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3 PREFACE

The author's Physiography for High Schools was intended as

a basis for a year's work in secondary schools. Since many such

schools give but a half year to this subject, there has been a call

for a briefer book along the same lines, adapted to a half year's

course, and this call has led to the preparation of this shorter text.

As compared with the larger book, a few topics have been omitted,

but more have been abbreviated and simplified. The plan and

purpose of the bock remain the same, and are set forth in the

Preface to the fuller edition, a part of which is here quoted

:

"This book has been prepared with the purpose of letting the

beginner into the method of the science with which the book deals,

as well as with the purpose of conveying information to him. It

has been prepared with the conviction that the child likes to reason

and to follow reasoning, and that reasoning and following reasoning

contribute more to his mental gi-owth than the accumulation of

great numbers of facts. It has been written with the conviction

that the growth of the pupil is more important than facts about

physical geography. To those who hold other views, this volume

will not appeal.

" The illustrations of the book should be regarded by the teacher

as vital, and should be stutlied and interpreted as carefully as the

text itself. These illustrations may well be supplemented by other

diagrams, photographs, lantern-slides, etc., and should be supple-

mented by trips to points of interest out of doors, and by such

exercises in the laboratory as help (1) to develop new principles,

or (2) to illustrate and enforce the principles already developed

in the class-room. In the judgment of the writer there is little

Tjlace for laboratory work, in connection with this subject, which

aoes not contribute to these ends.
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vi PREFACE

" In teaching, every efficient teacher will do best, probably, to

follow his own method, if he has one in which he has faith. But

the author suggests that one method now much used, of talking

over with the pupils the subjects as they come up, before assign-

ments are made in the text, is, on the whole, one of several good

methods. The work of the class-room, so far as it is given to the

text, should be directed toward seeing that the pupil has trans-

lated it into terms of reality; or, to put it in another way, into terms

of outdoors. On the other hand, it is a mistake to assume that any

one plan should be followed always. Variations of method are

to be encouraged.

" Directions for laboratory work do not appear in the text, nor is

laboratory material suggested. This omission is intentional, not

because laboratory work is regarded as unimportant, but because

in the author's judgment, the effect upon the pupil is best when the

laboratory work is suggested by the teacher. In this case it may
be adapted to each class, and developed along the lines anfl to

the extent which the apparatus, the field, and the time available

permit."
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PHYSIOGRAPHY

INTRODUCTION

Definition. I'hysiogniphy deals with (1) the soHcl part ot the

earth, the lithosphere, (2) the Hquid part of the earth, the water or

hydrosphere, and (3) the gaseous part of the earth, the air or atmos-

phere. The land, the water, and all animal and plant life are

affected by the atmosphere, while the water is related in many ways

to the land and to the life of the globe. As to the lithosphere,

physiography has to do with its surface only, a surface which has

not always had its present form. It has been shaped and re-shaped

by winds, rivers, waves, and ice. Volcanic forces, too, have had

their part in building it up pnd tearing it down, aad over and over

again the outer part of the earth has been warped and wrinkled. It

is this ever-changing surface which concerns man and life generally;

and physiography has to do chiefly with the surface of the litho-

sphere and with the relation of air and water to it.

Physiography and geology are closely related. The history of

the earth is recorded in the rocks for the student of geology,

and physiography deals with the latest chapter of that history, the

history of the present surface.

Physiography is also related to geography; for while geography,

as that term is now used, is concerned chiefly with the distribution

of life and human industries, rather than with the physical relations

of earth, air, and water, this distribution depends largely upon soil,

climate, and natural resources. Physiography not only takes up the

physical side of geography, but it also sets forth much of the latest

and freshest chapter of geology, a chapter which can never be fin-

ished so long as the world continues to change.

1



2 PHYSIOGRAPHY

Although the solid part of the earth, the water, and the air, seem

very distinct from one another, they are in reality not so sharply

separated as they seem. The larger part of the water is in the ocean,

lakes, and rivers; but some of it has sunk into the soil and rocks, and

a little of it is always to be found in the form of vapor, which we

cannot see, in the air. So, too, a part of the atmosphere penetrates

the soil and rocks of the land, and gases from it are dissolved in

the water. Solid matter from the land is found in water, often

making it muddy, and dust is always present in the atmosphere.

In spite of this mingling, the boundaries between the lithosphere,

hydrosphere, and atmosphere are usually well defined.



PART I

THE LITHOSPHERE

CHAPTER I

RELIEF FEATURES

The surface of the earth inckides the land and the sea. The

area of the sea is nearly three times that of the land, but the land

is of greater interest to man, because it is his home.

The surface of the land is uneven. The lowest lands are below

the level of the sea, and the highest point of land (Mt. Everest in

the Himalaya Mountains) is between five and six miles above it.

The unevenness, or relief, of the land surface is therefore not far from

six miles. The sea bottom is also uneven, and its relief is a little

greater than that of the land. Since the highest points of the land

are nearly six miles above the sea, and the lowest parts of the sea

bottom about six miles below, the relief of the surface of the lithosphere

is almost twelve miles. If the surface of the lithosphere were even,

the water of the ocean would cover the whole earth to the depth

of about 9,000 feet.

Relief Features of the First Order

If the high lands of the earth were planed down and their

material spread over the low lands so that all parts of the land had

the same height, the land would be a little less than half a mile above

the sea. If the sea bottom were made level, the depth of the water

would be about two and one-half miles. The continents are there-

fore nearly three miles higher, on the average, than the bottoms of

the ocean basins. The continents and the ocean basins are relief

features of the first order.

3



4 PHYSIOGRAPHY

About the coniinents as we know them, there is ahnost every

where a belt of shallow water. The sea bottom below this shallow

water is the cordinental shelf (Fig. 1), at the outer edge of which

there is a rather steep slope down to the ocean basins.

Grouping of the continents. The northern hemisphere contains

more than twice as much land as the southern. If the earth be

divided into two hemispheres, one with its center in England, and

the other in New Zealand (Fig. 2), the first would contain about

Moun/ains
_ Plateau ^-^^ /\ ^^ Di^f^^,,

Fig. 1.— Diagram to show the distinction between an elevated continental
area and an ocean basin. The steep slope (much exaggerated) at the
left of the ocean basin is the line of contact between the two, and is the
real border of the continental area. The ocean covers the lower part of

the continental tract called the continental shelf. The diagram also

shows the general relation between low mountains, such as the Appala-
chians, a low plateau, and a coastal plain. The continental shelf is a
continuation of the coastal plain.

six-sevenths of all the land, and might be called, the land hemisphere,

while the other would contain only about one-seventh of the land,

and might be called the ivater hemisphere. Even in the land hemi-

sphere, however, the water would cover rather more than half the

surface, while in the water hemisphere it would cover about fourteen-

fifteenths of it. Since the northern hemisphere contains two-thirds

of the land, and a still larger proportion of the productive land, it

has always supported a vast majority of the human race.

Origin of renef features of the first order. The ocean basins and

the continental platforms seem to have been very much as they now
are, for milli'^ns of years. It is probable that the ocean basins have

sunk below the continents, rather than that the continents have

been raised above the ocean basins. The reason for this belief is

that the earth is cooling, and therefore shrinking, and shrinking

means that the outside is getting nearer to the center. This nmst

result in a sinking of the surface, in some places at least.

Past changes. If the sea l)ottom were to sink now, the ocean

basins would hold more, and some of the sea-water would be drawn



Plate 1

A narrow coastal plain in Oregon. Scale about 2 miles per inch. Contour
interval, 100 ft. (Port^^Orford, Ore., Sheet, U. S. Geol. Surv.)



A narrow mountain ridge in Pennsylvania. It will be noticed that but
one road crosses the mountain, by a diagonal course. Scale about 1 mile to

the inch, ("ontour interval, 20 ft. (Everett, Pa., Sheet, U. S. Geol. Surv.)



RELIEF FEATURES 5

off the continental shelves. If the bottoms of the ocean basins were

to sink 600 feet, or a little more, all the water would l)e drawn off

the continental shelves, and they would then become land. If the

continents were to sink, the waters of the sea would spread over

Fig. 2.— Land and water hemispheres.

their low borders, and the area of the land would be lessened. The
history of the earth teaches that the areas of the ocean and land

have changed somewhat from time to time. The lower parts of the

continents have been drowned repeatedly, l^ut it is not known that

any part of the deep sea bottom was ever land, or that any part of

the land was ever beneath a deep sea.

. Relief Features of thk Second Order

The more strongly marked features of the continents and of the

ocean basins are relief features of the second order. The continental

areas are made up of plains, plateaus, and mountains. Some of their

relations are shown in Fig. 1.

Plains

Plains are the loivlands of the earth, yet they cannot be defined

in terms of height above the sea. They may be but a few feet above

it, or they may be hundreds or even thousands of feet above; but if

so high as a thousand feet, they are generally far from the sea, and

distinctly lower than some of the other lands about them. Plains

differ widely among themselveS; not only in height, but in position,

in size, in shape of surface, in fertility, in origin, and in various other
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ways. Different names are given to various sorts of plains, the

names being intended to call attention to some one feature. Im-

portant classes of large plains are coastal plains, which border the

sea, and interior plains, which are far from the sea, or separated

from it by high lands.

Coastal plains occur on the borders of many continents. They

are wide in some cases, and narrow in others. A narrow plain

with a nearly flat surface

is shown in Fig. 3. The

landward edges of coastal

plains are not always so

sharply marked as in this

illustration.

Plate I (p. 4) repre-

sents, in another way, a

part of the narrow coastal

plain of Oregon, Since

illustrations of the sort

Fig. 3.— A narrow coastal plain. shown in this plate will be

used often in the following

pages, the principles on which it is based must be understood. It

is called a contour or topographic map.

Explanation of Contour Map ^

The topographic map shows three sorts of features. These are (1) the

shape of the surface, (2) the tlistribution of water, and (3) the works of man.

The shape of the surface. A land surface may be flat or uneven. If flat,

it may be high or low, and if uneven, it may have Httle relief or much. The

topographic map shows how flat or how rough it is.

The height of land is reckoned from sea-level. The heights of many
points are measured exactly, and some of them are given on the maps in figures.

It is desired, however, to give the elevation of all parts of the area mapped,

and to show what parts are flat, and what parts have slopes. Not only this,

but if there are slopes, it is important to show whether they are gentle or steep.

All these things are done by lines called contour lines, or simply contours. A
contour line connects points of the same elevation above searlevel. Thus the

contour of 20 feet connects points which are 20 feet above searlevel, the con-

tour of 40 feet connects points which are 40 feet above sea-level, and so on.

* From publications of the U. S. Geological Survey.



Plate III

'i?*f#iM^^i V^ .

Fig. 1.—A plain in Wyoming. Mountains in the bacligrov.ud.

Fig. 2.—Relief-map of the Northern Appalachians and their surroundings.

fU- S. Geol. Surv )



Plate IV

^f^^f'- %^:^* fK>^

Fig. 1.—A portion of tlie Elk Mountains of Colorado. (Holmes,
U. S. Geol. Surv.)

Fii:;. 2.—Massive, or unslratitied, rock ; the Upper Yosemite Falls.

Compare the structure of the rock with that shown in Fiir. 1ft.
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The vertical distance between two contour lines is the contour interval. The
contour interval may be 10, 50, 100, or any other number of feet. On the

maps of the United States Geological Survey, the contours are printed in

brown (Plate I).

The manner in which contours express elevation, form, and grade is shown

in the sketch and contour map of Fig. 4. The sketch represents a river

^^^^^^-V-4
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1. We are to remember that a contour indicates a certain height above sea-

level. In this illustration, the contour interval is 50 feet; therefore the con-

tours are drawn 50, 100, 150, 200 feet, and so on, above sea-level. The 50-

foot contour connects all points of the surface 50 feet above the sea, and the

100-foot contour connects all points 100 feet above the sea. In the space

between any two contours, the elevation is greater than that of the lower, and

less than that of the higher. Thus the contour at 150 feet falls just below the

edge of the terrace, while that at 200 feet lies above the terrace. All points

on the terrace are more than 150 but less than 200 feet above the sea. The
summit of the higher hill is stated to be 670 feet above the sea, and the contour

at 650 feet surrounds it. In this illustration nearly all the contours are num-
bered; but on most maps this is not possible. Instead, certain contours —
say every fifth one— are made heavier and numbered (PI. I) ; the height of

any contour not numbered may then be known by counting up or down from

one that is numbered.

2. Contours show the forms of slopes. Since contours are continuous hori-

zontal lines at a given height above the sea, they wind smoothly about smooth

surfaces. They run up into ravines, and project out in passing about promi-

nences. The relations of contour curves and angles to the form of the surface

can be traced in Fig. 4.

3. Contours give some idea of the steepness of a slope. The vertical space

between two contours is the same, whether they lie along a cliff or on a gentle

slope; but to rise a given height on a gentle slope one must go farther than on

a steep slope. Therefore contours are far apart on gentle slopes, and near

together on steep ones.

Drainage. On the maps of the United States Geological Survey, water-

courses are indicated by blue lines (PI. I). If the streams flow all the year,

the line is drawn unbroken; but if the channel is dry a part of the year, the

blue line is broken or dotted. Where a stream sinks and reappears at the

surface, the supposed course under the ground is shown by a broken blue

line. Lakes, marshes, and other bodies of water are also shown in blue.

Culture. The works of man, such as roads, railroads, and towns, and also

boundaries of townships, counties, and states, are printed in black.

Let US now apply these principles to Plate I (p. 4) . We notice

at the outset that one inch on the map corresponds to al^out two

miles, and that the contour interval is 100 feet.

The contours (brown lines) are far apart at the left and close

together at the light. This means that the surface is rougher at

the east, and smoother at the west. The area at the east is higher

than that at the west, as the numbers on the contours show. The

500, 1,000, and 1,500-foot contours are heavier than the others.

Small areas only reach a height of 1,500 feet. At the north, the
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first contour is nearly an inch from the coast. This shows that

north of Floras Lake the land does not rise to the height of 100 feet

for a distance of about two miles from the shore. South of Floras

Lake, on the other hand, the 100-foot contour line is close to the

shore, showing that there is a steep slope (cliff) more than 100 feet

high along this part of the shore.

Gape Blanco has two contours, and is therefore more than 200

feet high. Gull Rock, Castle Rock, and Blacklock Point are more

than 100 feet high. At the western border of the high land, there

are steep slopes where six contours occur in the space of an eighth of

an inch {}4 mile). This shows that the surface rises at least 500 feet

in a quarter of a mile in some places, and this makes a steep slope.

The principal wagon road of the region runs along the base of the

steep slopes, while less important roads (indicated b}^ dotted lines)

branch from the main one.

Interior plains are often higher, and sometimes much higher,

than coastal plains. A large part of the area between the Appala-

chian Mountains on the east, and the Rocky Mountains on the west,

is a great interior plain. Here and there mountains, such as the

Black Hills of South Dakota, and the Ouachita (pronounced Wash'-

i-ta) Mountains of Arkansas and Oklahoma, rise distinctly above

the general level of this plain. (PI. Ill, Fig. 1, p. 6.)

Extent and habitability. Plains are more extensive than pla-

teaus or mountains, and most of the people of the earth live upon

them. They are the chief sites of human activity, partly because

their climate is more favorable than that of higher regions, and

partly because there is a greater proportion of land which is flat

enough to be cultivated. Plains favor transportation and com-

merce, for (1) the building of roads, railways, and canals is much
easier in plains than in higher and rougher regions; and (2) the

streams of plains are more commonly navigable than those of moun-

tains and plateaus. For these reasons, and also because many of

the raw materials used in manufacturing are grown on plains, the

larger part of the manufacturing of the world is there. It is note-

worthy that the extensive plains most favored by climate and soil

border the Atlantic Ocean, and, largely for this reason, these plains

have been the theaters of the world's culture and trade. In 1900,
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about 91 per cent of the population of the United States lived on

lands less than 1,500 feet above sea-level. Not all plains, however,

support an abundant population. The northern plains of Eurasia

and North America, for examj^le, are too cold to be hospitable to

varied industries, and their populations are likely to remain small.

Origin. Plains are formed in various ways. Some coastal

plains were worn down from higher lands; others are parts of

former continental shelves built up above the water by sediment

laid down upon them; while still others represent former conti-

nental shelves, from which the sea-water has been drawn off. Some

interior plains were once coastal plains. They are now inland

because other land has been formed l^etween them and the sea.

Plateaus

Plateaus are highlands with considerable summit areas, but no

great elevation is necessary to make a fiattish area of land a plateau.

In general, a plateau is so situated as to appear high from at least

MclimiMM

Fig. 5.— Diagram to illustrate the relations of mountain, plateau, plain,

ocean basin, ocean deep, etc.

Himalaya Mis. Nan-Shan Mts.

Fig. 6.- Section across Asia, showing plateau between the Himalayas and
the Nan-Shan Mountains.

Sierra

Mis

Uinta
Mts.

Rocly
Mts.

fUtississippi Basin

Fig. 7. Section across North America, .showing i)lafcaus between the
mountains in the western part.

one side. Thus if a coastal plain rises gradually from the sea to a

height of 200 feet, and then rises by a steeper slope to another broad

tract of land which rises 200 feet higher (Fig. 5), the upper tract

would be called a plateau, not so much because of its altitude above



Plate V

Fig. 1.—A group of dunes ;U the head of Luke ^lichigan. i^C'owlcs.j

Fig. 2.—Desert dunes near Biskra, Algeria. (Leruux.;



li^^x^0'

Fig. 1— Sand drifted over a railway One rail shows at the left-hand side.

Rowena, Wash. (U. S. Dept. of Agr.)

Fig. 2.—A resiirrectt'd lorcst. AlttT buiyin;;- and killing Uie forest, the

sand has blown away, exposing the dead trees. (Myers.)
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sea-level, as because of its distinct rise above the plain along one

side of it. The Piedmont Plateau, wliich lies between the Appala-

chian Mountains and the Atlantic Coastal Plain of the United States,

is not very high, but it is enough higher than the Coastal Plain to be

distinctly set off from it. A large part of this plateau is, however,

not so high as much of the great interior plain of the continent.

oome plateaus lie between mountains on the one hand and plains

on the other, as in the case of the Piedmont Plateau. Others lie

between mountains, as the plateaus of central Asia (Fig. 6), Mexico,

and the western part of the United States (Fig. 7) . Such plateaus

do not appear higher than their surroundings. Other plateaus rise

directly from the sea, as Greenland and parts of Africa. The total

area of plateaus is great, though less than that of plains.

Habitability. Except in low latitudes, high plateaus are too

cold to be well adapted to agriculture, and their rainfall is often

scanty. High plateaus are therefore less well fitted for human habi-

tation than plains, and are usually sparsely settled. Low plateaus,

on the other hand, may have a climate as favorable as that of plains.

In low latitudes, even liigh plateaus may have a hospitable climate.

The plateau of Mexico is an example.

Origin. Plateaus attained their height in various ways. In

some cases their surroundings probably sank away from them leav-

ing them relatively high; in others, plateaus may have been elevated

above their surroundings; while in still others, they have been built

up by floods of lava. Such is the lava plateau of the northwestern

part of the United States (Fig. 8).

Mountains

Mountains are conspicuously high lands ivhich have but slight

summit areas. The tops of the loftiest mountains are between five

and six miles above the sea, but most mountains have not half

this height. The highest mountains tower above any plateaus, but

many mountains are lower than the highest plateaus. Few moun-

tains reach the height of the Plateau of Tibet, 15,000 to 16,000 feet.

Mountains are unlike plateaus of similar elevation in having

little stretch of surface at the top. In the case of mountain peaks,

this is shown by the name. A mountain ridge or range may be long,
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but its crest is usually narrow (PI. II, p. 5). The several ridges

shown in Fig. 2, PI. Ill, p. 6, are examples. Numerous peaks or

ranges are often associated, making a mountain group or a mountain

chain, but even in great mountain groups there is no great unbroken,

expanse of high land.

Where mountains rise abruptly to great heights above their

surroundings, they are the most impressive and awe-inspiring

features of the earth. In not a few cases they rise from low, warm
plains to such heights that their summits are always covered with

Fig. 8.— Map showing the principal physiographic subdivisions of the United
States. A—Adirondack Mountains. B—Black Hills. (After Davis,

with slight modifications.)

snow. Nowhere else are such extremes of climate found so close

together. Mountains are in contrast with plains and plateaus, and

are the third of the three topographic types of the second order, as

they appear on the lands of the earth. In this grouping of mountains,

only great groups or systems of mountains, such as the Appala-

chians, the Rockies, the Alps, the Himalayas, the Andes, etc., are

considered. Since the term "mountain" is applied to any point or

ridge of such steep slopes and so much above its surroundings as to

be conspicuous, it follows that many elevations called mountains

do not belong to the great physiographic type which is to be brought

into contrast with plains and plateaus.



Plate VII

Fig. 1.—Mound-shaped dunes along a river, near Larned,

Kansas. Scale about 2 miles jier inch. Contour in-

terval, 20 ft. (U. S. Gcol. Surv.)

LAKE MICHIGAN

.Rj\n-:ii

Long Lake

MiUeri

Fig. 2.—Dunes at the south end of Lake Michigan. All the elevations shown
on the map are dunes, which are ridge-like rather than mound-like.
Scale about 1 mile per inch. (U. S. Geol. Surv."

Fig. 8.—Dunes on the plains of western Nebraska. Scale about 2 miles per
inch. (U. S. Geol. Surv.)



Plate VIII

A stroiun widening its valley by lateral i)lauation. Scale about 1 mile per

inch. Contour interval, 30 ft. (U. S. Geol. Surv.)
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Origin. Mountains are made in many different ways, but the

great systems of mountains are the result of warpings and foldings

of the earth's crust. These will be studied later.

Habitability. Because of their low temperature, their steep

slopes, and their scanty soil, many mountains are ill-adapted to

farming purposes. The valleys of mountain regions are, however,

often fertile. Since transportation in mountains is difficult, they

RELIEF MAP
or

CAi-iroRtvriA

Fig. 9.^ Topographic map of California. The state is largely mountainous,
but the central plain is conspicuous.

are ill-adapted to most industries which depend on easy transpor-

tation. The most distinctive industry of mountains is mining; 3'et

many mountains have no ores or mineral matter of commercial

value, while nuxny ores, and many mineral substances which are not

ores, are mined in plains and plateaus.

Mountains in history. Mountains have played an important

part in history, partly because they are formidable barriers. They

have sheltered their inhabitants from invasion, and they have
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frequently been the boundaries of political states. The mountains

of western and southwestern Europe were one cause of the numerous

small political divisions of those regions. Mountainous highlands

have repeatedly given refuge to weak peoples, driven by their

stronger enemies from the more desirable lowlands. The almost

inaccessible mountain strongholds of Scotland, Wales, and parts of

India enabled such peoples to maintain their independence for long

periods. The Appalacliian Mountains kept the English settlers

on the eastern border of North America for nearly a century and a

half, and influenced their life in many ways. Later, grave political

dangers arose from the fact that the seaboard was separated from

the valley of the Ohio by the same system of mountains.

Subordinate Topographic Features

The surfaces of most plains and plateaus are uneven, while the

very name of mountain suggests ruggedness. Irregularities of

surface consist of elevations, such as ridges and hills, above the

general level, and of depressions, such as valleys and basins (depres-

sions without outlets) below it. The elevations and the depres-

sions are bordered by slopes, which, when steep, are called cliffs.

Ridges, hills, valleys, basins, flats, cliffs, etc., affect mountains,

plateaus, and plains; but they are usually more pronounced in

mountains and plateaus than on plains. These minor unevennesses

of surface are topographic features of the third order, and will be the

subject of future study. The key to their history is found in the

changes now taking place on the land, or in those which have taken

place in recent times.

Changes Now Taking Place on the Land

Certain familiar changes are always taking place on the land.

Some of them are ])rought about by the atmosphere, some by water,

some by ice, some by the hfe of the earth, and some in other ways.

1. The air_is nearly always in motion, and whenever it blows

over a surface on which there is dust, some of the dust is picked up

and carried to some other place. Grains of sand are blown about
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in the same way. The,:^iml. is, therefore, one of the agents which

is clianging the face of the land.

2. Rain or snow falls almost everywhere on the land. A part of

the rain which falls on the land nuis off over the surface. When the

snow of the land melts, much of the water follows the same course.

The water which runs off over the laud in streams carries much mud,

sand, and gravel from the land to the sea. Running water is the

most important agent modif\dng the surface of the land, and its

general effect is to make the land lower. The rain and snow water

which sink beneath the surface also help to lower the land by dis-

solving mineral matter from the rocks.

3. Great bodies of ice, called glaciers, move slowly over the sur-

face of the land in some places, especially on high mountains and

on the cold lands near the poles. GJaciers make great changes in

the valleys through which they move.

4. The waves of the sea and of the many lakes are constantly

modifying the position and the outlines of their shores. These

changes are slight in short periods of time, ]jut they have been very

great in the course of the long ages of the earth's history.

The wm^, riyei's, glaciers, and waves are agents of gradation.

They degrade (wear down) the surface at some points, and aggrade

it (build it up) at others. They degrade the land far more than

they aggrade it.

5. Still another series of changes in the surface is brought about

through the agency of life. Man, for example, grades down eleva-

tions and grades up depressions, as along railroads. He makes

dams across rivers, converting portions of them into ponds; he raises

and changes the banks of streams, shifting their natural courses and

their natural work; he drains marshes and lakes, and more import-

ant than all else, he clears (removes the forests) and tills the land,

thus preparing the way for the more effective action of wind and

running water. Burrowing animals loosen soil, so that it is more
easily blown or washed away. Plants, on the other hand, protect

the surface from erosion. Little dust is blown from a surface well

covered with vegetation, and the water which runs down a hillside

carries much less mud and sand from a slope covered with plants

than from one freshly plowed.
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6. Volcanoes affect the land, sometimes building up lofty

mountains.

7. The surface of the lithosphere seems to be rising in some places

and sinking in others. This has also been true in the past, for beds

of sediment, such as sand and clay, containing the shells of sea

animals are found at levels high above the sea. Great changes in

the earth's surface have been brought about in this way.

Before studying the ways in which these various agencies affect

the surface of the land, the materials on which they work must ])e

briefly reviewed.

The Materials of the Land

The land is nearly everywhere covered with vegetation. In

some places it is dense enough to form a thick mat over the surface,

wliile in others it is meager, or even wanting. The surface well

clothed with vegetation is the surface with which we are most

familiar; but there are tracts of sand on which little or nothing

grows, and cliffs where the rock is bare, save for scattered patches

of moss or lichen. In the polar regions, and on lofty mountains

also, the land is often covered by thick beds of snow on which there

is almost no vegetation.

