A popular way of classifying magmatic volcances is by their
frequency of eruption, with those that erupt regularly called active,
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those that have erupted in historical times but are now quiet
called dormant, and those that have not erupted in historical times
called extinct. However, these popular classifications—extincl in
particular—are practically meaningless to scientists. They use
classifications which refer to a particular volcano’s formative and
eruptive processes and resulting shapes, which was explained
above.

There is no real consensus among volcanologists on how to
define an “active” volcano. The lifespan of a volcano can vary
from months to several million years, making such a distinchon
somelimes meaningless when compared to the lifespans of humans
or even civilizations. For example, many of Earth’s volcanoes have
erupted dozens of times in the past few thousand years but are not
currently showing signs of eruption. Given the long lifespan of
such volcanoes, they are very active, By human lifespans, however,
they are not.

Scientists usually consider a volcano to be erupting or likely
to erupt if it is currently erupting, or showing signs of unrest such
25 unusual earthquake activity or significant new gas emissions.
Most scientists consider a volcano active if it has erupted
in holocene times. Historic times is another timeframe for active.

But it is important to note that the span of recorded history differs
from region to region. In China and the Mediterranean, recorded
history reaches back more than 3,000 years but in the Pacific
Northwest of the United States and Canada, it reaches back less
than 300 years, and in Hawaii and New Zealand, only around
200 years. The Smithsonian Global Volcanism Program’s definition
of active is having erupted within the last 10,000 years (the
“holocene’ period).

Presently there are about 500 active volcanoes in the world -
the majority following along the Pacific ‘Ring of Fire’ — and around
50 of these erupt each year. The United States is home to 50 active
volcanoes. There are more than 1,500 potentially active volcanoes.

An estimated 500 million people live near active volcanoes.

Extinct

Extinct volcanoes are those that scientists consider unlikely to
erupt again, because the volcano no longer has a lava supply.
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Examples of extinct volcanoes are many volcanoes on the Hawaiian
— Emperor seamount chain in the Pacific Ocean, Hohentwiel,
Shiprock and the Zuidwal volcano in the Netherlands. Edinburgh
Castle in Scotland is famously located atop an extinct volcano.
Otherwise, whether a volcano is truly extinct is often difficult to
determine. Since “supervolcano” calderas can have eruptive
lifespans sometimes measured in millions of years, a caldera that
has not produced an eruption in tens of thousands of years is
likely to be considered dormant instead of extinct.

Dormant

It is difficult to distinguish an extinct volcano from
a dormant one. Volcanoes are often considered to be extinct if there
are no written records of its activity. Nevertheless, volcanoes may
remain dormant for a long period of time. For example, Yellowstone
has a repose/recharge period of around 700 ka, and Toba of around
380 ka. Vesuvius was described by Roman writers as having been
covered with gardens and vineyards before its famous eruption of
AD 79, which destroyed the towns of Herculaneum and Pompeii.
Before its catastrophic eruption of 1991, Pinatubo was an
inconspicuous volcano, unknown to most people in the
surrounding areas. Two other examples are the long-dormant
Soufriére Hills volcano on the island of Montserrat, thought to be
extinct before activity resumed in 1995 and Fourpeaked Mountain
in Alaska, which, before its September 2006 eruption, had not
erupted since before 8000 BC and had long been thought to be
extinct.

TECHNICAL CLASSIFICATION OF VOLCANOES

Volcanic-alert Level

The three common popular classifications of volcanoes can be
subjective and some volcanoes thought to have been extinet have
announced to the world they were just pretending. To help prevent
citizens from falsely believing they are not at risk when living on or
near a volcano, countries have adopted new classifications to
describe the various levels and stages of volcanic activity. Some
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alert systems use different numbers or colors to designate the
different stages. Other systems use colors and words. Some systems
use a combination of both.

Volcano Warning Schemes of the United States

The United States Geological Survey (USGS) has adopted a
common system nationwide for characterizing the level of unrest
and eruptive activity at volcanoes. The new volcano alert-level
system classifies volcanoes now as being in a normal, advisory,
watch or warning stage. Additionally, colors are used to denole
the amount of ash produced. Details of the US system can be found
at Volcano warning schemes of the United States.