Mantle rock. Beneath the vegetation, there is, in most regions,

a layer of loose material, composed of clay, loam, sand, gravel, etc.

This layer of earthy matter may be a few inches in thickness, or it

may be scores or even hundreds of feet deep. This loose material

is mantle rock, but it is also known by other names, among which

rock ivaste is in common use.

The uppermost portion of the mantle rock is called soil. In

color, soil may be black, gray, brown, or even dull red or yellow.

It may be either clayey and compact, or sandy and porous. In

most cases it is made up largely of small particles of mineral or rock.

If a piece of any common sort of rock be put into a mortar and

ground to powder, this powder will somewhat resemble soil. In

addition to the mineral matter, the soil contains more or less partly

decayed vegetable (organic) matter. Both the mineral and the

organic matter are necessary parts of a good soil, but their pro-

portions vary greatly. The mineral matter is usually far in excess



Plate IX

Fig. 1.—The shelling off of a granite bowlder near East Tensleep Lake
Wyoming. (Hole.)

Fig. 2.—A peculiar form of shelling off, or exfoliation, in granite ;

California. (U. S. Geol. Surv.)



Plate X

Exfoliation on a mountain slope. Mount Starr- King, California.
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of the organic. That part of the mantle rock which is properly

called soil ranges from a few inches to a few feet in thickness.

The distri1)ution and prosperity of the people of the earth often

bear a very direct relation to the fertility of the soil. The fertile

blue-grass region of Kentucky was the first extensive area to be

settled in the Ohio Valley; its inha))itants have alwa3's been pro-

gressive and well-to-do. The hilly land to the east was slowly

occupied by a spare population, condemned by a less fertile soil to

relative poverty.

Where the mantle rock is thicker than the soil, the soil grades

down into earthy matter of somewhat different composition, known
as subsoil. Between the two there is no distinct separation. Like

the soil, the subsoil contains both mineral and organic matter,

though the latter is less abundant than in the soil. Only the larger

roots penetrate the subsoil in great numbers. The tliickness of the

subsoil is much greater than that of the soil in some places, but on

the other hand, it is sometimes absent altogether.

Solid rock. Beneath the subsoil is solid rock, which extends

down to the lowest accessible depths, and doubtless far beyond.

It is probable, indeed, that the earth is solid to the core.

Classes of solid rock. The solid rocks of the earth are of many
kinds. They differ from one another in color, in strength, in tex-

i!t»iKMKi,ii)AMW/>iAtllii//'l '«r''<:uii^\ t'^^TT

Fig. 10. Stratified rock. Trenton Limestone, Fort Snelling, Minn., covered
by a thin layer of soil. (From photo by. Calvin.)

ture, in composition, in origin, etc., but for our purpose the common
rocks may be grouped into two great classes; namely, those which

are in layers, called stratified 7'ocks (Fig. 10): and those wliich are

not in layers, or unstratified rocks (Fig. 2, PI. IV, p. 7).



CHAPTER II

THE WORK OF THE ATMOSPHERE

The atmosphere is nearly ever3'where in contact with the land;

and it penetrates the soil and the rock beneath to great deptlis.

It affects the land in many ways, but only a few of the changes which

it brings about will be noticed here.

1. Mechanical Work.— The Work of the Wind

Dust

All small particles of solid matter in the air are called dust.

The dust in the air may be seen on windy days in dry regions. It

is present, even when the air seems perfectly still. B}^ letting light

into a dark room through a narrow crack, or a small hole, countless

dust motes may be seen in the air. Dust is found in the air even

over high mountains, and it is carried far from its sources.

The presence of dust in the atmosphere may be shown in another

way. If a quantity of newly-fallen ra'n-water is evaporated, a little

sediment remains. This sediment is the dust brought down by the

falling drops. If fresh snow is melted and evaporated, there is a

slight residue of dust. Since all rains and snows bring down dust,

it must l)e present everywhere in the atmosphere.

Sources. Much of the dust in the air is made of fine particles

of earthy matter blown up from streets, plowed flckls, and surfaces

not well covered with vegetation. Where the surface is dry and

the wind strong, ''clouds" or "whirls" of dust are sometimes swept

up by the rising currents of air, and may be seen for miles. The

solid particles of smoke (soot), the pollen of flowers, the spores of

plants which, like the puff-ball, do not blossom, are also abundant

in the atmosphere at times.

18
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Explosive volcanoes often send great quantities of rock matter,

broken up into fine particles, high into the air. This is volcanic dust.

It is also called volcanic "ash," but this name is not a good one,

because the dust is not the product of burning. It is lava blown

into tiny bits.

In August, 1883, a violent volcanic eruption took place on the

Island of Krakatoa, between Java and Sumatra, and half the island

was blown away. At the same time, enormous quantities of dust

were shot up into the air to the height of several miles, and some of

it was blown great distances before it fell. Dust in the air affects

the sunlight coming through it, and when the sun is low, as at sun-

set, the dust effects give color to the western sky. After the erup-

tion, bright sunsets occurred at first near Krakatoa, and then

farther and farther away. In this way it was estimated that the

volcanic dust was carried completely around the earth, and that it

took only about fifteen days to make the circuit. It is probable

that the dust from this single volcanic eruption found its way to

nearly all parts of the earth.

Some dust reaches the earth from space outside the earth.

"Shooting stars" are small bits of solid matter which enter the

atmosphere from outside space. In falling toward the earth, they

become glowing hot, because of friction with the air through which

they pass. Before they reach the bottom of the air, they are broken

into tiny particles of dust. This dust is sometimes called cosmic,

or meteoric dust.

How held in the air. Particles of dust are very much heavier

than the air, and gravity tends to bring them down. In spite of

this, they remain in the air (1) because they are so small that they

do not fall readily, and (2) because there are many upward currents

in the air which carry the particles upward in spite of gravity. As

a matter of fact, the dust of the atmosphere is always settling, and

the supply is being renewed constantly.

Deposits of dust. From the flood plains of such rivers as the

Missouri, clouds of dust are swept up and out over the neighboring

uplands, whenever the surface of the flood plain is dry and the wind

strong. The deposits of dust on the uplands in any one year are

not great, but they may become ver}' thick in the course of centuries.
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In parts of China and Europe, and. over extensive areas in the

Mississippi basin, there is a layer of pecuhar earthy material, a large
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Fig. 11.— Bluff of loess at Kansas City. (Missouri Geol. Surv.)

part of Avhich was deposited by the v^^ind, as dust is now being

deposited on the bluffs of the Missouri and some other rivers. This

Fig. 12.— Fafade of a group of buildings in a bluff of loess, Province of

Shansi, China, (Richthofcn.)
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material is known as loess, the particles of which are smaller than

sand grains, but larger than particles of clay. In China, the loess

is said to be several hundred feet thick in some places, but in the

United States it is rarely more than 30 to 50 feet thick. It makes a

most fertile soil in regions where the climate is not too dry. Steep

slopes or cliffs are sometimes formed in the loess after its deposition.

Such slopes often stand for a long time, even when they are nearly

vertical (I'^ig. 11). In parts of China, the people have made dwell-

ings in successive tiers in these steep slopes (Fig. 12).

Wind-blown dust has, in the course of ages, buried former cities.

Nineveh is supposed to have been buried in this way.

Since dust is being l)lown from the land to the sea all the time,

the wind tends to lower the land and to build up the sea bottom.

Sond

Sources. Strong winds pick up and carry grains of sand, and

even very small pebbles. Like dust, sand is blown about only when

it is dry. Al:)undant sand is found along many shores of seas and

lakes, on the bottoms of some river valleys, in desert regions, and

in'certain other situations. In niost of these places, the sand is dry

at times, and in some of them it is dry most of the time.

Lodgment of wind-blown sand. Sand is not often carried up

so high as dust, nor do the grains stay so long in the air. Because

they are larger, they fall more rapidly when the wind is checked.

Because they are carried chiefly in the lower part of the air, they

are likely to be stopped by obstacles of all sorts on the surface.

Thus logs, stumps, buildings, and fences, against which sand is

blown, are likely to cause some of it to lodge, just as they cause

drifting snow to lodge. It follows that sand, instead of being scat-

tered somewhat evenly over the surface, as dust is, is often left in

mounds and ridges.

Dunes. Mounds and ridges of wind-blown sand are dunes.

They may begin their growth al^out almost an3'thing on the

surface which blocks the way (Fig. 13). After being started,

a dune becomes an obstacle to blowing sand, and as more sand

lodges against it, the dune grows. Dunes sometimes reach a

height of several hundred feet; but small dunes are much more
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common. Fig. 13, and Pis. V-VII, pp. 10, 11 and 12 show large

and small dunes.

Distribution of dunes. Dunes are found mostly near the sources

of abundant dry sand. They are common along much of the Atlan-

tic coast of the United States, where the sand is washed up on the

beach by the waves. After drying, it becomes the prey of the

wind. Winds from the west blow this sand into the sea; those

from other directions, but especially from the east, drift it up onto

mm:0^-.:ff\'^^
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Fig. 13.— The beginning of a dune. 8and has lodged about the tufts or

vegetation. Shore of Lake Michigan, south of Chicago.

the land. Dunes aliound along the eastern side of Lake Michigan,

and some of them are very large; but there are few on the west

shore. This is because the prevailing winds are from the west.

Where westerly winds prevail, as in most of the United States, most

of the dunes along valleys are on their east sides. Dunes abound

over thousands of square miles of land in the semi-arid parts of the

Great Plains, as in western Nebraska, western Kansas, and some

parts of Wyoming, and they reach their greatest development in

still drier regions, such as the Sahara. In some places, dunes are

the most conspicuous feature of the landscape.

Destructiveness of wind-blown sand. The piling up of s£:ind

into dunes sometimes does great damage. Farm lands, especially

near sea coasts, have been covered in this way, and forests of large

trees have been burie(l(Fig. 1 , PI. V, p. 10) . Sometimes the sand buries

buildings, and occasionally it causes much trouble along railways,
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as showu in Fig. 1, PI. \T, p. 11. Caravans have been destroyed

in tlie African desert by sand storms.

Fig. 14.— Dune sand held by brush fences on the Kurische Nehrung.

Migration of dunes. Sand is being blown from the windward

side of a dune and dropped on the leeward side much of the time.

Fig. 15.— The remnant of a dune held by roots. The surrounding sand not
so held has been blown away. Head of I ake ilichigan.

This continued shifting of sand to tlie leeward side, results in a slow

migration of the dune in the direction of the prevailing winds. We
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may get some idea of the extent to which dunes migrate, in various

ways. When the dune which buried a forest moves on, the trees

which were covered and killed may be seen again, as shown in Fig.

2, PI. VI, p. 1 1. So disastrous is the migration of dunes along some

coasts, that steps are taken to prevent it. If a dune is covered with

vegetation, its position is not likely to be changed so long as the

plants remain, for the plants hold down the sand. Trees, shrubs,

etc., which will grow in sand are sometimes planted on dunes, as

soon as they are formed, to prevent further drifting (Fig. 14). This

is done at various points on the western coast of Europe, where land

Fig. 16.— Erosion columns in Monument Park, Colo.; partly the protluct

of wind erosion. (Fairbanks.)

is valuable, and it has been done to some extent in our own country,

as at San Francisco, where the westerly winds drift sand in from the

shore. Fig. 15 shows the effect of a clump of trees in holding sand.

All the dune except the part held by the roots of the trees has been

blown away.

Eolian (wind-blown) sand is not always heaped up into dunes.

It is sometimes .spread somewhat evenly over the surface where it

lodges. Eolian sand is therefore more widespread than dunes are.

Abrasion by the wind. Sand blown against a surface of rock

has the effect of a sand-blast, and wears the rock away. If some

parts of the surface aganist which sand is driven are harder than

others, the softer parts are worn the more rapidly. Where abundant

sand is driven by the wind, projecting rocks are often carved into
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fantastic forms (Fig. IG). Abrasion by wind-driven sand is of little

con^eqii_ence in a plain country where the climate is moist, and

where the rock is covered with soil; but it is of much consequence

in arid and semi-arid regions where the topography is rough, and

where hills and points of ])are rocks are numerous. Wind-driven

dust wears the surface of rock much less than sand does.

2. The Chemical Work of the Air

The chemical changes produced liy the air on soil and rocks can-

not be understood without some knowledge of chemistry; but

certain familiar facts will help us to see the general nature of these

changes.

When a piece of iron or steel, such as a knife-blade, is left in the

moist air, it rusts. In the process of rusting, both oxygen from the

air and water enter into combination with the iron, and the rust

contains all three substances united into one. The iron rust scales

off, and a knife-blade will soon be "eaten away" if the rusting is

allowed to go on. Similar changes take place in some rocks. Iron

is present in many of them, and this iron rusts much as the knife-

blade does. Other parts of the atmosphere also help to change

some of the minerals of the common rocks, and in most cases the

rocks crum1)le in consequence.

Weathering. All changes of the surface rocks which make
them crumble are parts of the general process of iveathering, which

includes most of the processes by which rock at or near the surface

is made to change its form or color, or to lose its solidity. The

processes of weathering are very important. Much of the soil and

subsoil (mantle rock) of the earth have been made by them, and

the weathering of rock prepares it for transportation by wind and

water.

3. Changes Brought about under the Influence of the Air

The surface of the land is subject to great changes of tempera-

ture, which are of importance in various ways.

Freezing and thawing. In many regions where the surface is

well covered with soil, it freezes in winter; that is, the water in it
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freezes, and the soil becomes solid. While frozen it cannot be

blown or washed away. In low temperatures, too, the moisture

which falls from the atmosphere falls as snow instead of rain, and

does not have the same effect on the land as rain. When the snow

melts, the water runs over the surface much as rain-water would.

Where the soil is thin, the waters which sink may freeze in the

cracks of the rocks beneath. Since water expands about o^ie-tenth

on freezing, the ice which forms in a crack acts like a wedge, prying

the rock apart. The effect of expansion during freezing is illus-

trated by the breaking of a bottle in which water is allowed to freeze.

This process of rock-breaking is most important when there is abun-

dant moisture, and where the changes of temperature above and

below the freezing-point of water are frequent.

Expansion and contraction of rock ; rock-breaking. When solid

rock has no covering of loose material, as is often the case on steep

slopes, it is heated by day and cooled by night. At high altitudes,

and especially on slopes and cliffs exposed to the noonday sun, the

daily changes of temperature of the surface of the rock are great.

In such places, the surface of the rock may become very hot while

the sun shines. Heat expands rock, and as the heated part expands,

it is hkely to scale off from the part beneath (PI. IX, p. 16). As

the sun goes down, the surface cools and contracts. The outermost

film of rock cools first and most, and tends to break. The breaking

of cool glass when touched with hot water, or of hot glass when

touched with cold water, involves the same principle.

The breaking of rock by heating and cooling, even when ice is

not formed, is very common. On hot days in summer, the blocks

Fig. 17.— A cement walk broken under expansion by sun-heat.

of cement in cement walks sometimes expand so much that they

arch up where they meet (Fig. 17). This results in the breaking of

the cement. The heat of the sun sometimes so expands the rock in
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the floor of a rock quarry, that it is similarly bowed up and broken.

Many bowlders which lie on the surface are seen to be "shelling off"

Fig. 18.— Crumbling on a mountain top. Kearsarge Pass, Sierra Nevada
Mountains. Changes of temperature one cause of the broken rock.

(PI. IX, Fig. 1 p. 16), and the same thing is sometimes seen on moun-

tain tops (PI. X, p. 1 7) . In high mountain regions where the changes

Fig. 19.— Talus at the foot of a peak in the Wasatch Range.

of temperature of the rock are great and sudden, the exposed rock is

often much broken. So far has tliis rock-breaking gone, that the
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surface of many a sharp mountain peak is covered with cracked and

broken rock, so insecure that a touch or a step will loosen many-

pieces and start them down the mountain (Fig. 18). Great piles

of such debris (called talus) bury the bases of some of the western

mountains to the depth of many hundreds of feet (Fig. 19). The

pieces of talus range from tiny bits to masses tons in weight.

This process of rock-breaking is a phase of weathering. The

debris loosened in this way moves from higher to lower levels under

the influence of gravity, if it moves at all. The general effect of

the process is to make high places lower, and to build up low lands

about the bases of steep slopes.

The breaking of rock through changes of temperature is not the

work of the atmosphere; but the atmosphere has much influence

on the changes of temperature on which the process depends.

Summary

On the whole, the tendency of the work of the atmosphere and

of the work which is controlled by it is to lower (degrade) the sur-

face of the land, and to loosen materials of the surface so that they

may be readily moved to lower levels by other agencies. The most

important phase of this work is weathering, or the preparation of

material for removal by other and more powerful agents of erosion.

As we shall see, however, the atmosphere is not the only agent con-

cerned in weathering (see p. 44).
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CHAPTER III

GROUND WATER

General Facts about Land-water

Water is one of the most vigorous agents working on the hxnd.

Its activity is seen on every slope during heavy rains, in every

stream, and in the wa^•es of hikes and seas. Even the water in the

soil and in tlie rocks ])eneath the soil is active, as we shall see.

Source of land-water. The water on the land and in the soil

and rocks has fallen from the atmosphere, which always contains

some moisture in the form of waterjvapor. Tliis vapor cannot be

seen, but it is constantly passing up into the air from all moist sur-

faces by evaporation. Under certain conditions, some of the water

vapor in the air is condensed into drops which fall as rain; or, if the

temperature at wliich the vapor condenses is below the freezing-

point, the moisture freezes as it condenses, forming snowflakes in-

stead of raindrops. The moisture which falls from the atmosphere,

whether in the form or rain or snow, is called precipitation. The

precipitation on the land each year would make a layer of water

something like three feet deep if it all fell at 'one time and were

equall}^ distril)uted. In other words, the average amount of pre-

cipitation on the land is probably l^etween 35 and 40 inches a year,

if we count a foot of snow as an inch of water. Forty inches of

water over the whole of the land would make about 35,000 cubic

miles of water. Since the rivers carry only about 6,500 cubic miles

of water to the sea each year, it is clear that the larger part of the

rainfall is not carried to the sea by rivers.

The fate of rain-water. The water which falls as rain does not

remain long where it fell. Some of it sinks beneath tiie surface,

some of it forms pools or lakes, some of it runs off over the surface,

and some of it goes back into the air by evaporation. That which

29
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sinks into the ground becomes grmjjudzwoier , and that which flows

off over the surface, without sinking, is the immediate run-off. Much
of the ground-water comes to the surface again, as in springs, and

joins the immediate run-off in the streams.

Ground-water

Its existence. The al)undance of water in the ground is well

known in many ways. (1) In farming regions, there are wells on

almost ever}^ farm. Illinois has more than 250,000 farms, and the

number of wells in the state is probably double the number of farms.

The number of wells in the United States must be several millions,

and the amount of water drawn out through them each day is very

great; yet the wells rarely go dry. (2) In deep mines huge pumps
are often kept at work all the time, in order to keep the mines dry

enough for men to work in. (3) Springs are common in many
regions, and their water comes from beneath the surface. These

facts show^ that the amount of ground-water is large.

Its source. Rain-water and snow-water are continually sinking

beneath the surface, and as we know of no other source whence it

might come, it is thought that the water in the ground is rain and

melted snow which has sunk beneath the surface. The connection

between rain and ground-water is shown by the fact that some wells

and springs go dry in times of drought, but have water again when

the drought is broken by renewed rainfall.

Descent of ground-water. Rain-water sinks into the soil and

rock through pores_jLn(i_cracks. The rocks near the surface have

more and larger pores and cracks than those at greater depths.

Pores and cracks become very small at the depth of a few thousand

feet, and it is probable that none exist below a depth of five or six

miles. If this is true, water does not descend more than five or

six miles.

The ground-water surface. If a series of wells were dug in a flat

region where the soil and the rocks below are everywhere the same,

the wells would have to be dug to about the same depth in order to

secure a constant supply of water. This is illustrated by Fig. 20.

If the well at a is dug to a given depth, a well at h will need to be
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dug to about the same depth in order to secure an equal supply of

water. Other wells at c and d will also have to be about equally

deep. Under these circumstances, the water in the several wells

will stand at about the same level. This means that the rocks and

subsoil of the region, below the level of the water in the several wells,

are full of water. The surface ])elow which the subsoil and rocks

are full of water in any given region is the water surface (also called

ivater table) for that region. In one region, the water table ma}^

be 10 feet below the surface of the land, and in another, 100 feet.

In dry regions it may be even deeper; but where the precipitation

Fig. 20.— Diagram showing a series of wells sunk in a flat tract of land.

is enough for successful fanning, the water surface is seldom more

than a few score feet below the surface of the land.

Amount of ground-water. The amount of ground-water is not

known, for there is no way of measuring it accurately. The best

estimates which have been made indicate that the water in the soil,

rocks, etc., of the land would probably make a layer something like

1,000 feet deep over tlic land, if spread out over its surface.

The movement of ground-water. Ground-water is constantly

moving, as shown in many ways. (1) If all the water is pumped
out of a well, it soon fills again about to its fonner level, because

water flows in. (2) The constant flow of springs shows that ground-

water is in movement. (3) The fiow of water into mines, quarries,

etc., tells the same story.

The reasons why ground-water moves may l:)e readily under-

stood. The rain does not fall equally everywhere. If there is a

heavy shower in one part of a flat region where the ground-water

surface is level, the soil and rock where the rain falls become filled

with water, and as a result, the ground-water surface is there raised

temporarih\ Under these conditions, the ground-water will flow

from the place where the water surface is higher, to places where it
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is lower. In the subsoil or rock, the water spreads more slowly

than it would at the surface, because it does not move readily

through the small pores and cracks.

The ground-water surface is not always level, even in a region

where the rainfall is unifoiTn. Other things being equal, it is higher

beneath high land, and lower beneath low land (Fig. 21), and in

a-'------

Fig. 21.— Diagram illustrating the position of the ground-water surface (the

dotted line) in a region of uneven topography.

this case, the water under the higher land moves out to lower lands.

The tendency is for the water surface below the high land to sink

until it is as low as that beneath the low land; but in moist climates

it rains so often that the water surface under the hills almost never

sinks to the level of the water in the surrounding low lands, before

it is raised again by rains. Ground-water is therefore almost

always mo\'ing out from high lands to low lands.

While ground-water usually flows in the direction of slope, it is

sometimes forced upward. Tlius, if water moving down through

a porous layer of rock, as h (Fig. 22), between beds, such as d and

/, which do not allow it to pass through them, finds an opening, it

may escape upward, forming a spring, as at s'. It may even flow

out with great force, as shown by some flowing, or artesian, wells

(Fig. 1, PI. XII, p. 33). Some ground-water flows underground to

the sea or to lakes, and issues as springs beneath them. Some
ground-water, too, seeps out in such small quantities that it does

not appear to flow, and does not make a spring.

Ground-water moves to some extent in other ways. Some of it

is taken up by roots, and, passing up through the plants, comes out

through their leaves into the air. Even in regions where the soil

appears to be very dry, evaporation is going on all the time. The

pores and cracks of the rock down to the water surface are full of

air, and from the water below, vapor passes up into the air in the

rock and soil, and thence into the nir above.



Plate XI

Fig. 1.— Giuut Geyser, Yelluwstuue JNatiouul Park. (^Wineman )

Fig. 2.—Cone (or crater) of Grotto Geyser, Yellowstone Park.
(Detroit Photo. Company.)



Plate XII

Fig. 1.—An artesian well ten miles northeast of Mitchell, Souih Dakota.
A pipe lias been inserted into the well-hole and the water flows up
through the pipe. (U- S. Geol. Surv.)

.'M
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The rise of vapor from the ground may Ije proved in a very

simple way. If a rubber bhmket be spread on the ground on a

summer night, or if a pan l)e inverted on the soil, the under side oi

the blanket or pan will often be dripping wet in the morning, before

the heat of the sun affects it. Had the cool blanket or the cool

metal not been there to stop it, the moisture from below would have

escaped into the air al)ove as water vapor. It is escaping unseen

all day and all night, and every day and every night, over all land

surfaces wherever the air in the soil and below it is more moist than

the air above. In this and other ways the ground-water is con-

stantly used up. Rainfall and snowfall, on the other hand, keep

renewing its supply.

It is probable that nearh' all of the water which sinks beneath

the surface, comes up again sooner or later, in some one of these

various ways; but a verv small amount of it unites with the solid

mineral matter, as in iron rust (p. 25).

The rate at which ground-water moves depends chiefl}' on (1)

the porosity of the rock or soil, and (2) the pressure of the water.

The rate at which water seeps through soils from Tfrigating ditches

in the arid lands of the West, is in most cases, from one to eight feet

per day; but in very porous soils, it is sometimes as much as 50 feet

per day. In a widespread formation of sandstone which underlies

southern Wisconsin and northern Illinois, the rate of movement of

ground-water has been estimated at half a mile a year. At this rate

rain-water which enters this formation 100 miles from Chicago

would reach that city in about 200 years.

Springs

All water issuing from ])eiioath the surface is seepage. Watei

issuing through a natural opening in such cjuantity as to make a

distinct current is a spring. .Springs may occur where^'er there are

natural passageways through which the groiuid-water may reach

the surface. Two cases are illustrated by Fig. 22. In one case the

water descends througli a more or less porous bed of rock, c, to a

layer, a, which is compact. The water flows along this layer until

the la3'er comes to the surface {outcrops), and there the water flows

out as a spring, s. In the other case, the water moves underground
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through the porous layer b, under pressure, until it reaches a crack

which leads up to the surface. If the crack is open enough to afford

a passageway, the water will follow it up to the surface, as at s\

In such a situation there will be a spring only when the opening is

d

Fig. 22.— Diagram to illustrate two types of springs, as explained in text.

The type represented by s is more common than the otlier.

lower than the water surface in the layer of rock which carries the

water. This sort of a spring is similar to a flowing well in principle,

but in the latter case the opening is made by man.

Temperature. The temperature of spring-water is very vari-

able. Most springs seem cold in warm weather, and there is a

popular impression that they are cooler in summer than in winter;

but this is not the case. The impression arises from the fact that

the water is much cooler than the air in summer, and so seems cold,

while in winter, the water may be warmer than the air, and so seems

less cold than in summer. Springs whose waters come from great

depths vary little in temperature during the year, while those whose

sources are but little below the surface are colder in winter than in

summer. The reason is, that the warmth of summer and the cold

of winter are most extreme at the surface, and become less with in-

creasing depth. Below 50 or 60 feet, in middle latitudes, the tem-

perature does not change much with the seasons, and springs which

draw their water from depths greater than 50 or 60 feet vary little

in temperature.

Some springs are warm, and a few are hot. Where spring-water

is hot, it is commonly because it has been in contact with lava which

came up from greater depths so recently that it has not yet become

cold. There are more than 3,000 hot springs in the Yellowstone

National Park.

Mineral and medicinal springs. All spring-water has some

mineral matter in solution; but a spring is not commonly called

a mineral spring unless it contains (1) much mineral matter, (2)

mineral matter which is unusual in spring-water, or (3) mineral
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matter which is conspicuous either because of its color, odor, or

taste. Many mineral springs are thought — and sometimes rightly

— to have healing properties, and so are known as medicinal springs.

Many of the famous watering-places and resorts for invalids are

at hot mineral springs. The Hot Springs of Arkansas, of South

Dakota, and of Carlsbad (Bohemia) are examples. Many springs

which are charged with gases are called mineral and medicinal, even

though their waters are worthless for healing purposes.

Geysers. In sc^me parts of the world, the water of hot springs

is forced out violently from time to time. Such springs are called

geysers (Fig. 1, PI. XI, p. 32). There are more than 100 geysers in

the Yellowstone National Park, and there are geysers in Iceland

and in New Zealand. All geysers are in regions of recent volcanic

activity. Some geysers send up boiling water and steam to a height

of 200 feet or more, though this is quite above the average. Some
geysers erupt frequently, and others infrequently. The eruptions

of some occur at regular intervals, and those of others do not. One
of the geysers in the Yellowstone Park is named "Old Faithful,"

because it discharges its waters at nearly i-egular periods of about

an hour.

The features which may be seen generally at a geyser are the

following: (1) An opening leading down to unknown depths. This

is called the gei/ser tube. (2) A shallow basin about the opening,

often filled with water. The basin is sometimes, though not always,

in the top of a mound. In some cases there is an irregular mound
perforated by openings, instead of a basin about the top of a tube

(Fig. 2, PI. XI). Both basins and mounds are composed of mineral

matter (commonly silica) which has been deposited by the water

which has issued from the geyser. (3) At the time of discharge,

much steam as well as liquid water issues.

The eruption. It seems certain that it is steam which ejects

the water from a geyser. It is believed (1 ) that ground-water enters

the geyser tube much as it enters a well; (2) that the walls of some

part of the tube are hot; (3) that the water in the tube is brought

to the boiling temperature at some point in the tube below the top of

the water; and (4) that when this takes place, the water which is

converted into vapor forces out all the water above.
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The reason why the water in a geyser tube is shot out, and. at

intervals, while the water in an open kettle is not, is found in the

difference in the shape of the vessels holding the water. When
water is heated, it expands. When water is heated in a kettle,

that at the bottom rises readily (the motion is convection) to the top,

so that there is a nearly uniform temperature throughout. The

geyser tube is much deeper than the kettle, and in places its diameter

is probably small. The tube is also more or less crooked. Both its

smallness and its crookedness interfere with the rise of the water (by

convection) heated l^elow, and the result is that water below the

surface is brought to the boiling temperature, under conditions

which do not allow the vapor to escape freely into the air. Hence

steam is formed in quantity below the surface, and by its great

expansion blows out the water above.

If a stone or clod of earth, or almost any other solid object is

thrown into a geyser, its eruption may be hastened a little, because

such things interfere with the convection of the water in the tube.

They help to hold the hot water down where it is being heated, and

so help it to reach a boiling temperature at some point below the

surface, a little sooner than it would do otherwise.

Geyser-water is constantly cooling the hot rock beneath the sur-

face, and in time the rock will cease to be hot enough to boil the

water. Geysers will then cease to exist, unless new supplies of lava

are forced up from l)elow. In the Yellowstone Park, some geysers

have cUed out since the region became known, scarcely forty years

ago. New geysers, on the other hand, have come into existence

in the same region during this period.

Artesian and Flo iring Wells

When the water in a well rises to or al)ove the surface, the well

is said to flow. Flowing wells are not unlike springs whose waters

spout up as they issue. The chief difference between tlieni is that

the opening in one case is natural, while in the other it was made by

man. Formerly, artesian wells were regarded as the same as flow-

ing wells. Nowadays, the name " artesian" is often applied to deep

wells, whether they flow or not.

Fig. 23 illustrates the general conditions necessary for flowing
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wells. They are the following: (1) A poi-ous layer or bed of rock,

a, underlying one which is not poi-ous, and which prevents the

water from escaping upward until it is penetrated l)y the well hole,

v\ The porous l)ed should come to the surface in a region which

Fig. 23.— Diagrams illustrating the conditions favorable for artesian wells.

In A, the porous bed a is in the form of a basin; in B, it merely dips.

is somewhat higher than the site of the well. (2) Enough rainfall,

where the porous l)cd comes to the surface, to keep lliat l)ed well

filled with water. Under these conditions, the water Ijeneath it'

will gush up, if a hole is made down to it (Fig. 1, PI. XII, p. 3o).

Flowing wells may l)e but a few feet deep, or they may be thou-

sands of feet deep. Tluis tliere is one in St. Louis nearly 4,000 feet,

and many in New Jersey less than ]()0 feet in depth. Many villages

and small cities get their water from artesian wells; but great cities,

such as New York, Chicago, Phila(Iel]3hia, etc., could not get enough

water in this way. In the semi-arid region of the Great Plains,

and at various other places on the West, water from deep wells is

extensively used for irrigation.

The Work of Ground-water

Ground-water does two kinds of work: (1) It dissolves mineral

matter, and it clianges the character of the rock through which i^

flows in more ways than one. Changes of tliis sort are chemical

changes. (2) Where it flows in streams, as it sometimes does, it

wears the channels where it flows, much as streams on the surface

do. Most ground-water is in the pores of rock, not in channels,

and its viechanical work is far less important than its chemical

work.

156679
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Chemical Work

Solution. All water which comes out of the ground has some

mineral matter in solution. This has been dissolved from the rock

through which the water has passed. When spring or well water

is evaporated, and often when it is boiled, it leaves a little residue,

wliich in time becomes very noticeable, as in boilers and kettles.

Thus the coating on the inside of a tea-kettle is composed of mineral

matter which was in solution in the water, and which was left behind

when the water was heated or evaporated.

Pure water does not dissolve mineral matter readily ; but ground-

water is not pure, for in falling through the atmosphere it dissolves

gases from the air, and in sinking through the soil it takes up the

products of plant decay. With these impurities in solution, ground-

water dissolves most sorts of mineral matter more readily than

pure water would. The amount of mineral matter brought to the

surface through springs is very great. Thus the springs of Leuk

(Switzerland) have been estimated to bring to the surface more than

2,000 tons of gypsum in solution yearly.

Caverns. By the dissolving work of ground-water, rock is

made porous. Small pores

and cavities are more numer-

ous than large ones, but some

of the openings produced in

this way, such as Wyandotte

Cave in southern Indiana, and

Mammoth Cave in Kentucky,

are very large. Such caves

occur chiefly in limestone, for

this is the most soluble of the

common rocks. An under-

ground cave is not, as a rule,

one great chamber, but is

made up of many chambers

or rooms connected bv small-

Fig. 24.— Vertical section of a cave in

France. B, a chamber withovit

outlet; C, D, E, F, (J, H, cone-
shai)ed cliambers. (Robin.)

er passageways (Fig. 24). The total length of the passageways

in Wyandotte Cave is more than 23 miles, and it has been
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estimated that there are 200 jiiiles of passageways large enough

for a man to get through in an luvii of 10 square milas al)out

j\Iammoth Cave.

Water is constantly seeping into caves from all sides and from

the tops. This water has mineral matter in solution, some of wliich

is deposited in the caves, either in icicle-like columns (stalactites)

hanging from the roof, or on the floor of the cave {stalagmites) . The

stalactites, stalagmites, etc. (Figs. 2 and 3, PI. XI, p. 33) are among

the most interesting features of caverns.

Cavern life. Though ca^ern life is no part of the chemical

work of ground-water it may l)e mentioned here. Caverns do not

furnish the conditions favorable for most sorts of life, for most

plants and animals need light; yet there are several varities of

animals in them, some living in the water and some in the damp
air. Cave animals are so like those living alcove ground in the

same region, that they are thought to be the descendants of

animals which got into the caves from the surface.

The animals in the caves show some peculiar features. In the

first place, they are less brightly colored than their relatives alcove

ground. This is prol:)al)ly because of the absence of sunlight, which

seems to have much to do with producing color in animals. In the

second place, the eyes of cave animals are poor, or sometimes want-

ing altogether. Thus among the crayfish, some have good eyes,

some have imperfect eyes, and some have none. From these and

other facts we may infer that the eyes of animals in dark caves tend

to disappear. A third peculiar feature of cavern animals is the good

development of their organs of touch, such as antennae. In the

darkness the sense of touch is much more useful than sight.

In Europe, caverns were sometimes the homes of primitive man.

The evidence of this is that the bones of men, as well as tools of

various sorts made l)y tliom, are found in the caves. Here, too,

are found the bones of largo animals \\hich were killed for food or

fur, and taken to the caves. On the l)ones of such animals and on

pieces of slate or wood, there are sometimes drawings, and some of

these drawings are of animals which no longer live in the region

where the caves are. From this we infer that the people who lived

in the caves lived there a long time ago.
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Limestone sinks. The roofs of underground caves sometimes

fall in, making sink-holes at the surface. These are known as lime-

stone sinks (Fig. 25). Such sinks are occasionally so numerous that

the surface about them is not cultivated, as in some parts of Ken-

tuck}' and Tennessee. From limestone sinks, tunnels often lead

r-

.'««a-'ui.'"»R4>

Fig. 25.— A sink-hole of recent development near Meade, Kan. (From
photo, by Johnson, U. S. Geol. Surv.)

down to caves. Some of these openings have been stopped up by

man, because cattle, going down into the sinks for the grass, occa-

sionally fell in.

Dissolved mineral matter carried to sea. Much of the ground-

water finds its way to rivers after it seeps out, and the larger part

of the mineral matter in solution in rivers has come from ground-

water which has flowed to them. All the rivers of the earth are

estimated to carry nearly five billion tons of jnineral matter to the

sea in solution each year. The transfer of so much mineral matter

in solution from the land to the sea lowers the land.

Some of the minei-al matter carried to the sea in this way remains

in the sea-water. Salt, for example,, is one of the sul)stances carried

by rivers to the sea; and the larger part of all the salt ever carried

to tlic sea remains there, probably, to this day. On the other hand

much of the mineral matter carried to the sea is used by the animals
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(and some plants) of the sea for making their shells, tests, bones,

etc., and these are left on the sea bottom when the organisms die.

Deposition. After dissolving mineral matter from the rocks,

ground-water sometimes leaves a part of it in the pores and cracks

of the rock through which it flows. In this way it tends to fill up

Fig. 26.— A quartz vein (the white band) in contorted schist. Muchals
Caves, Kincardineshire, Scotland.

cracks. When cracks in the rocks are filled or partly filled l)y min-

eral matter deposited from solution, they l)eeome v^ins (Fig. 2()),

and some rocks are full of them. Ores of gold, silver, lead, zinc, etc.,

occur in some veins.

The mineral matter dissolved in ground-water is often brought

to the surface and deposited there. The deposition is brought

about in various ways, among which are tlie following: (1) When
water evaporates, the mineral matter dissolved in it is left behind.

This is one of the reasons why kettles in which water is boiled lie-

come coated with niineral matter. (2) Certain gases dissolved in

wnter help it to dissolve mineral matter. If water contains much
gas, and if the gas escapes, as it is likely to when it is heated or when
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it comes to the surface, some of the mineral matter in solution may

be deposited. (3) Warm spring-water often gives up what it held

in solution, when it cools. (4) Microscopic plants sometimes grow

in the waters which issue from hot springs, as in the Yellowstone

Park. These tiny plants, by some process not well understood,

extract mineral matter from the water, and cause it to be deposited

(Fig. 2, PL XI, p. 32).

Solution and deposition may be going on at the same time, even

in the same place; that is.

'^•^^^

>*k' -«*-

the water may be dissolving

one substance wliile it is

depositing another. Thus

the original material of a

buried shell may be dissolved

and carried away, at the

same time that other mate-

rial is left in its place, pre-

serving the form of the shell.

In the same way, wood may
be replaced by mineral mat-

ter, giving rise to petrified

wood, or wood "turned to stone" (Fig. 27). Such changes probably

take place slowly, the mineral matter which was in solution in the

water replacing the woody matter as it decays.

Summary. From the preceding paragraphs, it will be seen

that ground-water brings about various changes in the rocks.

These changes take place slowly, but the.y are going on all the time.

In the long course of ages, they are so great that an eminent geol-

ogist has said, " Given time enough, and nothing in the world is more

changeable than the rocks."

Fig. 27.- A petrified log near Holbrook,
Arizona.

Mechanical Work

Abrasion, slumping, sliding, etc. Abrasion by ground-water

is slight, since ground-water rarely flows in strong streams. In-

directly, ground-water helps to bring a]:)out clianges of another

sort. When the soil on a steep slope becomes full of water, its

weight is greatly increased, and the water in it makes it move
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more easily. Under these circumstances, it sometimes slides down.

Such movements are known as slumping or sliding. If the slide is

large, it is sometimes called a landslide . Slumping is very com-

mon on the slopes of hills composed of clay or other loose matter

(Fig. 28).

Many destructive landslides have been recorded, but a few facts

about one will illustrate the phenomena of all. On the 29th of

Fig. 28.— South face of Landslip Mountain, Colo The protrudhig mass in

the center has shunped down. (From photo. U. S. Geol. Surv.)

April, 1903, there was a slide on Turtle Mountain, Province of

All^erta, Dominion of Canada. A huge mass of material nearly

half a mile scjuare, and probably 400 to 500 feet deep, suddenly slid

down the steep face of the mountain, into the valley below. It

crossed the valley, which was half a mile wide, and rose a few hun-

dred feet on the other side. When it came to rest, the material

which had slidden down was spread over an area of a little more than

one square mile. The length of the slide was about two and a half

miles, and it is estimated that the time which it took was not more

than 100 seconds. The heavy rainfall of the preceding year had

filled the rock with water, and the earthquake tremors which

occurred shortly before the slide are believed to have hastened that
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catastrophe. Extensive tunnels at the base of the mountain, for

mining, may also have played a part by making the understructure

less stable. Many lives were lost, and many buildings destroyed.

Instead of sliding down rapidly, surface earths sometimes move
down with extreme slowness. This sort of movement is creep. It

.
; .j^^^^^^tft
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Fig. 2D.— One tyi)e of landslide, near Wanlner, Idaho. (From o'loto. by
Fairbanks.)

is often too slow to ])e seen, but it results in the accumulation of

mantle rock, especially earthy matter, at the bases of slopes. Rail-

ways at the bases of steep slopes of clayey material are sometimes

pushed out by the creep of the clay, and in some places the tracks

have to be taken up and laid down anew fro(iuontly, especially in

wet seasons.

Weathering

Some of the processes of weathering have alread.y been men-

tioned, but it may l)o added that the chemical changes produced in

the rock l)y the atmosphere, the mechanical changes brought al:)out



GROUND-WATER 45

by variations of tempei-ature, and the chemical and meclianical

clianf>;es caused by ground-water, all conspire to alter the surface

of exposed rock, so as to cause it to crumljle and waste away. We
have already seen that tlie surfaces of the bowlders of the field are

often scaling off or crumbling. They are often discolored, even

Fig. .30.— Weathered lava, Yellowstone Park. (From photo. U. S.

Geol. 8urv.)

when they seem firm, and from the walls of stone Iniildings, fr:)m

monuments, and froni other stone structures, flakes sometimes

scale off. The upper hu'ers of stone in a ([uarry are in some ca.ses

broken, and cUfferent in color from those l)elow. Inscriptions on

some old tombstones are indistinct, and they have disappeared

completely from some stones which ha\-e been long exposed. In all

these cases some change has taken place in the rock whereby its

outer part is wasted, or weathered, away.

It is to be noticed that weathering is not one process, but many
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processes, of which those mentioned are but a part. Plants and

animals also assist in rock-breaking and rock-decay. The roots

of the former penetrate the soil, loosening it, and thereby make it

easier for water to get below the surface. Roots sometimes grow

,^^u» .<4p**«^^*»^^««|

Fig. 31.— A cliff of limestone with talus blocks which have weathered off.

Crazy Woman Hill, Wyoming. (From photo.by Hole.)

in cracks in the rock, and as they grow they act like wedges (Fig. 33).

Large masses of rock are sometimes loosened in this way. When
a tree is uprooted, the ground is torn up (Fig. 34), and rock material

to the depth of several feet is at times exposed to the action of freez-

ing water, air, and rain. Biu'rowing animals of all sorts loosen the

ground, and dc^'elop channels for the entrance of water. Even

small animals like ants and earthworms do an important work in

this connection. In Massachusetts, ants have been estimated to

bring one-foui'th of an inch of fine soil to the surface each year.

This would amoimt to several tons per acre.

The importance of rock-weathering is great. Much soil is but

weathered rock, and without the weathering of rock, much of the

land would be free of soil, and therefore without vegetation. The

weathering of the rock also prepares fine material for removal by

wind or water.
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fig. 32.— A column of earthy matter weathered out. It was once a part of

the cliff. Its cap of rock keeps it from crumbling.

Fig. 33.— A tree growing in a crack Fig. 34.—Masses of rock in the
in the rock. The growth of the roots of an upturned tree,

tree widens the crack. Sierra Yoseniite Valley, California.
Nevada Mountains. California. (From photo, by Fairbanks

,)
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. 35 — Curious lorms of weathered
rock. A harder layer of rock at

the toj3 spans an opening weath-
ered out of weaker rock below.

Goblin's Archway, Last Chance
Creek, Utah. (From photo, by
Hillers, U. S. Gcol. Surv.)

Fig. 36.— Stand Rock; a pillar of

rock separated from the upland to
the left by the widening of a crack.

Dells of the Wisconsin.
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CHAPTER IV

THE WORK OF RUNNING WATER

Streams are of common occurrence in most lands. A few, like

the Mississippi and. the Amazon, are very large, but small ones are

far more numerous. Some are sluggish, and some swift. Even

those which flow slowly under ordinary conditions may become

swift in times of flood, and then their force may be terrible (Fig.

37). Occasionally they sweep away bridges, dams, and even build-

ings which stand upon their banks. The strong beams and rods

of the bridges, and the steel rails of railways, are in some cases

bent as if they were twigs by the force of the flood which follows an

P^ig. 37.— A raging river. Flood of the Mississippi River breaking througli

its levees. Louisiana. (U. S. Weather Bureau.)

exceptional rain, or the rapid melting of a large body of snow.

The destruction or the weakening of bridges by flooded streams

is a common cause of railway accidents. Tlie force of a stream is

no less where there are no bridges or buildings, and its banks and

bed are effectively worn by the swift current.

49
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The force of running water is evident even when streams are not

in flood. Many small mountain brooks are so swift that it is

difficult to stand or wade in them, although they are no more thao

a foot or two deep. The force of running water is also seen in the

rapids and falls of streams. It is most impressive in the case of

such a fall as Niagara, the force of which is estimated at four million

horse-power. Even sluggish streams may have great force, fdr

?V^*-^:^

%J*

i. ^<^ ^^^ ^\_^

Fig. 38.— Scene in the freight yards of Kansas City after the flood of 1903.
(Drawn from photo. U. S. Weather Bureau.)

their currents are made to work the machinery of thousands of mills

throughout the land, and the force of the machinery in the mills is

often impressive, even when the moving water wliich turns it makes

little show of strength.

Sources of stream water. Most streams derive the larger part

of their water from the immediate riyi=aff and from grouncl^ymter;

but many of them receive contributions from ponds and lakes as

well, and a few, like the St. Lawrence, receive most of their water

from such sources. Others get water from the snow and ice of

mountains. The Mississippi, as well as most other great rivers,

receives water in all these ways. The immediate run-off, the ground-
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water, the watejr of lakes, and the ice of the mountains, all have their

sources in rain and snow; so that rivers, like springs and wells,

depend on moisture from the atmosphere for their supply of water.

A direct comiection between rainfall and rivers may be inferred

from various familiar facts: QX Streams are more numerous in

regions where rain is plentiful (I'ig. 39) than in those where it is

Fig. 39.— Map showing the many Fig. 40.— Map showing the few
streams of a humid region. streams of an arid region.

Central Kentucky. The area Northern Arizona. The area
is about 225 square miles. is about 225 square miles.

scarce (Fig. 40) . (2) Multitudes of small streams spring into being

with each heavy fall of rain, to disappear again soon after the rain

ceases, or after the snow is gone. (3) Streams are swollen after

rains, and swollen most after heavy rains. (4) Many small streams

wliich flow during wet weather disappear in times of drought.

If a slope of land were perfectly even, like the slope of a smooth

roof, the immediate run-off would flow in a sheet . There are slopes

so even that their immediate run-off moves in this way; but on most

slopes, even those which appear to be regular, there are some un-

evennesses, so that, although the run-off which follows a rain may
start as a sheet, it is soon gathered into rills ancLgtreamlets which

follow the depressions of the surface. The smallest streamlets unite

"to form larger ones, and the little rills, after many unions with one
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another, reach valleys where there are permanent streams. These

may be small, when they are called creeks or brooks; or large, when

they are called rivers. Streams which flow bvit part of the time, as

after a rain-storm, during wet weather, or only a part of the year,

are temporary or intermittent streams. All streams flow in depres-

sions. The small depressions which carry off rain-water from

Fig. 41.— Gullies on slope above a valley flat.

slopes just after a shower are gidlies (Fig. 41). Ravines are larger

depressions of the same sort, and valleijs are larger still.

Just as the tiny streamlets unite with one another to form creeks

and these join to make rivers, so the gullies in which the smallest

temporary streams flow, often unite to form wider and deeper gullies

(Fig. 41). These, in turn, join one another to make ravines, and

ravines lead to valleys. Valleys, like streams, usually end at the

ocean or a lake; but in some cases, especially in arid regions, they

end on dry land (Fig. 42). Large streams generally flow in large

valleys, and small streams in small valleys, but to this general rule

there are some exceptions.



Fig. 1 — Graud Canyou of the Colorado. (Peabody.)

Fig. 3.—Joints in bed road. Pieces of the rock broken in this way may
be picked up by a strong current and carried. Currarie Port, "South
Ayrshire, Scotland. (H. M. Geol. Surv.)



Plate XIV
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The Erosive Work of Streams

Streams carry sediment down their valleys, as may be seen when

rivers are in flood, for at such times they are usually muddy. Be-

Fig. 42.— Streams starting in the mountains at the right, disappear in the

sand, gravel, etc. on the arid plain in the center. Scale 4 miles per inch.

(Paradise, Nev. Sheet, U. S. Geol. Surv.)

sides the mud which is in the water, streams roll sand, gravel, etc.,

along their bottoms. The movement of the fine sediment of the

stream, and of the coarse sediment at its bottom, may be seen in

any little current along the roadside after a shower, and the great
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Mssissippi carries its load in the same way. Streams carry some

sediment, even when not in flood. Some of them have so Uttle mud
that their waters seem clear, while others, like the Missouri and the

Platte, are always turbid. Since most rivers run to the sea, much
of the sediment which they carry finally reaches the ocean and is

deposited there.

The amount of material which certain streams carry to the sea

has been estimated. For a given river, the estimate is made by

calculating the number of gallons or the number of cubic feet of

water discharged by it each year, and then determining the average

amount of sediment in each gallon or each cubic foot. It has been

estimated that the Mississippi River carries to the Gulf of Mexico

more than 400 million tons of sediment each 3^ear, an average of

more than a milUon tons a day. It would take nearly 900 daily

trains of 50 cars each, each car loaded with 25 tons, to carry an

equal amount of sand and mud to the Gulf. All the rivers of the

earth are perhaps carrying 40 times as much as the Mississippi.

We have seen that ground-water dissolves rock slowly, and that

springs bring some of this dissolved matter to the streams. These

dissolved substances are commonly invisible, and, unlike mud,

remain in the water even after it has become quiet. The amount

of matter carried to the sea in solution each year, by all the rivers

of the earth, has been estimated to be about one-third as much
as the sediment (mud, etc.) carried by the rivers.

These general facts show that the rivers are constantly shifting

solid matter from land to sea. Tliis is, indeed, their great work.

Even the water which falls on the land, but does not flow to the sea,

helps to make the rock decay (p. 44), and so prepares it for removal

by running water. It may therefore be said, that every drop of

water which falls on the land has for its mission the getting of the land

into the sea.

Gathering sediment. As the rain-water flows down the slopes

on which it falls, it carries along particles of soil and weathered rock

to the streams to which it flows. The amount of sediment which

a stream gets in this way is large if the immediate run-off flows over

cultivated fields whose slopes are steep. The water which flows

over slopes well covered with vegetation, such as pasture land or



THE WORK OF RUNNING WATER 55

,

>'. ^

""^^'iv.
-'J:,

-^•^
.

kj^f

forest, carries away little soil, because the roots of the vegetation

help to hold it. Gullies or "washes" often develop in plowed fields

which lie on slopes, where other fields which are not tilled do not

suffer to the same extent. In some parts of France, all the soil on

hill and mountain
slopes has been washed

away since people be-

gan to cultivate the

land. Little dams have
now been made in

some of the ravines

and vallej^s to check

the flow of water and

the removal of soil

(Fig. 43). In the

southern part of our

own country and else-

where, slopes which

were once covered with

soil have become bar-

ren because the soil

has been washed away.

The water flowing

down a slope may flow

as a sheet, or it may
be gathered into

streamlets. It carries

more mud, etc., when
it is gathered into

streamlets, because
such water runs faster. It is where the water is gathered into

streamlets as it runs down the slope that little gullies are washed

out (Fig. 41).

The stream in the valley not only carries away much of the sedi-

jient brought to it by sheet-wash and temporary streamlets, but

-\, gathers more sediment from its bed and banks. This is true, for

example, wherever the bed of a stream is composed of loose material,

h:- _'x^r<^^:--
«iJia4

Fig. 43.— Shows the method of restraining the

water of mountain torrents, to prevent the

carrying away of the soil. Savoie, France.

(Kuss.)
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for particles of such material are easily loosened and. moved along

in the current. The sediment moved by a stream, whether in

suspension or at its bottom., is load.

A stream is not a single, straightforward current. When water

runs through an open ditch or gutter, some of it may be seen to move
from sides to center, and some from center to sides, while eddies

are common. These lesser currents in the main current are espe-

cially distinct where the stream is swift. A swift river, too, "boils"

and eddies in a striking manner. In the swift Colimibia, for ex-

ample, eddies are often so strong that it is difficult to row through

them. In such a current, objects are often "sucked under" and

^r^\-
Fig. 44.— Diagram to illustrate the effect of irregularities, a and h, in a stream's

bed, on the current striking them.

brought up again. There are similar movements, though less

readily seen, in slower streams.