The Decade Volcances are 16 volcanoes identified by
the International Association of Volcanology and Chemistry of the
Earth’s Interior(IAVCEI) as being worthy of particular study in
light of their history of large, destructive eruptions and proximity
to populated areas. They are named Decade Volcanoes because
the project was initiated as part of the United Nations-
sponsored International Decade for Natural Disaster Reduction.
The 16 current Decade Volcanoes are :

Avachinsky-Koryaksky, Kamchatka, Russia
" Nevado de Colima, Jalisco and Ceolima, Mexico
".  Mount Etna, Sicily, Italy
" Galeras, Nariino, Colombia
" Mauna Loa, Hawaii, USA
" Mount Merapi, Central Java, Indonesia
Mount Nyiragongo, Democratic Republic of the Congo
" Mount Rainier, Washington, USA
" Sakurajima, Kagoshima Prefecture, Japan
" Santa Maria/Santiaguito, Guatemala
" bantorini, Cyclades, Greece
Taal Volcano, Luzon, Philippines
Teide, Canary Islands, Spain
Ulawun, New Britain, Papua New Guinea
Mount Unzen, Nagasaki Prefecture, Japan
Vesuvius, Naples, Italy
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Effects of Volcanoes

There are many different types of voleanic eruptions and
associated activity: phreatic eruptions(steam-generated eruptions),
explosive eruption of high-silica lava (e.g., rhyolite), effusive
eruption of low-silica lava (e.g., basalt), pyroclastic flows, lahars
(debris flow) and carbon dioxide emission. All of these activities
can pose a hazard to humans. Earthquakes, hot springs, fumaroles,
mud potsand geysers often accompany volcanic activity.

The concentrations of different volcanic gases can vary
considerably from one volcano to the next.Water vapor is typically
the most abundant volcanic gas, followed by carbon dioxide and
sulfur dioxide. Other principal volcanic gases include hydrogen
sulfide, hydrogen chloride, and hydrogen fluoride. A large number
of minor and trace gases are also found in volcanic emissions, for
examplehydrogen, carbon monoxide, halocarbons, organic
compounds, and volatile metal chlorides.

Large, explosive volcanic eruptions inject water vapor (H,O),
carbon dioxide (CO,), sulfur dioxide (SO,), hydrogen chloride (HCI),
hydrogen fluoride (HF) and ash (pulverized rock and pumice) into
thestratosphere to heights of 16-32 kilometres (10-20 mi) above
the Earth's surface. The most significant impacts from these
injections come from the conversion of sulfur dioxide to sulfuric
acid (H.,50,), which condenses rapidly in the stratosphere to form
fine sulfate aerosols. The aerosols increase the Earth’s albedo—its
reflection of radiation from the Sun back into space - and thus cool
the Earth’s lower atmosphere or troposphere; however, they also
absorb heat radiated up from the Earth, thereby warming
the stratosphere. Several eruptions during the past century have
caused a decline in the average temperature at the Earth’s surface
of up to half a degree (Fahrenheit scale) for periods of one to three
years — sulfur dioxide from the eruption of Huaynaputina
probably caused the Russian famine of 1601-1603.

One proposed volcanic winter happened c. 70,000 years ago
following the supereruption of Lake Toba on Sumatra island in
Indonesia. According to the Toba catastrophe theory to which some
anthropologists and archeologists subscribe, it had global
consequences, killing most humans then alive and creating
a population bottleneck that affected the genetic inheritance of all
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humans today. The 15815 eruption ofMount Tambora created
global climate anomalies that became known as the ™ Year Without
a Summer” because of the effect on North American and European
weather. Agricultural crops failed and livestock died in much of
the Northern Hemisphere, resulting in one of the worst famines of
the 19th century. The freezing winter of 174041, which led to
widespread famine in northern Europe, may also owe ils origins
to a volcanic eruption.

It has been suggested that volcanic activity caused or
contributed to the End-Ordovician, Permian-Triassic, Late
Devonian mass extinctions, and possibly others. The massive
eruptive event which formed the Siberian Traps, one of the largest
known volcanic events of the last 500 million years of Earth’s
geological history, continued for a million years and is considered
to be the likely cause of the “Great Dying" about 250 million years
ago, which is estimated to have killed 90% of species existing at
the time.