All these phenomena show that there are numerous subordinate

currents in the main current of a river, and that they move in

various directions. Many of them are caused by the unevenness

of the bed of the stream (Fig. 44). The subordinate upward cur-

rents frequently carry sediment up from the bottom of the stream,

bringing it into suspension.

It might seem that swift streams should always be muddy and

slow ones always clear, for the minor currents are much stronger in

swift streams than in slow ones; yet many swift streams, especially

in the mountains, are remarkably clear. This is the case (1) if

immediate run-off and tributaries bring the stream no sediment,

and (2) if the materials of its bed are so coarse that it cannot pick

them up. The clearness of many swift mountain streams is due to

the fact that there is no fine material of any sort in their beds or

banks, while the muddiness of some sluggish streams, such as the

Lower Missouri and the Platte, is due, at least in part, to the fact
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that their bottoms and banks are of such fine, loose jnuterial that

even their slow currents can get it and carry it forward.

Some river valleys are in solid rock, even in rock which is very

hard (Fig. 1, PL XIII, p. 52). Do rivers gather load from such

valleys? In answering this question, we must remember, in the first

jolace, that rock exposed to water, as in the bed of a stream,

decays. As it decays, it crumbles, and the crumbled part is readily

swept away by a swift ciu'rent. Again, the sand and gravel rolled

along by a stream wear its bed, even if it is of hard rock. The sedi-

ment which a stream carries, therefore, becomes a collection of tools

with wliich the running water works, and with these tools even hard

rock is worn away. The rock in which valleys are cut is sometimes

broken by cracks or joints (Fig. 2, PI. XIII, p. 52), and in such cases

the stream may carry away the pieces if they are not too large.

Clear water, flowing over a bed of fimi, hard rock, effects little

mechanical wear. This is well shown in the case of clear streams

like the Niagara. Tiny plants, similar to those which make moist

stone walls green, may sometimes be seen growing on the limestone

of its bed, where the water is shallow enough to allow the bed to be

seen. This is the case even at the brink of the falls, where the cur-

rent is very swift, but where all the force of the mighty torrent is

unable to sweep the tiny plants away. If the stream had a partial

load of sand or mud, these little plants would be torn away in a

hurry. The sediment carried by a stream, therefore, helj^s it to

erode, especially where the bed is of solid rock.

Carrying sediment. As already stated, coarse materials, such

as pebbles, are generally rolled along the bottom,while fine materials,

such as particles of mud, are often carried in siisjmision, that is, in

the water above its bottom. The movement of the coarse materials

rolled along the channel is easily understood, but the behavior of the

fine sediment in suspension needs explanation.

Mud is composed chiefly of tiny particles of rock, nearly three

times as heavy as water; yet these particles, heavy as they are,

often remain in suspension for long periods of time. They are held

up in the water much as dust is held up in the air. Since they are

heavier than the water, they tend to sink all the time. They do in

fact sink; but as gravity brings them down, many of them are
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caught by minor upward currents (Fig. 44) and carried up in

spite of gravity. It is chiefly by means of these minor upward

currents in the main current that sediment is kept in suspension. The
particles of sediment suspended in a stream are dropped and picked

up again repeatedly, and the long journey of any particle is made up

of many short ones. Particles of mud carried from Dakota to the

Gulf of Mexico ordinarily make many stops along the route.

Amount of Load. The amount of sediment a stream carries

depends on (1) its swiftness, (2) its volume, and (3) the amount and

kind of sediment which it can get. Swift and large streams can

carry a heavier load than slow and small ones. The effect of velocity

on the carrying power of streams may be seen in most creeks and

Fig. 45.—Tools with which a river works. They can be moved only when
the stream is in flood. Bighorn Mountains.

rivers which are wider in some places than in others. Where the

channel is narrow, the current is swift, and here, in many cases, all

fine material has been swept away, leaving only pebbles and larger

stones (bowlders) in the channel (Fig. 45) . Where the channel is

wider, on the other hand, the bottom of the same stream may be

covered with sand or mud. By nan-owing the channel of the Mis-

sissippi by making jetties near its mouth, in 1875, James B. Eads
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not only prevented further deposition of sediment there, l)ut forced

tne river to clear out its own channel. This change permitted

ocean vessels to reach New Orleans, and insured the commercial

prosperity of that city.

Erosion defined. The wearing away of the land surface is

erosion. In general, erosion consists of three more or less distinct

processes. These are (1) the loosening of the rock, often by weath-

ering, (2) the picking up of the loosened material, and (3) its trans-

portation. When the running water is no longer able to carry away
sediment, it ceases to erode its bed, except by solution.

Deposition a result of erosion. When the velocity of a stream

is checked, it generally drops some of the sediment it was carrying.

This is always the case if it had as much sediment as it could carry

before its velocity became less. Some of the sediment is left in the

valleys, especiall}^ toward their lower ends, and some of it is carried

to the sea, or to the lake or other basin to which the river flows.

Deposits of sediment in valleys build up {aggrade) their bottoms.

Thus the Mississippi is spreading sediment over the bottom of its

valley for hundreds of miles north of the Gulf of Mexico, and many
other large streams are doing the same thing. The amount of sedi-

ment deposited on low land by running water is, however, far less

thd,n the amount worn away from the high land.

Changes Made by Rivers in their Valleys

A valley has three dimensions, depth, width, and length, and

each dimension is subject to change.

The deepening of valleys. Swift streams make their valleys

deeper, but many slow streams deposit more sediment than they

take away, and so make their valleys shallower. Many streams

deepen their valleys in their upper courses where their waters are

swift, while they make them shallower in their lower courses where

the currents are sluggish.

The principal reason why a stream is swift is that its channel

has a steep slope; but as such a stream deepens its valley, the slope

oi gradient of its channel becomes less, and the stream flows more

and more slowly. In time, every swift stream will cut its channel

down until its current becomes sluggish.
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The depth which a valley may reach depends on the height of

the land in which it is. The higher the land, the deeper the valley

may become. Such valleys as the canyons of the Colorado (Pis.XII

.^ N

Pig. 46.— The Canyon of the Yellowstone below the Falls. Yellowstone
National Park.

and XIII, pp. 52 and 53) and the Yellowstone (Fig. 46) are never

iound in plains, but are characteristic of plateaus and mountains.

The depth which a valley may reach depends also on its distance

from the sea by the route which the water follows. Thus if a streajn
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Fig. 1.—Rapids ; outlet of Walker Lake, Alaska. (U. S Geol. Surv.)

Fig. 3.—Niagara Falls. (U. S. Geol. Surv.)
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flows from a plateau 2,000 feet above the sea and 200 miles from it,

by a direct course, it has an average fall of 10 feet per mile; but if

it runs off a plateau of equal height 2.000 miles from the sea, it has

an average fall of one foot per mile. If the volume of the stream

is the same in the two cases, the valley in tlio plateau nearer the sea

will become much deeper than the other. \^alleys near the borders

of continents are therefore likely to be deeper than those in the

interiors of the continents, in lands of the same elevation.

A stream cuts the lower end of its channel down to about the

level of the lake, sea, or river into which it flows. The level of the

body of water into which a river flows therefore determines the level of

its channel; but a valley reaches the level of the water to which it

leads only at its lower end. Its upper part is always higher.

The widening of valleys. If the growth of a valley were due

merely to the down-cutting of the stream, the valley would be no

Fig. 47.— Diagram of a valley, the top of which is ten times the width of the

stream.

wider than the stream which flows through it (Fig 47). Since most

valleys are much wider than their streams, something besides the

down-cutting of the streams must help along their growth. The

widening of valleys is brought about in many ways, among them

the following:

(1) A stream sometimes flows against one side of its channel with

such force as to under-cut the slope above (PI. VIII, p. 13, and Fig.

48). Slow streams are more apt to widen their valleys in this way

than swift ones, because slow streams are more easily turned against

their banks by obstacles in the channels.

(2) The rain-water flowing down the slopes of a valley carries

mud, sand, etc., with it. Tliis also widens the valley, by slowly

wearing back its slopes.

(3) The loose earthy matter which lies on the slopes of a valley

creeps slowly downward, especially when wet. From a steep valley

slope, it may, under some conditions, slide or slump down (Fig. 29).
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(4) Whenever trees on the sides of valleys are overturned, they

disturb more or less soil, some of which is likely to roll down.

These and various other processes help to loosen rock or soil on

the slopes, and prepare it for descent, and the descent or removal

of matter from the slopes of a valley always increases its width.

IKiS%lll|i

Fig. 48.— The Colorado River flowing tlirough the Imperial Valley of south-
ern California, and under-cutting its bank, 1906. (U. S. Geol. Surv.)

All valleys, therefore, are being widened all the time. In most pro-

cesses of widening, the stream itself is an important factor, for it

sooner or later carries away most of the material which descends to

the channel. Along the bases of the slopes of many valley's there

is much debris (talus) waiting to be carried away (Fig. 49).

As a result of all the processes which wear back their slopes,

valleys may become very wide. The widening of adjacent valleys

may go on until the high land or divide between them becomes very

narrow (Fig. 50), or even until it is worn away altogether.

Valley flats. After streams have cut their valleys down to

low gradients, they make flats, or flood plains, in their bottoms

(Fig. 1, PL XVII, p. 64 ). These flats are always below the level of

the surface in which the valley lies. The Mississippi Piver at

])u])U(iuc has a flat between one and two miles wide, and about 600

feet above sea-level. Near St. Louis the flat is 10 miles wide, and

about 400 feet above sea-level. At Memphis it is about 35 miles
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wide, and but 220 feet above sea-level. At Vicksijurg it has a

similar width, and a height of but 90 feet. In general the flats of

valleys increase in width down stream.

^-.^-^^Seferfc^J^g^J^?:^
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Fig. 49.—Talus at base of valley slope, ready to be carried off by the stream.
Little Canyon—looking south into Snake River.

In conclusion, it may be said (1) that rivers tend constantly to

get the material of the land into the sea; (2) that in working to this

Fig. 50.— Diagram showing streams in adjacent valleys, under-cutting the
divide between them. They may, in time, destroy the divide by lateral

planation.
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end they develop flats below the general level of the surface in

which they lie; and (3) that these flats are usually wider and lower

near the sea, and narrower and higher far from it. Fig. 1, PI. XVII,

Fig. 51.— A valley much older than that shown in Fig. 46; Gray Copper Gulch,,

southwestern Colorado.

p. 64, and Figs. 51 and 52 show valley flats in various sorts of

regions.

Streams which flow through flat-bottomed valle3^s are generally

-(4^'-^^^ tt^^!^ ' * -

Fig. 52.— A wide valley flat. Milk River, near Pendant d'Oreille, Canada.
(Drawn from photo. U.S. Geol. Surv.)
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Fig. 1.—The well-developed flat of the Mississippi, near Prairie du Chien,

Wis. Scale about 3 miles per inch. (Waukon, la.-Wis., Sheet, U.S.G.S.)

Fig. 2.—A meander of the Missouri River. Fig. 3.— Later development of
Scale about 2 miles per inch. (Marshall, a meander. Scale as In fi"-. 2
Mo., Sheet, U. S. G. S.^) (Butler, Mo., Sheet, U. S. G* S.)



Plate XVIII

Fig. 1.—Young valleys just north of Chicago. Scale 1 mile per inch.
Culture omitted. (Highwood. Til , Sheet, U S. G. S.)
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slow and winding, and are said io m.ccmdcr Figs. 2 and 3, (PI. XVII,

p. 64). A meandering stream often flows against the base of

the slope of its valley, and wearing it back (PI. VIII, p. 13), makes
the valley flat wider. Most \ alley flats were developed chiefly by

the side-cutting of the streams.

The lowest level to which a stream can lower its flat is ha^o^kvcl.

Any valley flat is a sort of base-level, though the first one developed

by a stream is not necessarily the lowest level to which it may bring

its valley l)ottom. It is the lowest level to ichich it can bring its valley

under the conditions which exist when the flat is made. It is, therefore,

a temporary base-level. Later, under changed conditions, the stream

may sink its channel l)elow its first flat.

The lengthening of valleys. Valleys are lengthened in various

ways. One way is illustrated by the gullies developed on hillsides

Fig. 53.— A gully developed by a, siiiigle shower.

during heavy rains. The gully made during one rainstorm (Fig.

53), is often lengthened at its upper end during the next, by the water

which flows in at its head. This process of lengthening may some-

times be seen even during the progress of a single storm. The heads

of valleys often have the characteristics of ravines or gullies, and
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valleys are, in some cases, no more than grown-up ravines, whose

heads are advancing after the manner of hillside gullies. As it

grows in length, the head of one valley may reach the lower end of

Fig. 54. Fig. 55.

Fig. 54.— Two young valleys heading toward each other.

Fig. 55.— Valleys of Fig. 54 developed headward until their respective heads
have met, and the divide has been lowered a little at the point of meeting.

Fig. 56. Fig. 57.

i'lg. 56.— Two small valleys, a and h, have developed, the one on the steeper
slope above, and the other on the gentler slope below.

Fig. 57.— Represents the two valleys of Fig. 56, further developed, h has.

grown until its head has reached the lower end of a, and the two have
become one. The two figures represent one method by which valleys
grow longer.

another, when the two become one (Figs. 56 and 57). Not all

valleys, however, are lengthened at their heads after the manner

outlined. Thus the head of the St. Lawrence River is at the foot

of Lake Ontario, and will remain there as long as the lake shore

remains where it now is.

If one valley reaches another under the conditions shown by
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Figs. 58 and 59, and if the head of the valley a is lower than the

valley it reaches, b, the valley a will steal the water which would

othenvise flow down b. The valley a (Fig. 59) is thus lengthened.

Streams are sometimes lengthened at their lower ends. This is the

case where the sediment which they deposit at their lower ends

Fig. .38. Fig. 59.

Figs. 58 and 59.— Diagrams to illustrate a phase of piracy. By the headward
growth of a, Fig. .58, it reaches b, and finally carries off its upper waters;
a, Fig. 59, is a pirate; b, Fig. 59, has been diverted^ and c has been beheaded

builds the land out into the sea. The stream then finds its way
across the new-made land.

Summary. All valleys are being made deeper in some places

all the time; all valleys are being made wider all the time; and

some valleys are growing longer. All streams sooner or later

develop flats in their valleys, and these flats may increase in width

till the diA'ides between them become low, or even until they are

worn away altogether.

The Historij of Rivers and Valleys

Since valleys grow ^^ear by 3'ear, they must formerly have been

smaller than now. If we could trace their liistory Ijackward, we
should find that there was a time when the large valleys of the

present day were small, when many of the small valleys were only

ravines, and when the present ravines and gullies did not exist.

Going still farther back, we nuiy inuigine a time when even the large

valleys had a beginning.

One method of valley liirth and growth is illustrated b}' the

development of a gully, already outlined. A gully started during
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one shower is made deeper, wider, and longer by the next. Year

by year, as the result of repeated showers and repeated meltings of

snows, the gully grows to be a ravine, and later, a valley.

Not all gullies, however, become valleys. On a steep slope,

many gullies may start; but as they grow, some are so widened as

to take in others (Fig. 60), and the number is reduced. But a smaJ

Fig. 60.— Diagram illustrating how one gully takes another as a result of

lateral erosion, a, b, and c, represent the cross sections of three young
gullies. By growth they become one, as shown.

proportion of all that start become ravines, fewer still become small

valleys, and the number of valleys which attain great length is very

small. As valleys develop from gullies, the heads of some work

back faster than others, with the result that many valleys are

arrested in their development early, as shown in Figs. 61-63. For

example, c. Fig. 61, will grow in length little more, because the water

which falls on the land above its head flows off through some other

valley to the sea. Later stages in the growth of the valleys shown

in Fig. 61 are illustrated by Figs. 62 and 63.

The courses of valleys. The headward growth of a gully is due

chiefly to the erosion of the water which flows into its upper end.

If all the material about the upper end of a gully is equally hard,

its head works back in the direction whence most water comes

(Figs. 64-66). But the head of the gully keeps advancing, and if

the surface about its head is uneven, more water may flow in, now

from one direction, and now from another. The result is that the

head of the gully is rarely worn l)ack in a straight line.

If the soil or rock about the head of a gully is harder at some

points than at others, the head of the gully is likely to advance on

that which is most easily worn. Inequalities of slope or material,

therefore, cause the head of a gully to turn now to one side, and now

to the other^ as it advances, and where the head of the gully goes,
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there the valley which develops from it follows. The crookedness

of many valleys is thus explained.

a b c d e f g h i j h I

Fig. 61.— Diagram showing a series of young streams along a coast.

Fig. 62.— The same streams shown in Fig. 01, after a period of growth;
d, f, and / have grown much beyond their neighbors.

Fig. 63.— The streams of Fig. 62 developed still further; d, f, and / have
developed so far as to stop the growth of most of the others.

The permanent stream. Water commonly flows in gullies only

when it rains and when snow melts, and for a short tome afterward;

but many valleys developed from guIUes finally have permanent

streams. Where does the water for such streams come from?



70 PHYSIOGRAPHY

When a valley has been deepened so that its bottom is below

the ground-water surface, the ground-water seeps or flows into the

Fig. 64. Fig. 65. Fig. 66.

Fig. 64.— Diagram showing a young valley. If more water enters its head
from the direction b than from any other direction, the head of the
valley will be carried back toward b, as shown in Fig. 65.

Fig. 65.— Shows the development suggested in Fig. 64. If more water now
enters the head of the valley from the direction c than from any other
direction, the growth of the valley will be as shown in Fig. 66.

Fig. 66.—- Shows the development suggested by Fig. 65. The head of the
gully has advanced from b to c, and it will continue to advance in this

direction so long as most water enters the head from the direction c.

valley, and forms a stream. In Fig. 67, a represents the water

surface in wet weather, and b the water surface in dry weather.

The valley whose cross-section is shown by 1 would not have a

stream derived from ground-water; the valley 2 would have a small

Fig. 67.— Diagram showing ground-water surface; a, th? ground-water sur-

face at ordinary times, and b, in times of drought. When a valley has been
cut below a, there will be a stream in wet weather, but it will go dry in

time of drought. When the valley is below b, the ground-water surface
of dry weather, the stream will be permanent.

stream in wet weather; while the valley 3 would have a permanent

stream, because it is below the ground-water level of dry times.

Where the ground-water surface is deep, the valley must be deep

to get a stream; where the ground-water siu'face is near the land

surface, even shallow valleys ha\'c permanent streams.
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Streams which arc fed by hikes, and streams which have their

sources in snow and ice fields which last from year to year, do not

depend on ground-water, though they often receive it.

Valleys are not all grown-up gullies. Not all valleys were

formed l)y the growth of gullies. A vast area in the northern part

of North America, for example, was once covered by a great sheet

of snow and ice. The rivers which had existed in this area ceased

to flow, for the most part, while the ice lay on the land. Many of

their valleys were filled, at least in places, by the debris (drift) which

the ice left when it finally melted. The result was that great areas

Fig. 68.— Diagram showing tributaries in an early stage of development.

were left without well-defined valleys. The melting ice, however,

supplied great quantities of water, and this water flowed along the

lowest lines of descent which it could reach, and developed valleys

along their courses. Valleys developed by such waters may have

permanent streams at the start, since they do not depend on ground-

water.

Again, the melting of the ice left many lakes on the surface of

the land it had covered, and the rainfall of the region was great

enough to make many of them overflow. When a lake overflows,

the out-going water follows the lowest line of descent, and develops

a valley in the way just outlined. In these ways, rivers were soon

re-established on the surfaces from which the ice melted.

Growth of tributaries. Most valleys are joined by many
smaller tributary valleys. The reason is readily understood. The

erosion of the slopes by the water flowing from them is greater along

some lines than others, and tributary gullies are started (Fig. 68),

and grow in the same wa}^ as the valleys from which they develop.
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In time, some of them become valleys, and. have permanent streams.

Tributary valleys develop tributaries, and the process goes on until

a network of watercourses affects the surface. Fig. 39 shows a

surface in this condition.

A valley and its tributaries constitute a valley system. A stream

and its tributaries constitute a drainage or river system, and the area

drained by a river system is a drainage basin.

Stages in the history of valleys and streams. Valleys grow in

size as they advance in years, as we have seen. When a valley is

young, it is narrow, and its slopes are steep. If the land is high, it

has a steep gradient, and soon becomes deep. Its cross-section is

then somewhat V-shaped (Fig. 46), and its tributaries are short.

The mature valley is wider (Figs. 51 and 52), its slopes are often

gentler, and its tributaries are longer and older. An old valley is

wide, and has a broad flat or flood plain, and a low gradient.

A stream also, as well as its valley, passes from youth to matu-

rity, and from maturity to old age. In its youth, it is likely to be

swift, unless it flows through low land. In maturity, it is much
steadier in its flow, and when it reaches old age, it winds slowly

through its wide plain. Even an old stream, however, may take

on the vigor of youth when it is flooded.

The terms youth, maturity, and old age may be applied to river

systems, as well as to single rivers. Every river system, aided by

weathering, has entered upon the task of carrying to the sea all the

land ofits basin which is above base-level. So long as the river sys-

tem has the larger part of its task before it, it is young (Fig. 1, PI.

XVIII, p. 65, and Fig. 46) . When the main valleys have become wide

and deep, and the areas of upland have been well cut up (dissected)

by valleys, the river system is said to have reached maturity (Fig. 1,

PI. XIX, p. 80, and Fig. 51). When the task of base-leveling its

drainage basin is nearing completion, the river system has reached

old age (Fig. 2, PL XIX, p. SO). The master stream of a drainage

system attains the characteristics of maturity and old age sooner

than its tributaries, and in its lower course sooner than in its upper.

The topography of a drainage basin is youthful when its river

system is youthful, mature when its river system is mature, and

old when its drainage is old. In an area of youthful topography much
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of the surface hap not yet been much changed by erosion (Fig. 68,

Fig. 1, PI. XVIII, p 65), and the surface is often ill-drained. In

an area of mature topographi/, much of the surface has been reduced

to slopes by erosion (Fig. 1, PI. XIX, p. 80), and is well drained; while

an area of old topograph)/ is one which has been brought down to

general flatness by erosion (Fig. 2, PL XIX). Those parts of a

drainage basin near the master stream may take on the charac-

teristics of age, while other parts farther from the trunk stream are

not advanced beyond maturity, or even youth.

Rate of land degradation. It has been estimated that the

Mississippi River carries enough mud, sand, etc., to the Gulf each

year to make a layer about 1-400 of an inch (1-5000 of a foot) thick,

if it were spread out over the basin of the river. If to this we add

the material earned to the sea in solution, the rate of degradation

of the Mississippi basin is about one foot in 3,500 years. This, per-

haps, represents about the average rate at which the lands of the

earth are being lowered by erosion at the present time.

Conditions affecting the rate of erosion. Summarizing some

things that have been stated in the preceding pages, we may say

that the rate at which running water wears down the surface over

which it flows depends largely on (1) the volume of water, and this

depends chiefly on the amount of precipitation; (2) the velocity of

the water, which depends chiefly on its gradient and its volume;

(3) the character of the surface, especially the resistence of its mater-

ials; and (4) the load which the water carries. To work most effec-

tively, the water must have tools (gravel, sand, etc.,) enough to

enable it to cut rapidly, but not enough to retard its flow seriously.

Exceptional Features Developed by Erosion

Canyons and gorges. Valleys which are narrow and deep are

often called gorges if they are small, and cannons if of larger size.

The sides of gorges and young canyons are sometimes nearly vortical

(Fig. 1, PI. XV, p. 60), but the sides of large canyons are rarel}'

so. The distinction l^etween a canyon, and a ^-alley which is not a

canyon, is not sharp.

The Colorado Canyon (PI. XIV, p. 53) is the greatest canyon

known. Its depth is about a mile. Though narrow at the bottom,



74 PHYSIOGRAPHY

it is eight to ten miles wide at the top. With a depth of one mile

and a width of eight, the slope, if uniform, would have an angle of

less than 15°. The cross-section of such a valley is shown in Fig.

69. But the slopes of the canyon are step-like (Fig. 70), a form

Fig. 69.— Diagram showing the proportions of a valley, the width of which
is eight times the depth. These are approximately the proportions of

the Colorado Canyon.

Fig. 70.— Cross-section of the Colorado Canyon.

which is the result of the unequal hardness of the rock of the canyon

walls. The harder strata are the cliff-makers.

The Yellowstone River also has a great canyon about 1,000 feet

deep (Fig. 46 and Fig. 2, PI. XVIII, p. 65). It is narrower in

proportion to its depth than the canyon of the Colorado. The

Snake (Fig. 49) and the Columbia rivers have wonderful canyons

in some parts of their courses, and so has the Arkansas River where

it crosses the Rocky Mountains. The canyons of many smaller

and less well-known rivers are almost equally striking.

A narrow valley means that the processes which have made it

deep have outrun the processes which make it wide. Valleys are

deepened rapidly when their gradients are high and their streams

strong. They are widened slowly (1) when the climate is arid,, so

that there is little slope wash, (2) when the stream is so swift that

it does not meander, and (3) when the material of the sides is such

that it will stand with steep slopes. Solid rock, for example, will

stand with steeper slopes than loose sand. We conclude, therefore,

that (1) great altitude, (2) arid climate, (3) swift streams, and (4)

rock which will stand in steep slopes favor the development of can-

yons. In other words, young valleys in plateaus and mountains

are likely to be canyons. A strong stream in a dry region is possible

when the stream is supplied with abundant water from a humid
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region above. The Colonxdo, Snake, and Arkansas ri\-ers are ex-

amples.

The deeper can\^ons of the West make travel athwart their

courses almost impossible, while their rivers rarely serve the needs

of navigation or irrigation. The ancient cliff-dwellers often made

Fig. 71.— Ciiif d\velling.s, southwestern Colorado.

their homes in the recesses of canyon walls (Fig. 71), probably

because these positions could be easily defended against enemies.

Canyons must finally become valleys of another type, for the

stream in the canyon will in time cut to base-level. The valley will

then stop growing deeper, but widening wiH still go on, and the

narrow valley will become so wide that it will cease to be a canyon.

Bad lands. The name bad land is sometimes given to the type

of topography shown in Fig. 3, PI. XV, p. 60. Such topography

is developed in the late youth or early maturity of certain high

regions, and is found in various parts of the West, especially in

western Nebraska, Wyoming, and the western parts of the Dakotas,

where the fonnations are largely sandstone or shale, alternating

with beds of clay. A semi-arid climate, where the rainfall is fitful,

seems to be favorable for the development of bad land topography.
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Rapids and falls. The bed of a stream is often steeper at some
point than at others, and there the stream flows more rapidly. In

such a case as that shown in Fig. 1, PL XVI, p. 61, the quickened

flow constitutes a rapids. If the water in a stream's bed drops over

a cliff, it makes a waterfall (Fig. 2, PI. XVI, p. 61), and between

waterfalls and rapids there are all gradations. Steep rapids are

often called falls, and both are sometimes called cascades.