The sulfate aerosols also promote complex chemical reactions
on their surfaces that alter chlorine and nitrogen chemical species
in the stratosphere. This effect, together with increased
stratospheric chlorine levels from chlorofluorocarbon pollution,
generates chlorine monoxide (C1O), which destroys ozone (O,). As
the aerosols grow and coagulate, they settle down into the upper
troposphere where they serve as nuclei for cirrus clouds and further
modify the Earth’s radiation balance. Most of the hydrogen chloride
(HCI) and hydrogen fluoride (HF) are dissolved in water droplets
in the eruption cloud and quickly fall to the ground as acid rain.
The injected ash also falls rapidly from the stratosphere; most of it
is removed within several days to a few weeks. Finally, explosive
volcanic eruptions release the greenhouse gas carbon dioxide and
thus provide a deep source of carbon for biogeochemical cycles.

Gas emissions from volcanoes are a natural contributor to acid
rain. Volcanic activity releases about 130 to 230 teragrams (145
million to 255 million short tons) of carbon dioxide each year.

Volcanic eruptions may inject aerosols into the Earth's
atmosphere. Large injections may cause visual effects such as
unusually colorful sunsets and affect global climatemainly by
cooling it. Volcanic eruptions also provide the benefit of adding
nutrients to soil through the weathering process of volcanic rocks,



‘238 _ Physical Geography

These fertile soils assist the growth of plants and various crops.
Volcanic eruptions can also create new islands, as the magma cools
and solidifies upon contact with the water.

Ash thrown into the air by eruptions can present a hazard
to aircraft, especially jet aircraft where the particles can be melted
by the high operating temperature. Dangerous encounters in 1982
after the eruption of Galunggung in Indonesia, and 1989 after the
_eruption of Mount Redoubt in Alaska raised awareness of this
phenomenon. Nine Volcanic Ash Advisory Centerswere
established by the International Civil Aviation Organization to
monitor ash clouds and advise pilots accordingly. The 2010
eruptions of Eyjafjallajokull caused major disruptions to air travel
in Europe.

The Earth’s Moon has no large volcanoes and no current
volcanic activity, although recent evidence suggests it may still
possess a partially molten core. However, the Moon does have
many volcanic features such as maria (the darker patches seen on
the moon), rilles and domes.

The planet Venus has a surface that is 90% basalt, indica tHng
that volcanism played a major role in shaping its surface. The planet
may have had a major global resurfacing event about 500 million
yearsago, from what scientists can tell from the density of impact
craters on the surface. Lava flows are widespread and forms of
volcanism not present on Earth occur as well. Changes in the
planet’s atmosphere and observations of lightning have been
attributed to ongoing volcanic eruptions, although there is no
confirmation of whether or not Venus is still volcanically active.
However, radar sounding by the Magellan probe revealed evidence
for comparatively recent volcanic activity at Venus’s highest
volcano Maat Mons, in the form of ash flows near the summit and
on the northern flank.

There are several extinct volcanoes on Mars, four of which are
vast shield volcanoes far bigger than any on Earth. They
include Arsia Mons, Ascraeus Mons, Hecates Tholus, Olympus
Mons, and Pavonis Mons. These volcanoes have been extinct for
many millions of years, but the European Mars Express spacecraft
has found evidence that volcanic activity may have occurred on
Mars in the recent past as well.
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Jupiter’s moon lo is the most volcanically active object in the
solar system because of tidal interaction with Jupiker. It is covered
with volcanoes that erupt sulfur, sulfur dioxide and silicate rock,
and as a resullt, lo is constantly being resurfaced. Its lavas are the
hottest known anywhere in the solar system, with temperatures
exceeding 1,800 K (1,500 °C). In February 2001, the largest recorded
volcanic eruptions in the solar system occurred on lo. Europa, the
smallest of Jupiter’s Galilean moons, also appears to have an active
volcanic system, except that its volcanic activily is entirely in the
form of water, which freezes into ice on the frigid surface. This
process is known as cryovolcanism, and is apparently most
commeon on the moons of the outer planets of the solar system.

In 1989 the Voyager 2 spacecraft observed cryovolcanoes (ice
volcanoes) on Triton, a moon of Neptune, and in 2005 the Cassini-
Huygens probe photographed fountains of frozen particles
erupting from Enceladus, a moon of Saturn. The ejecta may be
composed of water, liquid nitrogen, dust, or methane compounds.
Cassini-Huygens also found evidence of a methane-spewing
cryovolcano on the Saturnian moon Titan, which is believed to be
a significant source of the methane found in its atmosphere. It is
theorized that cryovolcanism may also be present on the Kuiper
Belt Object Quaoar.