The falls and the rapids of many rivers add greatly to their

beauty, and sometimes enhance their value to mankind by affording

Fig. 72.— Diagram representing an early stage in the history of a waterfall.
The diagram represents a vertical section through the rock. ^ is a hard
layer, and b a represents the slope over which the water began to run. In
time, the gully develops the profile b c a, and the water flows more swiftly
just below the hard layer, making a rapids. A little later, the profile of
the valley becomes c c', Fig. 73, and the rapids become more rapid.

Fig. 73.— This figure shows a further development of the process illustrated

in Fig. 72. The profile of the stream becomes d d' , when there is a pro-
nounced fall; e e' , when the fall becomes lower; //', when the fall has
again become rapids; and (j g', when the rapids have disappeared.

great water-power. Niagara Falls affords about 4,000,000 horse-

power. The Falls of St. Anthony did much to make Minneapolis

the greatest flour manufacturing city of the world. Some of the

great manufacturing cities of New England also grew up about low

falls and rapids. But rapids and falls are enemies of navigation.

In the early days, the rapids of the Ohio at Louisville prevented the

passage of steamers, and so determined the location and early growth

of that city. A canal around the rapids was completed in 1830.

Waterfalls came into existence in various ways. If the rock

in the bed of a stream is of unequal hardness, the less resistant part

will be worn more rapidly than the more resistant part farther up-
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stream, with the result shown in Fig. 73. The continued wear of

the water in such a case would cause the rapids at c (Fig. 72) to

become steeper, and in time the descending water would become

a fall d' (Fig. 73). In this case, the rapids and falls depend on in-

equalities of hardness in the bed of the stream. This is, perhaps, the

commonest way in which falls and rapids originate. Fig. 74 shows

the structure of the rock at

Niagara, where the falls are

due to a harder layer of rock

above others which are not so

hard. A landslide or a lava

flow may form a dam, over

which the water falls or flows

in rapids. Rapids and falls

arise in other ways also.

Falls and rapids are under-

going constant change, although

the change is usually very slow.

The falls of the Niagara are

moving slowly up-stream, because the falling water undermines the

hard layer of rock over which it drops (Fig. 74) . As a fall recedes, it

becomes lower in many cases (Fig. 73) . In such cases, it is clear that

the fall will disappear if it recedes far enough. If the hard rock

over which the water drops is in the position sho'^m in Fig. 75, the

Fig. 74.— Diagram illustrating the
conditions at Niagara. (Gilbert.)

d
Fig. 75.— Diagram illustrating a condition where a fall will not recede.

fall will not recede, though it will become lower, and will disappear

when the stream cuts down to base-level where the fall is. Rapids

and falls are temporary features of streams, and like canyons, are

marks of youth. In time, all rapids and waterfalls will disappear,

for they cannot exist after rivers have reached base-level.

Natural bridges. If a stream with a waterfall flows over rock

in which there are deep, open cracks, as is sometimes the case, a
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natural bridge may be formed. Some of the water of such a stream

ma}^ descend through a crack (as at b, Fig. 76). After reaching a

lower level, it may find or make a passage through the rock to the

river at the fall. If even a little water follows such a course, it will

make its passageway {beds, Fig. 76) larger, and in time it may
become large enough to carry all the water of the river. The fall will

J i i

Fig. 76.— Diagram to illustrate the initial stage in the development of a
natural bridge. Longitudinal section at the left, cross-section at the
right.

Fig. A stage later than that shown in Fig. 76.

then be shifted from its first position at / (Fig. 76) to b. The fall

will then recede up-stream. The underground channel between the

old fall and the new would be bridged by rock (6/" and /", Fig. 77)

.

A natural bridge of this sort is now in process of development in

Two Medicine River in northwestern Montana. The Natural Bridge

near Lexington, Va. (Fig. 2, PI. XV, p. 60), almost 200 feet

above the stream which flows beneath it, was probably developed

in this way. It is not to be understood, however, that all natural

bridges have had this history.

Narrows. A valley often becomes narrow where it crosses a

layer of hard rock. Such a constriction of the valley is a narrows,

or a water gap (Fig. 78). The Delaware Water Gap through the

Kittatinny Mountain (Pa.-N. J.) is a well-known example. Unlike

falls, narrows are not most conspicuous in the youth of the stream,

but later, after the valley has been much widened except where it

crosses the hard rock. Falls are common in horizontal or nearly

horizontal beds, i)ut narrows are developed only in tilted beds.

Narrows sometime*^ serve as gateways through mountains, and
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so control lines of travel. The narrows of the Potomac River in

Wills Mountain, Maryland, may serve as an example. In the early

days of American history. Fort Cumberland was built at the nar-

Fig. 78.— The Lower Narrows of the Baraboo River, Wisconsin. The valley

widens out beyond the gap, the same as in the foreground.

rows to guard the important pass through the mountains, and Wash-

ington's and Braddock's Roads ran west through it. At the present

time, the Cumberland National Road and an important railway

make use of it.

Rock terraces. Again, if the hard layer through which a stream

cuts is horizontal, it weathers away less rapidly than the weaker

t^-i' .':.. ^â

Fig. 79.— A butte. A characteristic feature of the arid plateau region of the
West. The butte is really a monadnock. (U. S. Geol. Surv.)

rock above and below, and so gives rise to rock terraces, as shown
in Fig. 70.

Monadnocks, rock ridges, etc. Elsewhere than in valleys, too,

uard rock affects the topograph}', for rain-wash, wind, and most
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phases of weathering wear it away less rapidly than they wear

weaker rock. The result is that resistant rock remains as hills,

or even as mountains (called monadnocks) , when the weaker rock

about it has been removed by erosion. Fig. 1, PL XXI, p. 84 is

an example. In the West, similar elevations are often called hidtes

(Fig. 79). If such an elevation has some expanse of surface at its

top, it is a viesa (Fig. 80). This term is applied to wide terraces,

Fig. 80.— Lime Mesa, southwestern Colorado. The mesa is the flat-topped

area near the middle of the picture.

especially if high. If the hard rock which gives rise to an elevation

is a tilted bed of rock, the resulting elevation is long and narrow,,

and is often called a hogback (Fig. 81 and PL XX, p. 81 ).

Accidents to Streams

Drowning. Streams are subject to many accidents. If the

land through which they flow sinks, as it sometimes does, they flow

less rapidly, or may even cease to flow altogether. If the lower

end of a valley sinks below sea-level, the sea -water enters and forms

a bay, drowning the lower end of the river and its valley. If the

streams along a coast end in bays, we infer that the coast has sunk,

and that its rivers and valleys have been drowned. Thus Delaware

Bay, Chesapeake Bay, and nimierous other smaller bays between
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FiG.l.—A region iu a mature stage of erosion. Scale about 2 miles per inch.
(Kentucky, U. S. Geol. Surv.)
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Fig. ,—A plain in old ajic. Scale about 2 miles per inch. (Abilene, Kan.,
Sheet, U. S. Geol. Surv.)



Plate XX

An area southwest of Denver, showing a mountain ridge dissected by
erosion. The mountain range appears as a series of long hills in line. These
long hills are the outcropping edge of a tilted layer of hard rock. The breaks
in the ridge are the results of erosion. Ridges of this sort are often called
"hogbacks." Scale about 3 miles per inch. Contour interval, 50 ft.

(Denver, Cole, Sheet. U. S. Geol. Surv.)
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f "\,

Fig. 81.— A hogback, Colorado City, Colo.

^%

Fig. 82. Fiff. So.

Fig. 82.— Chesapeake Bay and its surroundings. The bay is a drowned river
valley, and the lo\ver ends of its tributary vallej's are also drowned.

Fig. 83.— The drainage of the region about Chesapeake Bay, somewhat as
it would have been but for drowning.
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New York and the Carolinas are drowned valleys. Without the

drowning, the drainage of the region about Chesapeake Bay would

be somewhat as shown in Fig. 83. By comparing Fig. 83 with 82

it is seen that drowning separates the parts of a river system.

Rejuvenation. If the basin of an old stream is raised so that

the gradient of the stream becomes greater, its velocity is increased,

and it again takes on the character of youth. Such a stream is said

to be rejuvenated.

Ponding. If a part of the stream's bed is warped upward, the

flow above the up-warp is checked, and the stream widened.

Streams above such an obstruction are ponded; that is, the waters

accumulate in a pond or lake. If the up-warp is great enough, it

may completely dam the stream. Streams are also sometimes

ponded by lava-flows, by landslides, etc., and by dams made by

man. Mill-ponds along numerous creeks are illustrations of streams

ponded in the last of these ways.

Piracy. One stream may steal another. One way in which

this is done has been suggested (p. 67). The stream which steals

THE
KITTATINNY

PLAIN

THE
5MENANO0AH

PLAIN

Fig. 84. Fig. 85.

Figs. 84 and 85.— The capture of the head of Beaverdam Creek by the Shen-
andoah River. Virginia^West Virginia. (After WiUis.)

is a pirate. The stream stolen is diverted, and the stream which

has lost its upper waters is beheaded. Piracy has been much more
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common timoiig rivers than Ls generally known. In the Appala-

chian region, for example, there are few large streams which have

not either increased their waters by piracy, or suffered loss by the

piracy of others. Figs. 84 and 85 afford one illustration. Piracy

is favored by inequalities of hardness, for the streams which do not

cross hard rock deepen their channels more readily than those

which do.

When a stream is diverted from a narrows, the water-gap be-

comes a unnd-gap. Wind-gaps are comhion in most mountain

regions which have advanced to late maturity. Snickers Gap
(Fig. 85) is one example, and the Cumberland Gap, in the south-

western corner of Virginia, is another. Cumberland Gap afforded

the early emigrant the most available route across the mountains,

and during the last quarter of the eighteenth century, probably

more than 300,000 people passed through it to settle in Kentucky

and Tennessee. The numerous wind-gaps of the Blue Ridge Moun-
tains figured prominentl}' in the westward movement of the people

in the early history of our continent, and again in the Civil War.

Deposition by Running Water

We have seen that rivers are always carrying mud, sand, gravel,

etc., from land to sea. We have seen also that these materials are

often dropped for a time on their way to the sea, to be picked up

again when the conditions for transportation are more favorable.

We have now to learn (1) the reasons why running water abandons

some of its load, temporarily at least, (2) the places where the ma-
terial is deposited, and (3) the effects of its deposition.

Causes of Deposition

When ruiHiing water abandons some part of its load, it is gen-

erally because its current has been checked.

1. The commonest cause of loss of velocity is decrease of slope

or gradient. This change may take place suddenly, as when run-

ning water passes from a steep slope to a flat, or when it enters

a lake or the sea; or it may take place slowly, as in flowing through

a valley whose slope becomes gradually less.
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2. Another but less common cause of loss of velocity is decrease

of volume. Streams generally increase in size as they flow, but

to this rule there are some exceptions. (1) If, for example, a

stream flows through a very dry region, it may receive little water

from tributaries and springs. Evaporation, on the other hand, is

great, and some of the water may be absorbed by the thirsty soil

and rock through which it flows. Tliis is especially the case if the

ground-water surface (p. 30) is below the level of the stream. In a

dry region, therefore, a stream may diminish as it flows, and may
even disappear altogether (Fig. 42) . (2) A stream sometimes breaks

up into several streams (Fig. 2, PI. XXI, p. 84), The volume of each

is less than that of the original stream, and decrease of volume means

decrease of velocity. (3) Still again, many streams, especially in

arid regions, have much of their water withdrawn for purposes Oi

irrigation. Man}' streams in the West are made smaller in this

way.

3. A stream may make deposits because it gets more load than

it can carry, even though it does not become slower. Thus tributary

streams with high gradients may bring to the streams into wliich

they flow more sediment than the latter can carry away.

Alluvial Deposits: Their Positions and their Forms

The sediments left l)y running water on the land are alluvial

deposits. They are found chiefly where the flow of the water is

checked. Such situations fall into several classes.

1. At the bases of steep slopes. Every shower washes fine sed-

iment down the slopes of hills and mountains, and much of it is left

at their bases. In such situations, fences are sometimes buried, little

by little, by the mud lodged against them. The temporary streams

which follow showers sometimes flow down steep slopes, and are

suddenly checked at their bases. Such streams gather much debris

on the slopes, but abandon it where their velocity is suddenly

checked. Thus at the lower end of every new-made gully on a hill-

side, there is a mass of debris which was washed out of the gully

itself (Fig. 53 and PI. XXII, p. 85). Material in such positions accu-

mulates in the form of an alluvial cone. An alluvial fan is the same

as an alluvial cone, except that it is spread out more, and has a lesser



Plate XXI

Fig. 1.—A monadnock. A mass of igneous rock isolated by erosion,

and remaining because of its superior hardness. Matteo Tepee,
Wyo. (Detroit Photo. Company.)

Fig. 2.—A briinchiui:- stream. Juuilion of the Cooper and Yukon
rivers, Alaska ; shows bars also. (U. S. Geol. Surv.)



Plate XXII

An alluvial cone or torrential fan at the mouth of Aztec Gulch, Dolores
River, southwestern Colorado. (U. S. Geol. Surv.)
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slope. Tlie term ]an is more iipproi^riate than cone for most alluvial

accumulations at the bases of steep slopes.

Nearly all young rivers descending from mountains build fans

where they leave the mountains. Thus the rivers descending from

the Sierras to the great valley of California build great fans at the

foot of the range, and most of the rivers coming out of the Rockies

to the plains east of them do the same thing. The fans of streams

descending from the mountains are often many miles across.

The fans made by neighboring streams often grow until they

unite. The union of such fans makes a compound alluvial fan, or

a -piedmont alluvial plain (Fig. 42 and PI. XXIII, p. 86). Such
plains exist at the bases of most considerable mountain ranges.

The depth of alluvial material in such situations is often scores and

sometimes hundreds of feet.

Alluvial fans and piedmont alluvial plains are often valuable

for farming. In some parts of California, for example, the alluvial

lands are so valuable that farms are small and highly improved.

Even in semi-arid regions they are often cultivated, the water being

supplied (1) by wells, through which the debris of the fan is made
to yield up the water it has absorbed, or (2) by irrigation ditches

which connect Avith a stream or reservoir at a greater height.

2. In valley bottoms. The gradient of a stream generally be-

comes less as it flows on, and so it happens that sediment is dis-

tributed for great distances

along valley bottoms. Some
of it is left in the channels,

and some of it is spread

over the low lands along the

streams, making them alluvial

plains. Deposition in a val-

ley which has no flat tends to ^ig. 86.— Flat developed by aggrada-
, , ,^. tion —•diagrammatic.
develop one (Fig. 86).

When a stream deposits sediment in its channel, the channel

becomes smaller. In time it may become too small to hold all the

water, and a part then breaks out, and follows a new course in the

valley flat. This process may be repeated again and again (Fig. 87),

The departing streams may or may not return to the main. If they
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do, the stream iVecomes a network of little streams, sometimes called

a braided stream (Fig. 87). The condition shown in the figure exists

only at low water. When the river is high, the whole fiat through

which the minor streams shown in Fig. 87 and PI. XXIV (p. 87)

flow is covered with water, and becomes the bed of a single river.

Streams sometimes deposit sand-bars in their channels (Fig. 2,

PI. XXI, p. 84), especiall}' in low water. Bars interfere with navi-

gation, especially when the rivers are low. The bars are often

Scale.

Fig. 87.— A braided river, Dawson Co., Neb. (U. S. Geol. Surv.)

swept away in times of flood, when the streams are swift, but in

many cases they form again when the flood is past. Occasionally

bars become more or less enduring islands. If they become covered

with forests, they are not likely to be washed away, for the roots

tend to hold the soil against the force of the current.

The alluvial plains along rivers are almost flat, though they

slope gently down stream. They have a few features, however,

which deserve mention, and among them are the natural levees.

This term is applied to the low ridges on stream flats along the l)anks

of the channel (Fig 88). They are built in times of flood. At such



Plate XXIIl

A piedmont alluvial plaiu or compound alluvial fan in Southern California.
Scale about I mile per inch. Contour interval, 50 ft. (Cucamon"-a
Cal.. Sheet, U. S. Geol. Surv.)



Plate XXIV

The alluvial plain of the Platte rivers in Nebraska. The South Platte
is braided and the North Platte shows bars. The map also shows
irrigating canals leading out from the river. Scale about 2 miles
per inch. Contour interval, 30 ft. (Paxton, Neb., Sheet, U.S.G.S.)
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times, the current in the main channel is swift; but as the water

spreads beyond its channel over the adjacent flat, its velocity is

checked promptly, because its depth becomes less, suddenly. It

Fig. 88.— Levees of the Mississippi in cross-section, four miles north of Don-
aldsonville, La. Vortical scale x 50. The horizontal line represents
sea^level. The bottom of the channel is far below sea-level at this point.

must, therefore, abandon much of its load then and there. Re-

peated deposition in this position gives rise to the levees.

The early population of Louisiana and JMississippi was largely

distributed in narrow belts along the levees of the Mississippi and

its tributaries and distributaries. The land here was high and dry

enough to be cultivated, ver}' fertile, and close to streams, wliich

were the great liighways of that time.

Flood-plain meanders. A stream in an alluvial plain is Hkely

to wind about {meander) (Fig. 3, PL XVII, p. 64, and PI. XIX, p. 80).

This may besaid to be the result of the low velocity of such a stream,

for the sluggish stream is easily turned aside. Were such a stream

made straight, it would become crooked again, and the manner of

change is illustrated b}- Figs. 89 and 90. If the banks be less firai at

some points than at others, as is always the case, the stream will cut

more at those points. If the shape of the channel is such as to direct

a current against a given point (6, Fig. 89) , the result is the same,

even without difference of material. If a curve in the bank is once

started, it is increased by the current which is directed into it, and

as the current comes out of a curve, it is directed against the opposite

bank and develops a curve at that point. The water issuing from

this curve tends to make another, and so on. After being started,

meanders tend to become more and more pronounced (Fig. 90).

In the case shown in Fig. 2, PI. XVII, p. 64, the neck of land be-

tween curves has l^ecome very narrow. When it is cut through, the

stream will abandon its wide curve. A later stage in the process

is shown in Fig. 3, of the same Plate.

When the stream has cut off a meander, the abandoned part

of the channel may remain unfilled with sediment. If it contains
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standing water, as it may, it becomes the site of a lake (Fig. 91, and
Fig. 1, PI. XVII, p. 64). Such lakes are called oa;6ot/; ZaA;es, or bayous.

In meandering, a stream sometimes reaches and undermines

the valley bluff, thus widening its valley flat (PI. VIII, p. 13). This

Fig. 89. Fig. 90.

Fig. 89.— Diagram illustrating an early stage in the development of river

meanders. The dotted area represents the area over which the stream
has worked.

Fig. 90.— A later stage in the development of meanders.

is, indeed, the most important process in the widening of valley

flats. While river deposition sometimes makes river flats (Fig. 86),

Fig. 91.— A scries of diagrams showing various stages in the development of

meanders. (Robin.)

and wliilc it always tends to widen them because it louilds up their

surfaces, it should be remembered that erosion at the sides of the

channel is the most important process in their development.
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By the shifting of their course;,, as the result of deposition and

meandering, streams have affected human interests in many ways.

Vihages which have grown up on the banks of navigalile rivers, l)e-

cause of the river trade, have sometimes ])een left far inland by
changes in the positions of the streams. Such villages usually

decay when the streams withdi'aw their patronage. Other \-illages

Ijuilt on flood plains have been washed away, while others have

been preserved at great expense. Streams ai'e often the boundaries

between counties and even states. In such cases, the shifting of the

stream introduces many complications into the boundary lines.

The case is even more serious, where a river forms an international

boundary. Thus the shifting of the Rio Grande makes it an un-

satisfactorv boundarv between the United States and Mexico.

Fig. 92.— Cement^lined canal in connection with the Salt River irrigation

project, Arizona. (U. S. Rec. Serv.)

Fertility of alluvial plains. Alluvial plains are often very fer-

tile, and many of them are of great value for farming purposes. This

was as true in ancient times as now, for the valleys of the Nile, the

Poj and many of the rivers of southern Asia were garden spots of
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ancient civilizations. In America, valleys have been sought out

for habitation from the earliest times. In Virginia and Maiyland,

early settlements were made in the valleys of the James and the

Potomac; and in Pennsylvania, in the valleys of the Delaware, the

Schuylkill, and the Susquehanna. In New York, the principal

settlements were long confined to the valleys of the Hudson and the

Mohawk, and when the settlements in Massachusetts began to

spread beyond the coast, they occupied the valley of the Connecticut.

Alluvial plains are well situated for irrigation. Fig. 92 shows

an irrigation canal into which water is to be turned at the point

where the canal leads off from the stream. Fig. 93 shows a canal

Fig. 93.— All irrigating canal filled with water. Salt River Valley, Ariz.

filled with water, along which luxuriant vegetation has sprung up.

Trees along the canals serve a useful purpose, for by shacUng the

canal they diminish the evaporation. Fig. 94 shows a field prepared

for irrigation. Water is turned from the canals into the small

ditches of the field, as needed.

Great progress has already been made in the use of the arid lands

in the western part of the United States for farming purposes.
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Glaciers on Glacier Peak, Washington. The glaciers are shown in blue.

Scale about 2 miles per inch. Contour interval, 100 ft. (Glacier Peak,
Wash., Sheet, U. S Geol. Surv.)



Plate XXVI

A i)ortion of the Bighorn Mountiiins, showiug glaciated valleys, the heads
of which are, in many cases, cirques. Scale about 2 miles per inch.

(Cloud Peak, Wyo., Sheet, U. S. Geol. Surv.)
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Fig. 1)4.— Fields prepared for irrigation by method of .squares. Las Cruce^
N. M.

The la-ncls thus used are mostly in valleys and on plains adjacent

to mountains. The government has undertaken the construction

of many reservoirs for water in favorable places in the mountains,

"i^'y m'""^^'>

^"F'"- * ^j. If n . "ItowsToxvf !< O R T H •

mKAN 3 A 1

Fig. 95.— Map sliowing irrigation projects completed and under construction;
spring, 1906. (U. 8. Rec. 8erv.)
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to hold the waters of the wet seasons so that they may be drawn

out and used on the Lands below, during the growing season. The
sites selected for dams are usually narrow places in the mountain

valleys. The cUstribution of the lands now irrigated, or soon to

be irrigated by the government, is shown in Fig. 95.

Although alluvial plains are generally fertile, they are not

without their drawbacks as fanning regions, for the floods to which

they are subject are often tUsastrous both to life and to property.

Fig. 96.— Diagram illustrating changes in the course of the Yellow River.
Tlie shaded area represents the ai-ea subject to flooding by the main
stream and its tributaries. (Riclithofen.)

Some parts of the rich flood plain of the Mississippi, used for farming,

are so subject to floods that all buildings connected with the farms

are placed al)ove the flat.

The destruction caused ]jy fl<M)ds is not confined to farms, but



Plate XXVII

Fii^- 1. Ice crowded up on sliore of Lake ^Ah mlota, Wis. (Buckley.)

Fig. 3.—ElYecl of ice shove, Lake Meudota, Wis. (Buckley.;

Fig. 3.— Shore of Wall Lake, Iowa. (Pl^^i^. by Calviu.;



Plate XXVIII

Fii,'' 1.—Photographs of snow-flakes, enlarged. (Bentley.)

-^

Fig. 2,—Neve (granular snow) at an elevation of 4.052 meters, on the ISwiss-

Italian frontier. (Robin.)
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extends to cities and villages as well. TeiTil)lo illustrations of the

havoc wrought by floods are furnished by many rivers. In the

spring of 1897, many thousand square miles of the flood plain of

the Lower Mississippi were covered with water, and 50,000 to G0,000

people suffered serious loss. In 1881 and 1882 the floods of the

same stream and of the Ohio are estimated to have caused a loss of

$15,000,000 and 138 lives. The losses occasioned by the floods of

the Ohio alone were estimated at $10,000,000 in 1884, and at $40,-

000,000 in 1903. There was a disastrous flood in the valley of the

Wabash, and another in the valley of the Susquehanna, in 1904,

each causing the destruction of property to the extent of several

million dollars. Other similar illustrations are unfortunately too

numerous.

At debouchures. Where a swift stream flows into the sea, or

into a lake, its current is checked promptly, and soon destro}'ed

altogether. Its load is therefore dropped, and if not washed away

Fig. 97.— Delta of Lake St. Clair. (Lake Survey Chart.)

by waves, etc., makes deltas (Figs. 97-101). The delta has some
points in common with an alluvial fan. In both cases, the principal

deposit is made at the point where the velocity is checked suddenh'.

In the case of the delta^ however, the current is checked more com-
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pletely, and the debris is spread less widely. In form, the delta

differs from the alluvial fan in that its edge has a steep slope (com-

Fig. 98.— A dcita in a lake. The village is Silva Plana, in the Engadine,
Switzerland. (Robin.)

pare Figs. 102 and 103). A delta begins below water, but it is soon

built up to the watei'^level, and even above it. That part of the

delta above the surface of the water in which it is built is like a flat

alluvial fan.

Fig. 99.— A general view of the lower part of the delta of the Mississippi.

Waves, currents, etc., may prevent the building of a delta, but

othenvise all sediment-bearing streams make deltas where they
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enter seas or lakes. Deltas are sometimes ])uilt where one stream

flows into another, especially where a swift stream with much sedi-

ment joins a slow one.

SCALE OP Uiati

10 20 80

Fig. 100.— The lower end of the Mississippi, showing its distributaries.

(C. & G. Siu-v.)

Much land has been made by the growth of deltas. Thus the

Colorado River has built a great delta many square miles (above

water) in area at the head of the Gulf of California (Fig. 104).

The delta has been built quite across the former gulf near its upper

end, shutting off the head. In the arid climate of the region, this

shut-off head became a nearly dry basin, the lowest part of wliicb
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is about 300 feet below sea-level. In 1906, this low land gave much
trouble. The Colorado River broke out of its l^anks where it crossed

the land of its own making, and took a new course into the low area

to the north. Pouring into this

basin, it made a great lake,

called the Salton Sea (Fig.

104). The lake spread over

farming lands, villages, and

railroads, and vast sums of

money were expended in turn-

ing the water back into its old

course.

Tiae deltas of the Mississippi

(Fig. 99), the Nile (Fig. 101),

and the Hoang Ho rivers (Fig.

96) are among the large and

W'ell-known ones. The delta of

the" Ganges and Brahmaputra

is also a great one, having an

area (above water) of some 50,000 square miles. The Po has

built a delta 14 miles beyond the former port of Adria, which gave

Fig. 101.— The delta of the Nile.

Fig. 102.— Diagrammatic profile and section of a delta.

%^

Fig. 103.— Diagrammatic profile and section of an alluvial fan.

its name to the Adriatic Sea. The Rhone River has advanced its

delta about 15 miles in as many centuries.
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The outline of many deltas is (Icterniined by the surroundings

in which they are built. When, for example, a delta is built in the

head of a bay, the outline of the bay determines the shape of the

Fig. 104.—Relief map of an area about the head of the Gulf of California,

showing the delta of the Colorado River, outHned, in a general way, by
dotted lines. The Halton Sink is shown at the north, and the Imperial
Valley, where many farms were flooded, lies south of the sink.

delta. The normal form of a delta built on an open coast is roughly

semi-circular, though there is often a fringe of delta fingers, which

together have some resemblance to the Greek letter delta A , which

gave these terminal deposits of streams their names (Fig. 100).

Tl^e surfaces of deltas are usually nearly plane (Fig. 9Sj, and tha



98 PHYSIOGRAPHY

streams which cross them often give off distributaries (Figs. 100 and

101), which are subject to constant changes. These changes some-

times affect commerce in a vital way.

Many deltas are cultivated, and some of them, hke that of the

Koang Ho, support dense populations. Delta lands are, however,

subject to disastrous floods. It is estimated that the flood of the

Hoang Ho River in September, 1887, drowned at least a milHon

people who lived upon its delta, and caused the death of many more

by disease and famine afterward. Many villages were completely

destroyed, and hundreds more were temporarily submerged. Pre-

vious to 1892, this river flowed into the Yellow Sea south of the

Shan-tung promontory (Fig. 96). In that year, it shifted its course

in flood time, forming a new channel leading northeast into the

Lkv
^^.

i,>^'

Fig. 105.—Terrace of the Columbia River, opposite Lake Chelan, Washington.

Gulf of Pechili, 300 miles north of its former mouth. Comparaljle

changes at earlier times, running as far back as 2293 B. C. are

recorded in the annals of Cliinese history.

Alluvial Terraces

When a river which has an alluvial flat is reju v^enated, the

stream sinks its channel below the level of the flat. The remnants

of the old flood plain are then alluvial terraces (Fig. 105). Such

terraces are also formed in other ways. Thus if a stream is for a

time supplied with an excess of load, it aggrades its valley (Fig. 87).
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If, later, the excess of sediment ceases, the stream sets to woi'k to

remove that which was temporarily laid aside in its fiooil plain.

River Lakes

Rivers tend to drain the lakes of high lands, bnt they make

lakes both in their flood plains and at their debouchures. Oxbow
lakes have already been mentioned (p. S8), but river lakes arise

in other ways as well. A tributary stream, with a high gradient,

Fig. 106.— Lake Pepin, a widened part of the Mississippi River between Wis-
consin and Minnesota. Maximum width about 2 J^ miles. The widening
of the river is apparently due to the detritus brought down by the Chip-
pewa River, and deposited in the Mississippi.

may bring more sediment to its main than the latter can cany away.

That which is deposited may form an obstruction in the channel of

the main stream, ponding the water above. A river broadened in

this way is often called a lake. Lake Pepin in the Mississippi River

(Fig. 106) is an example.

Rafts of timber are sometimes formed in rivers, and these rafts

may obstruct drainage, ponding the waters both of the main stream

and of its tributaries. A huge raft of this sort developed in the Red
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River of Louisiana long ago. It appears to have been in reality a

ti-ee jam. The trees appear to have fallen into the river by the

undercutting of forested banks by the

meandering stream. Floating down
with their branches, the trees lodged

against the banks. The lodging of

some trees caused others to be

stopped, and so the jam, or raft, grew.

By olDstructing tributary valleys, the

raft ponded their waters, and so gave

rise to lakes (Fig. 107). The raft

was cleared away in 1867, and since

that time many of the former lakes

have been drained and some of their

foraier bottoms are now cultivated.

In deltas, deposits are sometimes

so distributed as to enclose bodies

of water (Fig. 99) which become

lakes. The alluvial cones or fans

built by tributary valleys become so

large, in some cases, as to obstruct a

mountain valley, giving rise to a pond

or lake above. The basin of Lake

Fig. 107.— Lakes along the Red
River of Louisiana. The lakes

are at the lower ends of the
tributary streams.

Tulare in California was formed in this way.
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Plate XXIX

Fig. 1.—The spreading end of a glacier, North Greeulaud.

Fig. 2.— A cliff glacier, coast of North Greenland. The height of the cliff is

perhaps 2,000 feet. The water in the foreground is the sea.



Plate XXX

Fig. 1.—A glacial table, due to the protection of the

ice beneath the flat stone from the rays of the sun.

Talefre Glacier.

Fiff. -L'rc\ as.^cd glacier, the craclviiig being due to a change in

grade of the bed. North Greenland.



CHAPTER V

THE WORK OF SNOW AND ICE

Snow is perhaps the most conunoii form of h'C, l)\it ice on ponds,

lakes, and rivers is famiUar to all who live where the winters are

cold. In middle latitudes the water in the soil and rocks freezes

to the depth of several feet in winter. In some parts of the world,

too, there are glaciers of which we shall learn in the following

pages. In most of its forms ice has some effect on the surface of

the land.

Ice on lakes and ponds. When water freezes it expands about

one-tenth of its volume. This is why a bottle full of water breaks

if the water freezes. When ice forms on a pond or lake, it expands,

just as in a bottle, and. crowds upon the shores (Fig. 1, PI. XXVII,

p. 92). One result is shown in Fig. 2, PI. XXVII.
Suppose a lake frozen over to the depth of a foot or two. If

now the temperature falls, as during a "cold snap," say to 20° below

zero (-20° F.), the ice contracts, as most solids do on cooling. It

then pulls away from the shore, or quite as often cracks open. The
cracks fill with water from l)elow, and the water freezes. After

this has taken place, the ice again covers the pond or lake com-

pletely. If now the temperature rises, say to 25° F., the ice ex-

pands, and as it expands it crowds with great force upon the shores.

It is sometimes shoved up on the shore many feet, or even many
yards, if the shore is low and sloping (Fig. 1, PL XXVII), If the

shore is steep and not too resistant, the ice may be thrust under the

soil so as to disturb it, and even so as to overturn trees upon it, as

shown in Fig. 2, PL XXVII.
The water of some lakes is very shallow along the shore, and in

such places ice may freeze to the sand, gravel, bowlders, etc., at the

bottom and border. When the ice is shoved shorewartl it carries

these materials with it. Low ridges of sand or gravel, sometimes

101
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three or four feet high, are made in this way in a single winter.

Bowlders pushed up by the ice year after year sometimes make
"walls" around lakes; hence the name Wall Lake, which is not un-

common in the northern states (Fig. 3, PI. XXVII, p. 92).

Ice in rivers. Rivers also freeze over in cold climates, and

when the ice l^reaks up in the spring, stones and bowlders to which

it was frozen in the banks, are sometimes floated miles down the

river. When the river ice breaks up in the spring, masses of it may be

floated down-stream, and may gather in vast "jams" behind dams
or bridges, and the dams or bridges may be swept away. The jams

themselves form a sort of obstruction, holding back the water and

causing floods above. When a jam breaks, the water above may
sweep down the valley with destructive violence.

Ice on the sea. In high latitudes ice forms on shallow sea-

water, and in polar regions it becomes several feet deep, not only

along shores but on the open sea. The sea-ice is often broken up

in the summer, and the floating pieces are called floe-ice. When
the floes are crowded together, they make ice-packs, some of which

are hundreds of miles across. Ice-packs are one of the obstacles

to polar navigation.

Ice beneath the surface. The wedge-work of ice in the cracks

of rock has Ijecn mentioned (p. 26). When it is remembered that

a freezing temperature occurs during some part of the j'ear over

more than half the earth, it will be seen that the total effect of the

freezing of water in the pores and crevices of rock must be great in

long periods of time. Water freezing in the soil sometimes "heaves"

(displaces) walls if they do not go below the depth of freezing, and

it sometimes "works up" stones and bowlders through the soil in

cultivated fields. The frozen water in the soil has a protective

effect also. It makes the soil solid for the time being, and so retards

or prevents erosion by wind and water.

Snow and snow-fields. Snow falls in high latitudes during

much of the year, and in middle latitudes during winter. Except

on high mountains, little snow falls in low latitudes, and the little

that does fall is soon melted. While snow lies on the surface, it

protects the vegetation beneath from great changes of temperature,

and especially from the repeated tluuvings (by day) and freezings
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(by night) which are injurious to many plants, and it keeps the dust

and sand beneatli from being blown about by the wind.

Where snow endures from year to year over any consideral^le

area, it constitutes a snow-field. Snow-fields occur in mountains

m nearly all latitudes; but the altitude which is necessary in the

equatorial region is great (15,000 to 18,000 feet), that in the tem-

perate region less, and that in the polar regions slight. In polar

regions, indeed, snow-fields occur even down to sea-level.

Snow-fields are by no means rare even in the United States.

They occur in the high mountains of California, Colorado, and Utah

(rare), and in the high mountains of all the states farther north.

The snow-fields of the more northerly states are more numerous

and larger than those farther south. In the mountains north of

the United States they are still larger, and in Alaska some of them

attain great size. They occur also in the high mountains of most

other countries. In Africa, they are found very near the equator,

but they are small, and limited to very high mountains.

Besides these and other small fields of snow and ice, there are

two great snow- (or snow-and-ice) fields in Greenland and Ant-

arctica. The snow-and-ice field of Greenland contains much more

frozen water than all the mountain snow-fields mentioned above,

while that of Antarctica contains probably several times as much
as that of all other fields together.

The snow-line. The snow-line in the mountains is the line above

which the snow is not all melted in summer. Its position is in-

fluenced by several conditions, one of which is temperature. The
snow-line is higher in lower (warmer) latitudes, and lower in liigher

(colder) latitudes. Temperature is, however, not the only thing

which fixes the position of the snow-line, for in various mountains,

for example the Himalayas, it is higher on the north side than on

the south, although the temperature on the south side is much
higher than on the nortli.

Another factor is the amount of snowfall. Tlie snowfall is much
heavier on the south side of the Himalayas than on the north, and

the thin cover of snow on the colder north slope is melted farther

up the side of the mountain in summer, than the hea\'ier cover on

the warmer south slope.
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The table below shows

points:

Bolivian Andes, west side,

Bolivian Andes, east side,

Chilean Andes,

Himalayas, north side,

Himalayas, south side,

Caucasus Mountains,

Pyrenees Mountains,

Lapland,

Alaska,

Greenland,

the position of the snow-line at a few

Near Equator,

Near Equator,

Lat. 33° S.,

Lat. about 28° N.,

Lat. about 28° N.,

Lat. 40°+ N.,

Lat. 40°+ N.,

Lat. 70° N.,

Lat. about 60°,

Lat. 60°-70° N.,

About 18,500 feet.

About 16,000 feet.

About 12,800 feet.

About 16,700 feet.

About 13,000 feet.

About 8,300-14,000 feet.

About 6,500 feet.

About 3,000 feet.

About 5,500 feet.

About 2,200 feet.

Ice-fields. Every large snow-field is also an iee-fiekl, for where

snow accumulates to great depths and lies long upon the surface, it

is changed to ice. The beginning of this change may be seen in

the snow a few days after it falls, for it soon loses its light, flak_y

character and becomes granular, so that it feels harsh to the hand.

The change is very distinct in the last banks of snow in the spring.

They are made up of coarse grains (granules) of ice, sometimes as

large as peas. The change from flakes of snow to granules of ice is

due, in part, to the melting of the snow and the refreezing of the

water. If there is much snow, it is compressed by its own weight,

and after being compacted in this way, the freezing of the sinking

water binds the granules together. By this and perhaps other

processes, the larger part of every thick snow-field becomes an ice-

field merely coated over with snow.

Glaciers

When the amount of ice developed from snow becomes great

enough, it begins to move out Ijy a sort of spreading motion from

the place where it was formed. When it begins to move, it becomes

a glacier. Not all snow-fields give rise to glaciers, but all glaciers

have their sources in snow-fields. The distribution of glaciers is

therefore much the same as that of snow-fields.

Types of glaciers. Glaciers have various shapes, depending

on the amount of ice and on the shape of the surface beneath therp.

If the snow-field which gives rise to a glacier is at the upper end of
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a inoimtain valley, the ice moves down the valley. 8uch a glacier is

& valley glacier (iMg. 110). In high latitudes, snow-fields and the

fields of ice to which the snow-fiekls give rise sometimes lie on plains

or plateaus. When the ice in such situations begins to spi-ead,it
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Glaciers sometimes occur at the bases of mountains, being

formed by the union of the spreading ends of valley glaciers. Such

glaciers are piedmont glaciers. Another type of small glaciers,

Fig. 109.— Small ice-caps in the northwestern part of Iceland.

called cliff glaciers, is shown in Fig. 2, PI. XXIX, p. 100. Cliff

glaciers grade into valley glaciers. Of these types, valley glaciers

are most common and most familiar, l)ut tlie large ice-caps con-

tain much more ice.

The yalien Glacier

The general form of a valley glacier (Fig. 110) is determined

chiefly by the valley in which it lies. If the valley is crooked the

glacier turns to match it, and if the bottom is very uneven the sur-

face of the ice is uneven too. Valley glaciers have sometimes been

called "rivers of ice," but the differences l)etween glaciers and rivers

are so much greater than their likenesses that this definition is not

a good one.

The surface. The upper end of a valley glacier is in the snow-

field, and is always covered with snow. The lower end may be

covered with snow in winter, ])ut not as a rule in summer. Some
glaciers carry so much rock rubl)ish on their surfaces as to almost

conceal the ice, especially near their lower ends.
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The centerof a valley glacier is a little higher thanits sides in most

cases and its surface may be smooth or rough. The causes of rough-

ness are several. 1 . In many cases the ice is cracked, and the cracks,

or crevasses, frequently gape. One cause of the crevasses is the

S^fe'^^^:-€^^^ft

Fig. 110.— Aletsch glacier, Switzerland.

movement of the brittle ice over an uneven bed (Fig. 2, PL XXX,
p. 101). Crevasses formed in this way usually run across the glacier

from side to side. Some glaciers have crevasses parallel to their

sides or oblique to them, and such crevasses are due to other causes.

The breaking of the ice as it moves is one of the many ways in which

a glacier differs from a river.

2. Valley glaciers often extend far below the snow-line, and

their lower ends are within the region of active melting during the
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iiummer. Some of the surface water sinks into the ice, but some of it

forms little streams which flow on the ice until they reach a crevasse

or the edge of the glacier. These streams make little valleys in the

ice (Fig. Ill), and so help to make
its surface rough.

3. The stony and earthy debris

which many valley glaciers carry

on their surfaces also makes them

uneven. Large stones protect the

ice beneath from melting, and

therefore come to stand on pillars

of ice (Fig. 1, PI. XXX, p. 101), after

the surface about them is melted

away. Quantities of debris of any

sort have the same effect, by

shielding the ice beneath from the

sun's rays. Small stones on the

surface of the ice have the opposite

effect. Rock absorbs heat better

than the ice does, and thin pieces

of rock are warmed through, and

melt their way down into the ice more rapidly than the sun melts

the surface al:)out them.

Fig. 111.—Valley of a superglacial

stream in the Bighorn Mountains.

Movement

Waste and supply of ice. The ice of a glacier is continually

wasting, (1) by melting at the surface, especially in summer, (2) by

melting below the surface, and (3) by evaporation. But in spite

of this constant waste, many glaciers remain aliout the same size

year after year. This shows that there must be some source of

supply to replace the waste. The supply is from the snow-fields,

from which the ice creeps down the valleys until it reaches a place

so low and so warm that the melting at the end balances the for-

ward motion.

The movement of a glacier is so slow that it cannot be seen.

It was first known by observing (1) that the ends of glaciers were

sometimes farther down the valleys than they were at earlier times,
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1.—A mound of debris on the edge of the Greenland ice-cap. north of Cai'-

York. The mound is mostly of ice which the debris has protected from the sun

Fig. 2.—The Rhone glacier. (Photo, by Reid.)
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Fig. 1.—The medial luoraiue of the Roseg Glacier, Switzerhmd.

Fig. ;:i.— Forest .m the t>ouLhcru border of Walaspiua glacier. (Kubsell.)
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and (2) that familiar objects near the ends of gLaciers were some-

times overturned or pushed forward by the ice.

Rate of movement. After the fact of movement was known,

means were de\ised for measuring its rate. Rows of stakes were

set across a glacier in a straight line (a, Fig. 112).

After weeks or months they were found to have

moved down the valley, and in most cases those in

the central part of the glacier were found to have

moved farther than the others, as shown in the

figure.

The rate of movement of numerous glaciers has pjo-. 112.

been measured in this way or in some other. The Diagram show-

rates range from one so slow that it is hard to row of stakes

measure, up to several feet a day. Of those whose ^^* straight

rate of advance has been measured, few move more cier becomes

than two feet a day, and very few as much as seven. curved as
tnciccnioVGS

Conditions affecting rate of movement. The forward.

rate of movement appears to depend chiefly on

(1) the depth of the mo\dng ice, (2) the slope of the surface

over which it moves, (3) the slope of the upper surface of the

ice, (4) the topography of its bed, (5) the temperature, and

(6) the amount of water in the ice. Great thickness, a steep

slope, a smooth bed, a high (for ice) temperature, and much
water favor rapid movement. Since temperature and amount of

water vary much from season to season, the rate of movement for

any given glacier varies much during the year, and is greater in

summer than in winter.

Nature of glacier movement. It was formerly thought that gla-

cierice flowed somewhat as a stiff liquid flows, and this view is, per-

haps, the one most widely held. It seemed at first to be supported

by the fact that the movement was most rapid at the top and in

the center, as in the case of a river. The spread of the end of a

glacier, too (Fig. 1, PL XXIX, p. 100), as it moves out from its moun-
tain valley to the plain beyond, was thought to suggest flovvage.

Furthermore, various experiments have been performed with ice

showing that a bar of it may be bent or moulded into almost any
shape, if it be pressed slowly enough through long periods of time.
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But in spite of all the facts and experiments which suggest the

fluidity of ice, it is very doubtful if its real motion is flowage.

It has already been noted that a glacier often cracks when it

passes over irregularities of bed. The ice also cracks open when

the end of a glacier spreads (Fig. 2, PI. XXXI, p. 108), and if the

spreading of the end shows fluidity, we must assume that the ice

flows until it cracks open. But fluids do not crack open. These

and many other considerations which need not be discussed here

have led to the view that the resemblance between glacier motion

and the motion of a stiflf liquid is more seeming than real.

It is probable that the melting and refreezing of its substance has

much to do ivith glacier motion. When water sinks into the glacier

and freezes again, it expands and crowds the ice all about it. The

force of the crowding is illustrated by the familiar fact, already

referred to, that strong vessels are broken when water freezes in

them. The freezing of the water which has sunk into the ice must

have the effect of moving the ice, and the movement must be chiefly

down the valley, for gravity helps motion in this direction, and

hinders it in all others. Furthermore, the water, before refreezing,

moves not only down toward the bottom of the ice, but often

toward the lower end of the valley as well. The flow of the water is

therefore a wag of transferring the ice of the glacier down-valley.

More or less ice is melted from time to time within the glacier, and

this water on refreezing has the same effect as that which sinks in

from the surface.

The ice of a glacier sometimes slides, for in some cases it may

be seen that portions of the ice have slidden or sheared over other

parts. This is best seen in the glaciers of high latitudes, where

the structure of the ice may be well seen in the vertical edges and

ends of the glaciers. Under some conditions, a glacier probably

slides over its bed, but such sliding is not beHeved to be a principal

element in its motion.

Size. There are in the Alps nearly 2,000 glaciers, only one of

which has a length of ten miles. Less than 40 have a length of five

miles, while the great majority are less than one mile long. Some

of them are but a few hundred feet wide, and few of them are so

much as a mile wide. The thickness of ice is rarely known, but
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even where thickest it is ])ut a few huiicU'ed of feet. Larger alpine

glaciers occur in the Caucasus Mountains and in Alaska. Seward

Glacier in Alaska is more than 50 miles long, and three miles wid^

at the narrowest part. The glaciers of the western mountains of

lAja^™.^,^. ^«5^-^^,.: g^.g-iJiO;-"':

U>Mjudir

;'6lancduI.cofl?-

la Valine Blanche ( iLti'

it.^

Fig. 113.— A type of a glacier system. Snow-fields above send out tongues of

moving ice which unite to form the Mer de Glace, which is a well-defined

valley glacier. The white part represents snow and ice. (Robin.)

the United States south of Alaska are mostly shorter than the longer

glaciers of the Alps. Many of them are cliff glaciers, or interme-

diate between valley glaciers and clifT glaciers.

Disposition of surface debris. The rock and earthy debris on

a glacier is sometimes scattered irregularly over the surface, but it

is often arranged in definite belts. When these are near the sides

they are called lateral moraines; when near the middle, medial

moraines (Fig. 110 and Fig. 1, PL XXXII, p. 109). Whenthei-eis

much debris on the ends of a glacier it makes terminal moraines.

Ice-caps

As already stated, ice-caps may lie on plains or plateaus, and

may be large or small. Very large ones, like that of Antarctica,

are sometimes called continental glaciers.
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The area of Greenland has been variously estimated at from

400,000 to 600,000 square miles, and all except its borders is buried

beneath one vast field of ice and snow. Except on a narrow border

of a mile or so at the edge of the ice-sheet, not even a bowlder or a

pebble relieves the great expanse of white.

The thickness of the Greenland ice is not known, but where

thickest, it is probably thousands of feet. Near its margin the

ice is much crevassed, but the interior is comparatively smooth

so far as now known. The ice of this great field is creeping slowly

outward. The rate of m_ovement has never been measured, and

is probably not the same at ail points, but it has been estimated

not to exceed a foot a week. This ice-cap is, in one sense, more of

a desert than the Sahara, since it is inhabited even less than that

desert by plants and animals.

Where the edge of the Greenland ice-cap lies a few miles back

from the coast, the rock i^lateau outside it has numerous valleys

leading down to the sea. Where the edge of the ice-cap reaches

Fig. 114.— All iceberg.

the heads of these valleys, ice moves down them, making valley

glaciers. Many of them reach the sea where their ends are broken

off and floated away as icebergs. This is the source of most of the

bergs (Fig. 114) seen by the steamers which cross the North Atlantic.

Some of them are so large that they float far to the south before they

are melted. While the number of valley glaciers in Greenland is
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Fig. 1.—A cirque in the Bighorn M()unt;uu.s ; liead of tlie AVest Tensleei)
Valley.

Fig. 2.—Striae on bed-rock. Kingston, Des Moines County, Iowa.



Plate XXXIV

Fig. 1.—Stones striated by glacial wear.

Fig. 2 —End of a Ts'im ih < juiiiImikI Lilacici-, ^Imw in^; iiiilnniiiiLr of ice at end.

A few stones arc seen, where an upturned layer comes to the surface.

Fig. ;i

—

A(i;unuilaliou of drift under the end of a North Greenland glacier.

The cud has probably been in about the same place for a long time.
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large, the total amount of ice in tlioni is small compared witli that

in the great ice-cap from which they move.

The Antarctic snow-and-ice cap is far more extensive than that

of Greenland, but its area is not so well known (Fig. 108). It is

probably several million square miles in extent, and the thickness

of its ice prolxiljly exceeds that of Greenland. The ice descends

to the sea at many points, and huge blocks of it become icebergs.

Piedmont Glaciers

In Alaska, a number of alpine glaciers come down adjacent

valleys in the St. Elias range and spread out upon a k)w plain at its

base. So much do their ends spread, that they unite to form a

single body of ice, 70 miles long antl 20 to 25 miles wide, called the

Malaspina Glacier. Its area is greater than that of the state of

Delaware. Its central portion is free from rock del:)ris, but is inter-

rupted by thousands of deep, wide cracks. On warm summer days,

hundreds of rivulets flow in channels of clean ice vmtil they lose

themselves in yawning crevasses. The deep roar of some stream

in its tunnel far below the surface is frequently heard.

Nearer the margin, where the ice is not so broken, there are

many small ponds with high walls of ice. A belt along the margin

five miles or less in width is covered by rocky and earthy debris,

and parts of it are clothed with vegetation. The undergrowth is

here so thick that travelers have to cut their paths, and on the

edge of the ice there are trees three feet in diameter (Fig. 2, PI.

XXXII, p. 109). Another large but unexplored glacier of the same

type lies a few miles west of the Malaspina, and others occur aljout

North Greenland.

The Work of Glaciers

Glaciers do a twofold work; they erode the surface over which

they pass, and they deposit the material which they get b}' erosion.

Erosion

The ice gets its load in many ways.

1. As the snow-field accumulates, it often lies upon an uneven

surface covered with loose pieces of rock. All these pieces are
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f^H

Fig. 115.^ The face of the PaHsade Ridge, west of the lower Hudson. The
rock is jointed, as shown by the vertical lines on the cliff face. Ice mov-
ing over this from left to right would break off large quantities of rock.

^v-^^

'^

Fig. 116.— A mountain valley cleared of all earth and loose rock by a glacier

which once passed through it. The moving ice also smoothed all the

Erojecting points of rock. A type of a glaciated mountain valley in the
;gher part of the Needle Mountains, Colorado.
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covered and enclosed by the snow, and when it liecomes ice and

begins to move, they are carried alono; with it. Ghicier ice, there-

fore, has some load when it l)e<>;ins to move.

2. Where the snow and ice l)ury projecting points of l)ed-rock,

the ice tends to break them off when it moves. If they are too

strong to be torn away l)0(hly, their surfaces are worn and smoothed.

When the l)ed-rock over which a ghicier advances is in blocks par-

tialh' separated from one another l)y joints (Fig. 2, PI. XIII, p. 52,

and Fig. 115), the moving ice may remove large blocks, especially

from cliffs over which it descends, and from jagged walls of rock

against which it crowds. Fig. 1 1 5 represents a cliff — the Palisades,

west of the Hudson Piver. (dacier ice once passed over this ridge

Fig. 117.— Ice-worn rock, Bell's Island, Lake Huron.

and carried masses of rock from the cliff o\cr to the area where New
York City and BrookI}-n now stand.

3. As a glacier creeps out over surfaces covered with soil or

other niantle rock, the ice freezes to the soil; that is, the ice above
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the ground becomes united to the ice in the soil. Tliis union is

brought alwut, in part at least, by the freezing of descending water.

Fig. lis.— A glaciated mountain valley; Uinta ]\Iountains.

After this has taken place, further movement causes some of the

soil to be carried forward Ijv the ice.

Fig. 110.— A mountain valley in the same range as the last, but not glaciated.