A 2010 study of the exoplanet COROT-7b, which was detected
by transit in 2009, studied that tidal heating from the host star very
close to the planet and neighboring planets could generate intense
volcanic activity similar to To.

EARTHQUAKE

An earthquake is caused by a sudden slip on a fault. Stresses
in the earth’s outer layer push the sides of the fault together. Stress
builds up and the rocks slips suddenly, releasing energy in waves
that travel through the earth’s crust and cause the shaking that
we feel during an earthquake. An EQ occurs when plates grind
and scrape against each other. In California there are two plates
the Pacific Plate and the North American Plate. The Pacific Plate
consists of most of the Pacific Ocean floor and the California Coast
line. The North American Plate comprises most the North
American Continent and parts of the Atlantic Ocean floor. These
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primary boundary between these two plates is the San Andreas
Fault.

The San Andreas Fault is more than 650 miles long and extends
to depths of at least 10 miles. Many other smaller faults like the
Hayward (Northern California) and the San Jacinto (Southern
California) branch from and join the San Andreas Fault Zone. The
Pacific Plate grinds northwestward past the North American Plate
at a rate of about two inches per year. Parts of the San Andreas
Fault system adapt to this movement by constant “creep” resulting
in many tiny shocks and a few moderate earth tremors. In other
areas where

Way to Prevent Earthquakes

Earthquakes induced by human activity have been
documented in a few locations in the United States, Japan, and
Canada. The cause was injection of fluids into deep wells for waste
disposal and secondary recovery of oil, and the use of reservoirs
for water supplies. Most of these earthquakes were minor. The
largest and most widely known resulted from fluid injection at the
Rocky Mountain Arsenal near Denver, Colorado. In 1967, an
earthquake of magnitude 5.5 followed a series of smaller
earthquakes. Injection had been discontinued at the site in the
previous year once the link between the fluid injection and the
earlier series of earthquakes was established. (Nicholson, Craig
and Wesson, R.L., 1990, Ea rihquake Hazard Associated with Deep
Well Injection—

A Report to the U.5. Environmental Protection Agency: U.S.
Geological Survey Bulletin 1951, 74 p.) Other human activities,
even nuclear detonations, have not been linked to earthquake
aclivity. Energy from nuclear blasts dissipates quickly along the
Earth’s surface. Earthquakes are part of a global tectonic process
that generally occurs well beyond the influence or control of
humans. The focus (point of origin) of earthquakes is typically tens
to hundreds of miles underground. The scale and force necessary
to produce earthquakes are well beyond our daily lives. We cannot
prevent earthquakes; however, we can significantly mitigate their .
effects by identifying hazards, building safer structures, and
providing education on earthquake safety.
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Interior of the Earth?

Five billion years ago the Earth was formed by a massive
conglomeration of space materials. The heat energy released by
this event melted the entire planet, and it is still cooling off today.
Denser materials like iron (Fe) sank into the core of the Earth, while
lighter silicates (Si), other oxygen (O) compounds. and water rose
near the surface. The earth is divided into four main layers: the
inner core, outer core, mantle, and crust. The core is composed
mosily of iron (Fe) and is so hot that the outer core is molten, with
about 10% sulfur (S).

The inner core is under such extreme pressure that it remains
solid. Most of the Earth’s mass is in the mantle, which is composed
of iron (Fe), magnesium (Mg), aluminum (Al), silicon (5i), and
oxygen (O) silicate compounds. At over 1000 degrees C, the mantle
is solid but can deform slowly in a plastic manner. The crust is
much thinner than any of the other layers, and is composed of the
least dense calcium (Ca) and sodium (Na) aluminum-silicate
minerals. Being relatively cold, the crust is rocky and brittle, so it
can fracture in earthquakes. (Univ. of Nevada).

Plate Tectonics?

Plate tectonics is the continual slow movement of the tectonic
plates, the outermost part of the earth. This motion is what causes
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earthquakes and volcanoes and has created most of the spectacular
scenery around the world.

Different Types

A faultis a fracture or zone of fractures between two blocks of
rock. Faults allow the blocks to move relative to each other. This
movement may occur rapidly, in the form of an earthquake - or may
occur slowly, in the form of creep. Faults may range in length from
a few millimeters to thousands of kilometers. Most faulls produce
repeated displacements over geologic time. During an earthquake,
the rock on one side of the fault suddenly slips with respect to the
other. The fault surface can be horizontal or vertical or some
arbitrary angle in between.

Earth scientists use the angle of the fault with respect to the
surface (known as the dip) and the direction of slip along the fault
to classify faults. Faults which move along the direction of the dip
plane are dip-slip faults and described as either normal or reverse,
depending on their motion. Faults that move horizontally are
known as strike-slip faults and are classified as either right-lateral
or left-lateral. Faults, which show both dip-slip and strike-slip
motion are known as oblique-slip faults.

The following definitions are adapted from The Earth by Press
and Siever,
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Normal fault- a dip-slip fault in which the block above the
fault has moved downward relative to the block below. This type
of faulting occurs in response to extension and is often observed in
the Western United States Basin and Range Province and along
oceanic ridge systems.

Thrust fault- a dip-slip fault in which the upper block, above
the fault plane, moves up and over the lower block. This type of
faulting is common in areas of compression, such as regions where
one plate is being sub ducted under another as in Japan. When the
dip angle is shallow, a reverse fault is often described as a thrust
fault.

Strike-slip fault - a fault on which the two blocks slide past one
another. The San Andreas Fault is an example of a right lateral
fault.

A left-lateral strike-slip fault is one on which the displacement
of the far block is to the left when viewed from either side.

A right-lateral strike-slip fault is one on which the
displacement of the far block is to the right when viewed from
either side.

Earthquakes occur in the crust or upper mantle, which ranges
from the earth’s surface to about 800 kilometers deep (about 500
miles). Surface rupture occurs when movement on a fault deep
within the earth breaks through to the surface. NOT ALL
earthquakes result in surface rupture.

Earthquakes occur on faults - strike-slip earthquakes occur on
strike-slip faults, normal earthquakes occur on normal faults, and
thrust earthquakes occur on thrust or reverse faults. When an
earthquake occurs on one of these faults, the rock on one side of the
fault slips with respect to the other. The fault surface can be vertical,
horizontal, or at some angle to the surface of the earth. The slip
direction can also be at any angle.

The closest fault depends on where you live. Some earthquakes
produce spectacular fault scarps, and others are completely buried

beneath the surface. Sometimes you may not even know that you
are looking at a fault scarp.

Generally, during an earthquake you first will feel a swaying
or small jerking motion, then a slight pause, followed by a more
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intense rolling or jerking motion. The duration of the shaking you
feel depends on the earthquake’s magnitude, your distance from
the epicenter, and the geology of the ground under your feet. Shaking
at a site with soft sediments, for example, can last 3 times as long
as shaking at a stable bedrock site such as one composed of granite.
If the site is in a building, then the height of the building and type
of material it is constructed from are also factors.

For minor earthquakes, ground shaking usually lasts only a
few seconds. Strong shaking from a major earthquake usually lasts
less than one minute. For example, shaking in the 1989 magnitude
7.1 Loma Prieta (5an Francisco) earthquake lasted 15 seconds; for
the 1906 magnitude 8.3 San Francisco earthquake it lasted aboul
40 seconds. Shaking for the 1964 magnitude 9.2 Alaska
earthquakes, however, lasted three minultes.

Foreshocks, Aftershocks - what is the Difference

“Foreshock” and “aftershock” are relative terms. Foreshocks
are earthquakes, which precede larger earthquakes in the same
location. Aftershocks are smaller earthquakes, which occur in the
same general area during the days to years following a larger event
or “mainshock”, defined as within 1-2 fault lengths away and
during the period of time before the background seismicity level
has resumed.

As a general rule, aftershocks re present minor readjustments
along the portion of a fault that slipped at the time of the main
shock. The frequency of these aftershocks decreases with time.
Historically, deep earthquakes (>30km) are much less likely to be
followed by aftershocks than shallow earthquakes. (Univ. of
Washington).

Often, people wonder if an earthquake in Alaska may have
triggered an earthquake in California; or if an earthquake in Chile
is related to an earthquake that occurred a week later in Mexico.
Ower these distances, the answer isno. Even the Earth’s rocky crust
is not rigid enough to transfer stress fields efficiently over thousands
of miles.
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