A glacier, therefore, cleans off the loo.se del)ris from the surface

(Fig. 110), and Ijreaks or wears off projecting points of th(^ surface
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over or against which it passes. Clean ice, moving over smooth,

sohd rock, wouhl erode little, but ice carrying pieces of rock in it?

bottom wears the surface, even when it is smooth and of solid rock.

Valleys through which valley glaciers pass are widened and

deepened, and their walls made smoother (compare Fig. 118 with

Fig. 119).

A mountain valley glacier erodes effectively at the head of its

valley in many cases, and this makes the valley deeper and wider

at its head (Fig. 1, PI. XXXIII, p. 1 12, and PI. XXVI, p. 91 ). The
big, blunt, steep-sided heads of valleys developed by the erosion of

valley glaciers are cirques. Cir([ues are numerous in the Uinta,

the Bighorn, and many other mountains of the West in which

there were formerly large glaciers. In the bottoms of the cirques

/
r^
^

^^^ --^ ^ ^ ~ ^"^ ^^i-.

Fig. 120.— Island Lake, near Telluride, Colo. The lake is about 12,500
feet above sea-level. (Hole.)

there are often basins in the solid rt)ck. Not a few of the beautiful

little lakes (PL XXXIII, Fig. 1, and Fig. 120) which add so much
to mountain scenery are in such basins.
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The effect of ice-sheets on valleys is not so striking. Great ice-

sheets override hills and divides as well as valleys. The hills over-

Fig. 121.— Diagram representing a hill unworn by ice, and the irregular con-

tact of soil and rock.

Fig. 122.— Diagram showing the effect of glacial wear on a hill such as is

shown in Fig. 121.

ridden are worn down and smoothed off (Figs. 122 and 123), and

the wear is greatest on the side of the hill against which the ice

moves (Fig 122).

Fig. 123.— A hill smoothed by the glacier ice which overrode it. Shore of

North Greenland. (From photo, by Chambcrlin.)
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Glaciers make scratches, or stricc (Fig. 2, PI. XXXIII, p. 112),

on the rocks beneath, and under favoraljle conditions great groove?

ai-e formed. The stria^ are made 1 )y the stones carried in tlie ])ottom

of the ice. The grooves are sometimes made where the l^ed-rock is

Fig. 124.— A hill near the last not overridden and smoothed by ice. (From
photo, by Chamberlin.)

softer, or where great l)o\vUlers are held firml_y in the bottom of the

ice, and urged along under great pressure. Fine, clayey material

in the bottom of the ice polishes the rock below. The polish, the

strife, and the grooves left on the surface of the rock after the ice

has melted are among the clearest marks of the former existence of

glaciers. In any limited area, the strise are generally parallel to one

another, and show the direction in which the ice moved.

The stones in the bottom ot the ice are rub])ed against one an-

other, as well as against the lied of the glacier, and are scratched

much as the l)ed-rock is (Fig. 1, PI. XXXIV, p. 113). Since the

stones in the ice shift their positions from time to time as the ice goes

forward, they are freciuently striated on two or more sides.

As the materials carried l)y the ice rul^ against one another and

against the l)ed over which they pass, they are worn smaller and

smaller. The finest products of the grinding have been called

"ocA; flour. The materials carried by the ice are therefore of ul]
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grades of coarseness, from the finest earth up to huge masses many
feet in diameter (Figs. 125 and 126).

Fig. 125.— Bowlders on the terminal moraine of the Okanagan glacier, Wash.

Fie;. 120.— A large bowlder in northwestern Illinois.

How debris is carried. The hirger part of the material carried

by a ghicier is carried in its lower part; but some is cai'i'ied iti tlie

ice above its bottom, and some on the surface.

The material in the base of the ice is reacUly understood from

the way in wliicli it is gathered. Tlie material al)()ve the bottom

reaches its position in various ways. Some of it falls down from the

top through crevasses, l)ut more of it is worn from hills over which

the ice has passed, as illustrated by L'ig. 127. Under some circum-

stances, too, ice moves up frojn the l)ottom of the glacier (Fig. 2,

PI. XXXIV, p. Ib^), and carries del)ris with it.

The material on the surface of a glacier, like that in the ice,,

readies its position in more ways than one. Where tlie slopes above
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the glacier are steep, rocks may fall or slide down to the surface of

the ice, or be brought down by slides of snow {avalanches). Some

Fig. 127.— Diagram illustrating one way in which a glacier gets material up
above its bottom.

of the de])ris on the ice comes up (h rough the ice, as illustrated ])y

Fig. 2, PI. XXXIV, p. 113.

If the debris which reaches a glacier from the clifTs above lodges

along its margin, it makes a lateral moraine (p. Ill), and if two
glaciers bearing Literal moraines unite, as sometimes happens, the

two lateral moraines of the sides which come together may form a

single medial rnoraine (Fig. 113). But some medial and lateral

moraines arise in other ways.

Deposition

Some of the de])ris which the ice carries in its bottom lodges

on the surface beneath while the ice is in motion. That which is

deposited at one time ma_v be taken iijj and carried on again later.

In this respect, deposition by glaciers is somewhat like the deposi-

tion of streams. The material deposited by glaciers is called

glacial drift.

If the ice at the end of a glacier moves forward two feet a day,

the end of the glacier would advance two feet if none of the ice

melted. If the ice of the glacier moves forward two feet a day, and

if, at the same time, two feet of ice at the end are melted each

day, the end of the glacier does not advance, even though the ice

keeps moving. When the end of a valley glacier or the edge of an

ice-cap stays in the same place for a long time, a thick body of drift

is lodged beneath it (Fig. 3, PL XXXIV and Fig. 128), for drift is

continually brought to this position by the on-coming ice, and left

there.

The tliick drift accumulated beneath the end of a valley glacier,
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or beneath the edge of an ice-sheet, is a terminal moraine. The

terminal moraine left after the ice melts is not to be confused with

the terminal moraine on the glacier. The former is made up very

largely of the drift carried in the bottom of the ice and lodged be-

Fig. 128.— The moraines left by a small glacier; slope of Mont Blanc.

neath its end, or in case of an ice-sheet, beneath its edge. A
terminal moraine formed beneath the ice becomes large only when

the end of the glacier remains nearly constant in position for a long

time.

When the glacier melts, all the debris wliich it carried is left on

the surface. After the ice is gone, therefore, the whole surface

which it covered is likely to be strewn with drift. All the drift

deposited by the ice (not that deposited by water which accom-

panies it) which is not in thick belts accumulated at its edge, is

ground Tnorame. The area of ground moraine is nearly as great

as the area of the glacier itself. It would be just as great except

that the ice does not always carry debris at every point in its

bottom. When it melts, therefore, there are some areas of bare

rock.

Lateral moraines exist on valley glaciers (p. Ill), but this name

is also applied to certain parts of the drift left by a valley glacier

after it melts. The lateral moraines which were on a glacier are



THE WORK OF SNOW AND ICE 123

left in llio \'allcy when the ice melts, l)ut they are oonmionly too

small to be conspicuous after the ice is gone. But tiie lateral

moraines which remain after a valley glacier has shrunk or dis-

appeared are often very large (Figs. 129 and 130). They are hun-

dreds of feet high in many cases and rarely ruore than a thousand.

Fig. 129.— The lateral moraines of the Argentiere Glacier, Switzerland.

The highest lateral moraine known, al)out 2,000 feet high, is in

northern Italy. It was made l)y a giant glacier which once came

down from the Alps.

A valley glacier moves from its center toward either side, as

well as down its valley, and as it spreads sidewise from the center,

it is constantly shifting debris from the axis of the valley to the edge

of the ice on either side. The lateral moraine left after the ice is

gone, is therefore of the nature of a fernu'nal moraine beneath the side

of the ice. Ice-caps do not develop lateral moraines.

Disposition of the drift. Glaciers leave their drift very un-

evenly distri])uted over the surface which they once covered. The

drift of a terminal moraine is generally much thicker than that of

the ground moraine near at hand, while the drift of lateral moraines
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is sometimes very thick, as already noted. The surface of glacial

drift is often marked by hillocks, mounds, and ridges, and by basin-

Fig. 1.30.— A lateral moraine left by a former glacier in the Bighorn Mountains
of Wyoming. (From photo, by Blackwelder.)

Fig. 131.— Sketch of drift (terminal moraine) topography near Ilackettstown,
N. J. (N, J. Ceol. 8urv.)

like or trough-like depressions (Fig. l,']!). Some of the latter

give rise to lakes, ponds, and marshes. The surface of drift

is therefore very unlike the surface developed by the erosion of
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running water, for in the latter the depressions have outlets, and

the hills and ridges stand in a very definite relation to the valleys.

Fig. 132.— One phase of ground moraine topography; elongate hills of

drift of the type shown here are calleel dnonlins; southeastern Wisconsin.
(U. S. Geol. Surv.)

In valleys, terminal moraines often make dams, and so pond the

waters of the streams above, making lakes. Tlie basins of many of

the lakes of the glaciated mountain vallevs were made in this wav.

Flu rio-gldcial Deposits

Water flows in abundance from all glaciers in the summer, and

from many glaciers all the time. Stream-work, therefore, accom-

panies glaciation in all cases, and some of the drift left by ice is

modified l:)y water afterward.

The streams which flow from glaciers carry much sediment. At

the outset, this sediment consists of l)oth coarse and fine material,

but the coarse materials are generally dropped before the water has

flowed far. The sand is carried farther than the gravel, and the

silt farther than the sand. Many streams flowing from glaciers

carry so much silt in suspension that the water is turbid, and if the

silt is whitish, as it often is. the streams are said to be "milky."
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By the deposition of this river-borne material, the valleys below

glaciers are aggraded. The materials deposited by the glacial

streams are stratified, and so are in contrast with the drift left by

the ice itself.

The gravel, sand, etc., deposited by a stream in the valley be-

low a glacier is a valley train. It is simply an alluvial plain devel-

Fig. 133.— Diagram to illustrate the profile of a valley train, and its relations

to the terminal moraine (m) in which it heads.

oped l)y a stream flowing from a glacier, and carrying much gravel,

sand, etc. Valley trains are best developed just outside terminal

moraines (Fig. 1,33).

In the case of an ice-cap, the water which issues from the ice

often fails to find a valley. Each issuing stream then tends to

develop an alluvial fan. By growth, these fans may unite, making

an alluvial plain, very much like a compound alluvial fan (p. 85).

Such a plain, composed of material washed out from the ice, is an

outumsh 'plain (Fig. 134). Like valley trains, outwash plains are

best developed just outside the terminal moraines of ice-sheets, and

their materials are stratified.

Lakes may exist at the ends or edges of glaciers, and drainage

from the ice may build deltas in them, just as other streams build

deltas in the standing water into v/hich they flow.

Streams sometimes exist in the ice (Fig. 1, PI. XXXV, p. 12S)

and under it. Streams under the ice (sul)glacial streams) in some

cases deposit gravel and sand in their channels, l^uilding them up,

so that when the ice melts the old bed of the stream appears as

a low but narrow ridge. Such a ridge is called an esker (Fig. 2,

PI. XXXV). As water issues from beneath the ice, its velocity is

checked, and it sometimes makes extensive deposits of gravel and

sand at the margin of the ice. These deposits are stratified, but

the stratification isgencrally irregular. They are often made against

the edge of the ice, and when the edge melts they appear as mounds

and ridges, called kames (Fig. 135).

As the ice melts away, the waters produced by the melting, flow
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over the surface of the drift A\-hich the ice had ah-ead}' deposited,

and modif}' its surface to some extent by eroding in some places
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and depositing in others. As a result of all these phases of water-

work, much of the drift is stratified.

Icebergs

Icebergs (Fig. 114) are masses of ice broken off from the ends

of glaciers which move down into the sea. Bergs derived from

Greenland float as far south as Newfoundland in considerable num-

Fig. 135.— A group of kames near Connecticut Farms, N. J. (N. J. Cicol.

Surv.)

bers. They are seen occasionally still farther south, but by the

time they have moved so far fi-om their source they are usually

small. The Ijergs from Greenland rarely project 200 feet out of



Plate XXXV

Fig. 1.—Spouting stream. CJlacit-r, soulh side of Olriks Bay,
North (Jrceuluud,18y5.

Fig. 3.—Au eskcr iu Finland.



Plate XXXVI

Fig. 1.—Surf, Coronado Beach, Cal.

Fig. 2.—A rocky coasl developed by wave erosiou.
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vvatei"; and most of them not more tluui 100 feet, but they are some-

times a mile or more across. In the South Polar regions the l)orgs

are still larger.

As icebergs sail away from land, they carr}- some of the deloris

which was in the bottom of the glacier. As the floating ice melts,

the debris which it carried falls to the bottom. Tlie northern ice-

bergs do not appear to carry much debris far. The common notion

that the banks of Newfoundland were made l;y berg deposits prol:>-

ably has no foundation in {iif-i.

The courses of icebergs are determined partly by winds, and

partly by currents in the ocean. Those of the North Atlantic occa-

sionally reach the track of ocean commerce. Since they are some-

times surrounded by fog, the}' may be a menace to navigation.

Ancient Glaciers and Ice-shcetfi

There have been times in the earth's liistor}' when glaciers were

much more extensive than now. The latest of these periods is

known as the glacial 'period, when niountain glaciers were more

numerous and larger tluin now. In our own country, glaciers

existed even in the mountains of New IMexico, Arizona, and Nevada.

The amount of ice in the glaciers of I'tah or Colorado was then far

greater than all that now exists in the United States south of Alaska.

At the same time, a great area east of the Cordilleran mountain

system, some 4,000,000 scjuare miles in extent (Fig. 136), and lying

partly in Canada and partly in the United States, was c()^crcd v\ilh

an ice-sheet, or continental glacier.

The ice-sheet of North America seems to have originated in two

principal centers, one on either side of Hudson Bay. The Ijeginning

of each was doubtless a great snow-field. At first these snow-and-

ice fields grew by the addition of snow, and later by tlie spread of

the ice to which the snow gave rise. The two ice-sheets finally

l)ecame one by growing together. This great continental glacier

did not originate in mountains, l)ut on high plains.

When it was largest, this ice-sheet covered all of New England,

the northern parts of New Jersey and Penn.sylvania, and much of

Ohio and Indiana. Its edge crossed the Ohio River where Cin-

cinnati now stands, and advanced a few miles into Kentucky.
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Farther west it reached almost to the southern end of llhnois. Its

edge crossed the Mississippi near St. Louis, and followed, in a general

way, the course of the Missouri River, to western Montana. Most

Fig. 130.— Skotch-map showing the area in North America covered by ice at

the stage of maxiinuin glaciation. (('hainl)(n-lin.)

of the continent north of this line was covered with snow and ice,

but there was an area of 8,000 to 10,000 square miles, mainly in

southwestern Wisconsin, over which the ice did not spread. Tliis

is known as the drijtlcss area, because there is no drift in it. There
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was a fj;reat l)ody of ice also in the Oonlilleran mountains (Fig.

186), ])ut it always remained somcnviiat distinct from that which

spread frf)m the other centers.

There was extensive glaciation in luirope at about the same

time as in North America. The glaciers of the Alps were then

many times as large as those of the present time. On the south

they e.xtended ([uitc beyond the mountain valleys, and spread them-

selves out on the plains of northern Italy where they left tlieir

moraines. Similar conditions existed in the other mountains of

lOurope ^\here glaciers now exist, and in some where glaciers are

not now j)resent.

In northern p]urope, as in the northern part of North America,

there was an extensive ice-sheet, but its area was onlv al)out half

Fig. 137.— Sketch-map showing the area of Europe covered by the continental

glacier at the time of its maximum development. (Jas. Geikie.)

that of the ice-sheet of North America. The principal center from

which the ice spread was the high mountains of Scandinavia.
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Great ice-sheets are not known to have developed in other

continents during the glacial period, but their mountain glaciers

were very large.

The history of the continental glaciers was comjDlex, both in

Europe and in North America. In North America the history

was somewhat as follows: After the growth of the first great ice-

sheet, it shrank to small size, or disappeared altogether. Then

followed a relatively warm period, when plants and animals lived

in the region abandoned by the ice. Another continental ice-

sheet then developed, spreading over the region from which the

first had melted, and extending still farther south. As it advanced,

the second ice-sheet occasionally buried the soil on the top of the

drift left by the ice of the first epoch. Such soils, sometimes with

the remains of the plants which grew in them, are one of the means

by which it is known that there was more than one ice-sheet. A
third, fourth, and fifth ice-sheet, each somewhat smaller than its

predecessor, developed and disappeared. In other words, there

were at least five epochs when ice-sheets were extensive, separated

by epochs when the ice was greatly diminished, or when it dis-

appeared altogether. The ice-sheets of Europe had a similar

history.

Cause of the Glacial Epochs

The development of the great ice-sheets was doubtless due to a

change in climate, and especially to a reduction of temperature.

The cause of the cold is not certainly known, though many explana-

tions have been suggested. One is that the northern lands were

raised to great heights. Another is based on changes in the shape

of the earth's orbit, and on changes in the direction of the earth's

axis. But the hypothesis which seems most likely to prove to be

true is that the change of climate was due to some change in the

atmosphere. An increase in the amount of carbonic-acid gas and

water vapor would make the climate warmer, while a decrease in

these elements would make it colder. Good reasons have been

suggested for variations in the amounts of these substances in the

air, and also for the heavy precipitation, which is as necessary as

low temperature for extensive glaciation, in tlic regions where the

ice -sheets existed.



Plate XXXVII

Characteristic surface of a irlaciated plain, shov.ing marshes, ponds,
and hikes. Southern Wisconsin. Scale about 1 mile per inch.

(Silver Lake, Wis., Sheet, U. S. Geol. Surv.j



Plate XXXVIII
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Changes Produced by the Continental Glaciers

The ice-sheets of North America produced niaiiy changes in the

surface which they covered. Some of these changes were brought

about by tiie erosion of the ice, and some by tlie deposition of the

drift. A brief statement of these changes will serve to review the

work of ice-sheets. It is important to remember, in this connection,

that the continental glaciers of North America developed on the

surface of a rather high plain, whose tf)pograpliy had been shaped,

in large measure, by river erosion.

Changes Produced hij Erosion

1. On elevations. The ice W'as thick enough to cover the hills

and low mountains of the area shown in Fig. 18G. As it passed

over them, it wore off their tops, and so tended to make the surface

smoother. Very small elevations were often worn away altogether,

but the ice had not strength enough to remove large hills or moun-
tains. It only changed their shapes a little, as sliown by Fjgs. 123

and 124.

2. In valleys. The ice deepened the valleys through wliich it

moved, and in many cases it deepened them more than it lowered

the hills. Where this was the case, the relief of the surface was in-

creased; but even where this was true, the roughness of the surface

was often diminished, for roughness depends on the frequency with

which elevations and depressions, such as hills and valleys, succeed

one another, and on the steepness of their slopes, quite as much
as on the amount of relief (compare Figs. 138 and 139).

Fig. US. Fig. 1.39.

Figs. 138 and 139.— Those two figures show surfaces with the same amount
of relief, but the surface i-epresented by Fig. 139 is the rougher.

3. Rock basins. Another effect of ice erosion was to gouge out

hollows, or basins, in rock (Fig. 120), where the underlying rock
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was relatively weak. Such basins are less common in the area of

the continental ice-sheet than in the mountain valle}\s affected by

glaciers.

Changes Produced by Deposition

Sooner or later the ice deposited all of the material which it

gathered by erosion. Had the drift been equally thick everywhere,

its effect would have l^een to raise the surface without altering its

topography; but the drift is distributed with great inequality, and

th-erefore changes the surface greatl3^

Effect of drift on topography. The drift sometimes increases

the relief of the surface (Fig. 140), but oftener decreases it (Fig. 141).

Fig. 140.— Diagram to show how drift may be so disposed as to increase the
relief of the surface. The ujiper part of the Fig. represents drift, the

lower part the rock beneath. This should be compared with the fol-

lowing figure.

Fig. 141.— Diagram to illustrate how drift may decrease the relief of the
surface.

Tlie (b'ift was sometimes left in such away as to make the surface

rougher than the surface of the rock below, even where the relief

was decreased.

Both the erosion by the ice and the deposition of its drift pro-

duced topograpliic features very unlike those nuide l)y streams.

Effect of drift deposits on drainage, o. Lakes. The drift filled

valleys at some points, but not at others. Where a valley is filled

at one point, water is likely to accumulate above the filling, as al)()ve

a dam, nuiking a lake. Where a valley was filled in two places, as
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sometimes happened, the unfilled part between became a basin fit

for a iaKe. Devil's Lake, in Wisconsin, is an example (Fig. 142).

The number of lake basins which arose by the filling of river valleys

Fig. 112.— Sketch showing a lake in a former river valley, held in by drift

^lams. The dotted areas are terminal moraines.

in one or more places by (b'ift, is very large. The remarkable P'inger

Lakes of New York are examples. Rock basins are often made

deeper by the deposition of drift al)ont their rims.

The ice-sheets gave rise to lakes and ponds in other ways also.

Many of them are in hollows in the surface of the drift. Nearly all

the numerous lakes of North America are in the area which was

covered by the ice-sheet or by mountain glaciers.

Some lakes produced by the ice had but a short life. Such was

the history of those which came into existence along the margin ot
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the ice-sheets, where the ice itself formed one border of the lake.

The melting of the ice brought such lakes to an end.

One of the largest of the marginal lakes {Lake Agassiz) lay in

the valley of the Red River of the North (Fig. 143). When this

^^DSOJf -B
^

Fig. 143.— Map of the extinct Lake Agassiz, and other glacial lakes. Lake
Winnipeg occupies a part of the basin of Lake Agassiz. (U. S. Geol. Surv.)

lake was largest, its length was 700 miles, its greatest width about

250 miles, and it covered an area of about 110,000 square miles, an

area greater than that of all the Great Lakes. The water, however,

was shallow. It came into existence ^^'hen the edge of the retreat-

ing ice lay north of the lake, and stopped drainage in that direction.

The water rose in the basin until it overflowed to the south, finally

reaching the Mississippi River. When the ice at the north melted

back far enough, a new and lower outlet was opened to Hudson
Bay, and the lake was drained. Lake Winnipeg and several

smaller lakes may be looked upon as remnants of this great lake,

for they occupy the deepest parts of the old basin.
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The Gieat Lakes of tlic present day were larger than now after

the ice had retreated north of their basins, but while it still covered

the lower part of the St. Lawrence Valley. A part of their history,

dating from the time when the last ice-sheet was waning, is sug-

gested by Figs. 144 to 147. These lakes did not exist, so far as



138 PHYSIOGRAPHY

were ]:)locke(l up in some places. After the ice melted, therefore,

the surface waters followed former vallevs in some cases, and flowed

U^tmW^p,
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across areas where there had been no ^alleys in others. In choosing

their new courses, the streams sometimes ran down steep slopes

or fell over cHffs. Tims arose rapids and falls, which, on the whole,

are rather common in the glaciated area.

Lakes, as well as rapids and falls, are marks of topographic

youth. Rivers are, on the whole, hostile to lakes, for the inflowing

streams l)ring in sediment wliich tends to fill tlie ])asins, an(l out-

Fig. 147.— A still later stage of the Great Lakes. The sea is thought to have
covered the area shaded by lines at the east. (Taylor.)

flowing streams cut down their outlets. Many small lakes have

already become extinct by these processes, and many others have

been made smaller. The fact that so many falls, rapids, and lakes

still remain within the glaciated area shows that the time since the

melting of the last ice-sheet has not been long enough for these

features to be destroyed.

Lakes, ponds, marshes, falls, rapids, etc., are much more alnm-

dant in the area of the last ice-sheet than in the area of drift outside

of the last ice-sheet. This is largely becau.se the older drift, where

now exposed, has been subject to rain and river erosion long enough
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for most of its lakes to be destroyed. The oldest drift is believed

to be many times (probably as many as 25) as old as the youngest.

Stratified drift. Valley trains (p. 126), outwash plains, deltas,

etc., were developed by streams flowing from the continental glaciers,

but only those of the last ice-sheet are well preserved, the older ones

having been destroyed by erosion. Some of the valley trains are

long, and in some the deposits are very deep. Thus the Rock River,

in southern Wisconsin, filled its valley with gravel and sand to a

depth of 300 to 400 feet just outside the terminal moraine of the last

glacial epoch. The Columbia River, swollen by the waters from

the melting ice, filled its valley, locally, to the depth of 700 feet

with sediment washed out from the ice.

Since the ice melted, most of the valley trains have been par-

tially carried away, and their remnants are terraces (Fig. 105).

Effects of Glaciation on Human Affairs

The changes produced by glaciation have had much influence

on the industries of the region which the ice covered. In the United

States, glaciation increased the amount of mantle rock. This in-

crease is helpful where slopes are rather steep. This is seen by

comparison with driftless regions, where the soil is often very thin

or absent on the slopes, and where much of the land cannot be cul-

tivated for this reason. Abundant soil is much more likely to be

found on similar slopes in the glaciated area. Again, the general

effect of glaciation was to reduce slopes, and it therefore tended to

reduce the extent of areas too steep to be cultivated.

The c[uality of the soil was improved in many places by glaci-

ation, but this was not true everywhere. It is worth noting that

most of the wheat and hay grown in the United States east of the

Rocky Mountains is within the area which was glaciated. This

is, however, largely because of the climate.

On the whole, the ice left the surface less rough than it found it.

This made it easier to build roads, and so has helped travel and

transportation; but locally the surface was made rougher, with

disadvantageous results.

The falls, rapids, and lakes which resulted from glaciation have

increased the water power, and the lakes, ponds, and marshes tend
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Covej

A rRANcisco;;^^

Z.H V Pt-Bonita

Fig. 1.—A coast line developed chiefly by wave erosion. Scale about 1 mile
per inch. (Tanialpais, Cal., Sheet, U. S. Geol. Surv.")
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to make the streams flow more steadih' through the year, Ijy holding

back some of the water of wet times, and letting it flow cnit in times

of drought. The flow of streams from lakes is much steadier than

the flow of streams which ha\'c no such reservoirs to draw upon.

The drift is, on the whole, thicker than the mantle rock of other

regions, and therefore is able to hold more of the rain which falls

in wet weather. This water it yields up slowly, and so makes the

supply of ground-water to streams more steady than it would be

otherwise.

]\Iuch of the drift clay (rock flour) is used for the manufacture

of tu'ick, tile, etc., and the gravel of the drift is used for road making,

nnd in the manufacture of various sorts of cements.

The results of glaciation were not always helpful to man. Thus,

in some places the cjuality of the soil was injured, for the drift of

some places is stony, and great labor is necessary to put it in

workaljle condition. In some places, too, it is too sandy or gravelly

to make good soil, and in other places its surface is too rough.

On the whole it seems probable that the glaciated area of the

United States was benefited by the work of the ice.
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CHAPTER VI

LAKES AND SHORES

General Facts Conc!ekninc! Lakes

Definition. A lake is an inland ])0(ly of standing water larger

t.han a pool or a pond; but the term is also sometimes applied to

tne widened parts of rivers (Fig. 106), and to bodies of water which
lie along coasts, even when they are in direct connection with the

sea (Fig. 148). Most lakes are fresh, Init a few, like Great Salt

Lake and the Dead Sea, are much more salty than the sea itself.

Distribution of lakes. 1. Lakes occur in most latitudes, but

they are nioie abunchuit in high latitudes than in low, ])ecause the

former have been more extensively glaciated than the latter.

2. Lakes are abundant in some mountains, especially in those which

have been glaciated in recent times. 3. Lakes occur along some

rivers. Outside of glaciated regions, the}' are common only along

streams whi( h have low gradients and wide flats, where the origin

of the lakes is connected with the changing of the river channel

(PI. XVII, p. 64). 4. Lakes are rather common along coasts Fig.)

1, PL XXXVni, p. 133 and Fig. 14S), though many coasts are with-

out them. Coastal lakes stand in no apparent relation to latitude,

and their levels are nearly or (piite the same as that of the sea.

5. Lakes are found on low lands near the sea in some places, as in

Florida, where they are as abundant as in the glaciated parts of

the L'nited States. 6. Lakes occur on sotne jjlateaus even where

there has been no glaciation. Examples are found in the great

lakes of central and southern Africa, and there are numerous
shallow lakes on the Great Plains (plateaus) of the United States,

even where the climate is dry. 7. Lakes occur in a few other situ-

ations, as in the tops of some volcanic mountains, and in mountain
valleys where landslides or lava-flows have made temporary elams.

143
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Area. Lake Superior, Lake Huron, Lake Michigan, Lake Erie,

and Lake Ontario are examples of great Lakes. Taken altogether,

these five lakes have an area of nearly 95,000 square miles. Five

Fig. 148.— Lakes on the coast of New Jersey. The expanded part of Shark
River is virtually a lake.

of the great lakes of the Dominion f)f Canada have an area of more

than 32,000 square miles. No other continent has so many lakes

of such great size. Lakes but a few square miles in extent are far

more numerous than larger ones.

Altitude. Lakes have a great range in altitude, though most

large lakes arc Ijut a few himdred feet above tlie sea. The Yellow-



Plate XL

Fig. 1.—High clilT with beach ; sliore of Lake ]\Iichigan. (U. S. G. S.)

Fig. 2.—A chimney rocli and an arch on the coast of France. (Neurdcin.)



Plate XLI

Fig. 1.—The caulitiower cloud above Vesuvius, April 7, 1906. (Jaggar.)

Fig. 2.— Ropy surface of lava, Mauua Loa, flow of 1881. (Calviu.)
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stone Lake, 7,738 feet aljovc scu-lcvel,

and with an area of 140 square miles,

is the highest lake of much size in the

United States. Lake Titicaca, in South

America, is both higher (12,500 feet)

and larger (3,200 square miles). A few

great lakes are below sea-level. This

is true of the Caspian Sea, the Dead Sea,

and the Sea of Tiberias, the surfaces of

which are 85, 1,268, and 682 feet,

respectively, below sea-level. Their

elevation is commonly expressed thus:

-85, -1,268, and -682 feet. While the

bottoms of some lakes are below sea-

level, the bottoms of most are well

above it.

Deep as some of the lakes are, the

shape of their basins is often very '

different from that which might be

imagined from the mere statement of

the depths. Fig. 149 represents the

cross-sections of the basins of some of

the Great Lakes, but the diagrams

exaggerate the depth about twenty

times. The basins of many smaller

lakes are much more striking in cross-

section.

Volume. The volume of water in

all lakes is insignificant when compared

with that of the sea. If the water of

all of them were poured into the ocean,

its surface would probably not rise two feet.

Movements of lake water. All lakes are affected by waves, and

the water of many lakes moves in other ways also. In some there

are more or less well-defined currents, and in the larger lakes there

are slight changes of le^'el from time to time, as the result of changes

in atmospheric pressure.

O
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Conditions necessary for the existence of lakes. The condi-

tions necessary for the existence of lakes are (1) depressions without

outlets, and (2) a sufjicient supply of water. In moist regions most

natural basins contain lakes, while the basins of arid regions are

often lakeless.^ Lake water comes from rain, melting snow and

ice, springs, and rivers. Since springs and rivers depend on rain

and snow, the source of lake water may be said to be rainfall and

snowfall, or atmospheric precipitation.

Changes now taking place in lakes. Various changes are now

taking place in all lakes, and they throw light both on the past and

the future of these bodies of water.

Their basins are being filled all the time, and in various ways.

1. Streams and other surface waters which flow into lakes carry

in gravel, sand, or mud. Deltas are often built in lakes, and in

rare cases they have been extended quite across a narrow lake.

Fig. 150.— Sketch showing the position of the delta on which the village of

Interlakcn, Switzerland, stands. The two lakes were formerly one, and
the lowland on which the village is situated is a delta built across the

middle of the original lake, separating it into two parts. The area of the
delta-land is shaded with dots.

separating it into two parts, as at Interlaken, Switzerland (Fig. 150).

Large deltas occur at the ends of some of the Finger Lakes of New
York, as shown in Fig. 2, PI. XXXVIII, p. 133. Deltas built

' There arc inlcnniilent lakes, in the basins of which watfr is not always
present.
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into lakes always make the lakes smaller. 2. Waves of lakes cut

into their shores at some points most of the time, and the larger

part of the material worn from the land is deposited in the lake.

This makes the average depth of the water less. Wliile rivers and

waves are doing more than other agents to fill lake basins, filling

goes on slowly in other ways. 3. Numerous shell-bearing animals

live in lakes, and when they die their shells are left on the bottom.

4. Plants grow in lakes, especially in the shallow water about their

shores, and when they die they fall into the water. 5. Winds
blow dust and sand into lakes. In these various ways, all lake

l)asins would be filled in time, and the lakes would then cease to

exist.

The icater flowing out of a lake cuts down the level of its outlet,

and as this is lowered the depth of the basin below the outlet

becomes less. A lake may be destroj-ed by the lowering of its

outlet if its bottom is above base-level; but a lake whose bottom

is Ijelow l)ase-level can never be destroyed by the lowering of its

outlet. In such cases, filling and cutting may do what cutting

alone could not. As a result of the cutting down of their outlets

and of the filling of their basins, all existing lakes must finally

])ecome extinct. New ones may be formed, however, as old ones

are destroyed.

Lakes are occasionally destroyed by drying up. This sometimes

results from a change of climate, but it may also result from the

turning away of inflowing waters.

Extinct lakes. Many lakes have become extinct, l)ut their

sites may be recognized by various features. If a lake l)ecame

extinct b}" having its basin filled, its former position is marked by

a flat covered with sediment of the sort deposited in lakes. Such

a flat is a lacustrine plain. Lacustrine plains occur in mountains,

on plateaus, or on plains of a larger type. If a lake became extinct

l\v the lowering of its outlet or ])y evaporation, its former bed

might not be flat.

The former borders of an extinct lake are often marked by
deltas, terraces, beaches, shore-cliffs, etc., (p. 154). All features

developed by lakes about their shores will be destroyetl sooner or

later by the agents of erosion.
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The climatic effects of lakes. The great niiml^er of lakes in

the northern parts of the United States and Europe have some little

influence upon the climate of the regions in which they occur. They

increase its humidity to some slight extent at least, and, since

water is heated less rapidly than the land and also gives up its heat

less readily, the lakes have the effect of tempering the climate.

Until they freeze over, they tend to keep the temperature of their

surroundings a little higher than it would otherwise be in the

autumn and early winter, and they tend to reduce the temperature

of spring. The climatic effects of a small lake are insignificant,

but the effects of large lakes such as Michigan or Superior, are

distinctly felt. Their temperature effects are felt chiefly on the

sides toward which the prevailing winds blow from the lake.

Economic advantages and disadvantages. Are lakes helpful

or harmful to mankind? Various considerations have a bearing on

this cjuestion.

1. The Clreat Lakes make cheap transportation possible, for

freight can be carried by boats more cheaply than by rail. In this

way lakes serve a good purpose. 2. Many cities, like Chicago,

draw their water-supply from lakes. 8. Lakes yield fish which are

of some importance as food. 4. Large lakes affect the climate and

so modify, to some extent, the crops which may be raised about

them. Thus the prevailing westerly winds change the climate of

the east shore of Lake Michigan so as to make it favoral)le for fruit-

growing, while the west side of the lake is not adapted to fruit. In

these and other ways the lakes seem to benefit mankind.

On the other hand, it is to be remembered that lakes cover land,

much of which might have been good farming land if the lake had

not been present. Lake Michigan, for example, has an area of

about 22,450 scjuare miles. The value of such an area (more than

14 millions of acres) of good farming land would be hundreds of

millions of dollars. Sjnall lakes are of little consequence to com-

merce, ])ut they have a value of another sort. They beautify the

landscape, and afford the means for rest and recreation which

could not W(>11 l)e spared. The actual value of such coiisiderations

camiot l)e estinuitcd in dollai's and cents.

Lakes seem to have been of advantage to primitive peoples, for
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the earliest European civilization grow up about the hikes of Swit-

zerland, while the lakes of Mexico and Peru were the seats of the

ancient civilizations of those countries.

Salt lakes. A few lakes are salt, and some salt lakes an; the

descendants of lakes which were fresli. (!reat Salt Lake is an ex-

Fig. 15L— Map of the former Lake Bonneville, in Utah. The area with the

lighter shading shows the former extent of the lake. The heavier shading
shows the present Great .Salt Lake, Sevier Lake, and Utah Lake, which
occupy the deeper spots in the bottom of the former Lake Bonneville.

ample. This lake is very shallow and occupies the lowest part of

a basin of great size. The lowest point in the rim of this ])asin is

about 1,000 feet above the present lake; but water once filled the
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basin up to this level, for shore lines and deltas are found about its

border at many points. When the lake stood at this level, it had

an outlet to the northward over to Snake Piver. In the sands

and muds deposited at this high stage of the lake, there are shells

of fresh-water snails, and remains of other fresh-water animals.

These show that the water was then fresh. This great lake, though

now extinct, has been named Lake Bonneville (Fig. 151). When it

was largest, it covered an area of about 17,000 square miles.

After the lake had stood at this level for a time, the climate of

this region seems to have become so dry that evaporation from the

surface of the lake was more than the inflow of streams and the

rainfall on the lake, and so the level of the lake became lower. As

the water evaporated, the mineral matter which it held in solution

was left liehind. Salt was one of these substances, and as more

and more water evaporated, the saltness of that which remained

increased. This condition of things went on until the former great

lake was reduced to the relatively small Great Salt Lake of the

present, with an area of about 2,000 square miles, and an average

depth of only about 15 feet. Its waters are now saturated with

salt, and much salt has been deposited from them.

Other lakes in the region east of the Sierra Mountains have

undergone the same history. The shore terraces, deltas, etc., of

these former lakes are still distinct. The time since the lakes ex--

isted has therefore not been long enough for the erosion of this arid

region to destroy or even to greatly ol^scure them.

Salt lakes, and tlie sites of former salt lakes, furnish mucli of

the salt of commerce. Great Salt Lake has l^een estimated to con-

tain 400,000,000 tons of common salt, besides large f[uantities of

other min(>rnl jnatter. Utah produced more than 400,000 barrels

of salt in 1902, and, 242,678 (value $169,83.3) in 190S.

The Origin of Lake Basins

Lake basins have come into existence in many different ways.

Most of them are the result of gradational processes, but some are

made in other ways.

By gradation. Rivers, waves, and glaciers produce lake liasins,

and some of these agents produce them in several different ways.
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Reference has already been made (p. 99) to the more important

types of lakes formed by rivers. Waves and shore currents give rise

to hikes by making deposits of gravel and sand across the lower ends

of drowned valleys or other narrow bays. Numerous examples

are found along many coasts (Fig. 1, PI. XXXVITI, p. 133 and Fig.

148). Lake basins produced by glaciers are very numerous, as we
have seen (p. 134), and some of the ways in which the ice gave rise

to them have been explained in preceding pages. Slumping (p. 42)

sometimes 7nakcs lake basins, especially when the material sliding

down obstructs a valley. Such a lake, five miles long and more
than seven hundred feet deep, was formed on the upper Ganges,

in 1892. Two }ears later the dam which held back the water broke,

and the resulting flood wrought great destruction in the valley

below.

By vulcanism. A few lake l)asins were formed by vulcanism.

Some of them are in the craters of volcanoes whicli arc no longer

Fig. 152.— The crater lake of the volcano Poas, Costa Rica.

active (Fig. 152). In other cases flows of lava have obstructed

valleys, ponding the water above.

By movements of the earth's crust. Other lake basins have

come into existence bv movements of the earth's crust. These
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movements will be studied in a later chapter, but it may be stated

here that if an area sinks, as has sometimes happened, it may give

Fig. 153.— Section across the mountains of Palestine, to the moimta.'ns of

Moab, showing the position and relations of the Dead Sea.

rise to a depression fit for a lake (Fig. 153). The sinking may come

about in various ways, as we shall see.

The Topographic Features of Shores

Reference has been already made to certain topographic features

of lake shores, but the topic is of so much importance that it must

be studied a little more in detail.

Waves, currents, rivers, winds, glaciers, ice formed along the

shore, and various other agencies are working on the shores of seas

and lakes, and each has some effect on the coast line. Of these, the

waves, and the movements of the water to which the waves give

rise, are the most important.

1. Waves, undertow, shore currents. Waves are cutting in on

some parts of the shore of almost every lake, and they are more

active when the wind blows than at other times. Away from the

shore, the water in a wave does not move forward. Some idea of

its motion may be gained from a field of waving grain, where each

moving stem is fixed to the groimd, though wave after wave crosses

the field. Some conception of the motion may also be gained if

one end of a long piece of rope is fixed, while the other is shaken

up and down. Successive waves travel from the end shaken to the

Fig. 154.— Diagram to illustrate the movement of water in waves. The
small circles re{)rescnt the movement of water particles.

end which is fixed. In these illustrations the grain and the rope

cf^nie to rest just where they started. Fig. 154 gives some idea of

the nature of the movement of water in a wave where the water is
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deep. The curv^ed line represents the f-rest iind trouj^li of a wave,

while the little circles show the path of each particle of water in

the wave. The amounu oi motion in a wa\'c is greatest at the

surface and diminishes rapidly downward.

When a wave advances into shallow water near the shore, its

motion changes. This is because the motion of the water in the

lower part of the wave is hindered by dragging on the bottom, and

its top then pitches for\^^ard, as surf (Fig. 1, PI. XXXVI, p. 129).

In strong winds and in shallow water, therefore, there is a distinct

forward movement of some of the water of a wave.

The water thrown against the shore in the wave runs back again,

and this from-shore motion is the under'tou). Where the waves

come in against a shore obliquely, they produce a movement of

water along the shore. This is the shore or littoral current.

Erosion by waves. The force of the wave as it is hurled against

the shore may be very great. In the open sea, storm waves have

a height of 20 to 30 feet in some cases. Surf has been thrown up

to heights of more than 100 feet with force enough to destroy light-

houses. It has been estimated that the strength of waves on the

coast of Great Britain is sometimes as much as three tons per scjuare

foot, and that the average for winter waves is al^out one ton per

scjuare foot. Such waves would move masses of rock tons in weight.

It is clear, therefore, that the force of waves is great enough to wear

shores, even of solid rock. The waves of lakes are never so strong

as the great waves of the sea, but the storm waves of large lakes

have great force, and sometimes wash away piers and breakwaters,

even in a single storm.

Let us think of a regular shore composed of rock of unec[ual

resistance. Waves would wear the weaker rock of such a shore

more than the more resistant, and the coast would l)e made irregular.

Such irregularities are, in most cases, rather small.

Again, let us think of a very irregular coast, the rock of which

is all of ec^ual resistance. The waves would wear the projecting

points of sueh a shore move than the}' would wear the heads of the

bays. Wave erosion, therefore, tends to make a very irregular

coast less irregular, unless the projecting points are more resistant

than other parts of the coast.
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Where waves cut in upon the land, along their shores they make
steep slopes, or cliffs (Fig. 2, PI. XL, p. 144). Such cliffs on the sea-

shore are called sea cliffs, and those on the shores of lakes may be

called lake cliffs. Cliffs along shores indicate that the waves are

now cutting into the land, or that they have recently done so.

Slumping often accompanies wave erosion.

The cliff developed by wave-cutting is often bordered by a

ivave-cut terrace a little below the surface of the water (Fig. 155).

The width of this terrace is a rough sort of measure of the advance

Fig. 1.55.— Diagram of a high sea cliff. It shows also a submerged terrace,

due partly to wave cutting, and partly to building.

of the water on the land by the cutting of its waves. By rise

of the land, or l^y sinking of the sea, the terrace may l)ecome land

(Fig. 156).

^

Fig. 1.56.— Wave-cut terraces now well above the sea. Either the land
has boon raised or Ihe sea-level has sunk since the terraces were cut.
Heward J'eninsula, Alaska.
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Deposition hij waves, shore currents, etc. The material worn

from the hind by waves, or l^rought to the shore by rivers, is shifted

about by waves, undertow, and shore currents, but it finally comes

to rest. If left at the shore-line it makes a beach (Fig. 157). If

carried farther out into the water it takes on other forms.

Fig. 157.— A barrier beach, shutting in a marshy tract behind it. Lasells

Island. I'enobscot Bay, Me.

Waves often build rcejs or harriers a little out from the shore-

line. They are developed near the line of breakers, where the in-

coming wave leaves much of the sediment which it is moving in.

toward the shore. The undertow may contribute sediment to the

reef by carrying it out fronx the shore. There are sometimes

several such reefs along a coast, parallel to one another and to the

shore. They are, in some cases, troublesome to navigation.

After a reef is developed, waves may build its crest above the

surface of the water, converting it into land (Fig. 158). This seems

to have been the origin of many of the low, narrow belts of sandy

Fig. 15S.— Section of a barrier. (Gilbert, U. S. Geol. Surv.)

land parallel to coasts, with marshes and lagoons behind them.

This type of irregularity is illustrated by the coast of the United

States at various points between New York and Texas.

Shore currents move sediment along the coast, but where such

a current reaches a bay, it does not, as a rule, follow the outline of
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the bay, but tends rather to cross it in the direction in which it was
previously moving. Under such circumstances it may build an

eral^ankment or spit of gravel and sand across the bay. Currents

Fig. 159.— Map of the head of Lake Superior. (U. S. Geol. Surv.)

do not build spits above the water, but waves may build them up

into land by washing material from their slopes up to their tops

(Fig. 158). After they become land, the wind may build dunes

upon them (p. 21). When spits cross bays they become bars

(Fig. 159).

Reefs and spits and the land to which they give rise often in-

crease the irregularity of the coast-line greatly for a time; but they

represent the first step toward regularity, for after the reefs have

become land, the lagoons behind them are likely to be filled with

sediment washed down from the land or blown in by the wind

(Fig. 160). When the lagoon is filled, the shore line is much more

regular than l^efore; but the first effect of the making of the reef-

land is to make the coast more irregular.

Deposits of gravel and sand are sometimes made between a

mainland and islands near it. Nahant Island, on the coast of

Massachusetts, and the Rock of Gibraltar, on the coast of Spain,

have been thus "tied" to the mainland (Fig. 2, PI. XXXIX, p. 140).
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Bars, reefs, etc., often hinder tlie movements of ocean vessels,

especially when tliey tend to close the entrance of harbors. A spit

which does not obstruct the entrance to a harbor, on the other hand,

ATLANTIC
C/TY

Fig 160.— Sketch-map of a part of the New Jersey coast. The dotted belt
at the east is the barrier, modified by the wind. The area marked by
diagonal lines is the mainland; the intervening tract is marsh-land. Tiie

numbers show the depth of the water in feet. Scale: 31 inch = 1 mile.

is sometimes an advantage, since it breaks the force of the incoming

waves in storms, and so helps to form a har])or. Spits which form

harbors have determined the location of numerous villages and

cities. Erie, Pennsylvania, is an example.

2. Rivers. River erosion has little effect upon the shore-line,

but the deposition of sediment brought down by streams is of much
consec|uence in changing the outline of the land, especially wi-.ere
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deltas are formed. The delta of the Mississippi (Fig. 99), for

example, is a great irregularity, and it has many smaller irregulari-

Fig. IGl.— The Sogne Fiord, coast of Norway. (Robin.)

Fig 1G2.— Fiord on tlic coast of Norway.
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ties about its borders. Deltas in lakes show the same general

features on a smaller scale. Delta-land is always low.

3. Winds. The wind often makes dunes of the dry sand along

shores, but this does not commonly change the outline of the land

area to any great extent.

4. Glaciers. Glaciers descend to the level of the sea in some
places, as in Greenland and Alaska. Where this is the case, they

usually move down to the sea through valleys. If the ice is thick,

the glaciers gouge out the valleys, sometimes to great depths below

the level of the sea. When glaciers in such valleys melt, the lower

ends of the valleys l)ecome narrow bays, or fiords. This is the

explanation, or at least a part of the explanation, of the many fiords

of Norway (Figs. 161 and 162), Alaska, Chili, and some other coasts.

5. Shore ice is another agent which works on coasts, but does

not greatly modify their outlines.
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CHAPTER VII

VULCANISM

Volcanoes

A volcano is a vent in the earth's crust out of which hot rock

comes. The hot rock may flow out in a Hquid. form (called lava),

or it may be thrown out violently. It is generally h\\\\t up into a

cone (Fig. 163), which may become a mound, a high hill, or even

Fig. 1G3.—The cone of Vesuvius in the background, and the ruins of Pompeii.

a high mountain. Though they are the products of volcanoes, the

cones are themselves often called volcanoes. The volcano from

which lava flows makes a cone with gentle slopes, while the vent

from which soHd matter is thrown makes a cone with steeper slopes.

Some volcanoes send out ]:)oth liquid and solid rock. Both may

be issuing at al)Out the same time, or lava may flow out at one time

ftnd solid rock be thrown out at another. (Quantities of gases and

160



Plate XLII

Fig. 1.—Lavu falling over cliffs, KiluiK'a. (11. M S. Challenger
Kept )
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Fig 2.—Relativolv >innnili lava^uilacc m ai \iv. J.'iJau Craters,

Malheur Co., Ore. (U.S. Geol. Surv.)



Plate XLIII

Fig. 1.—-A dike isolated by erosion. Spanish Peaks region, Colo.

(U. S. Geol. Surv.)
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vapors, some of them jDoisonous, are (.Uscharged along with the hot

rock.

So long as a volcano is active there is likely to be a hollow, called

the crater (Fig. 164), in the top of its cone. Craters vary greatly '"n

.]^^!s>^
jf.lT .,;?'*.'<>>%-,

'«5^;5fJiv»-ViV*y»"¥".'-=

Fig. 1G4.— Sketch of the crater of the cinder cone near Lassen Peak, Cal.

The funnel is 240 feet deep.

size. Some of them are but a small fraction of a mile across, while

others are two or three miles across. An opening leads down from

the crater to the source of the lava, at an unknown depth.

From the following accounts of a few active volcanoes, numy
of the features of volcanic action will be gathered.

Stromboli. The cone of this volcano is an island four or five

miles in diameter, in the Mediterranean Sea, north of Sicily. The

cone is built up from the bottom of the sea, and is about a mile high,

though but little more than half of it is above the water. About

1 ,000 feet below its top there is an opening in the side of the moun-

tain, from which steam issues constantly. At a distance the steam

looks like smoke.

It is sometimes possible to climb up to the crater and look in.

Its floor is then seen to be black rock, which is really hardened lava.

In this hardened lava there are deep cracks, and from some of

them steam puffs out somewhat as from an engine. In other

cracks boiling liquid lava may be seen. Bubbles form in it and

burst, much as bubbles form and burst in a pot of boiling mush.

When they burst, fragments of the lava of which the bubbles are

composed are hurled hundreds of feet into the air, and fall on the

slopes of the cone. These fragments may be white-hot or red-hot

when they are shot out, but they cool c^uickly in the air, and cease

to glow before they have fallen to the surface of the cone. At night
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the glowing lava in the cracks of the crater's floor lights up the clouds

of steam which hover over- the mountain. It is for this reason that

Stroraboli is known as "the lighthouse of the Mediterranean."

The eruptions of Stroraboli are occasionally so violent that the roar

of the escaping steam may be heard for miles, while the lava is

hurled so high and so far that it is scattered not only over the entire

mountain, but into the surrounding sea.

Vesuvius. Vesuvius, near Naples, Italy, is probablv the best

known volcano. Its cone is a mountain about 4,000 feet high.

Its present co.ne (Fig. 163) rises within the half-destroyed rim of

an older and much larger crater.

Previous to 79 A. D., Vesuvius was, so far as then known, only

a conical mountain in whose summit was a deep crater three miles

in diameter. The slopes and even the bottom of the crater were

covered with vegetation. In that year a terrible explosion occurred,

which blew away half the rim of the crater. Much of the rock

blown out was broken into such small pieces as to constitute dust

(often called volcanic ash), and as it fell on the surrounding country,

it buried and destroyed not only plants, but even cities. Pompeii,

a city of some 20,000 inhabitants, was thus buried, and about 2,000

of its people were killed. Heavy rains accompanied or followed

the eruption. Falling on the volcanic dust, the water gave rise

to streams of hot mud. Herculaneum was overwhelmed by such

a stream. The present cone of Vesuvius was built up inside the

remnant of the rim of the older cone after this eruption.

Since the outburst of 79, Vesuvius has had other violent erup-

tions, separated by periods of quiet. The eruption of 16.31 was

especially violent, destroying some 18,000 lives. Another eruption

of great violence occurred in 1872. For several months before there

had been slight eruptions, during which steam and small fragments

of rock issued from the crater, and lava flowed from the cracks on

the mountain-side. The activity gradually increased in violence

until April, when two huge fissures and several smaller ones opened

on the flanks of the cone, and from them streams of lava flowed

into the neighboring valleys, overwhelming two villages. At the

same time, two large openings were made at the summit, from which

enormous (quantities of steam, dust, and masses of molten rock
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were hurled 4,000 feet or more into the air, with a noise which could

he heai'd for miles. The discharges continued with great violence

for four days, and at the same time earthquakes were felt through-

out the entire region. After the eruption was over, two craters 750

feet deep, with nearly vertical sides, were found at the top. An
enormous amount of loose material had accumulated on the sides

of the mountain.

Vesuvius was again disastrously active in the spring of 1906.

The history of this eruption is summed up by Professor Jaggar as

follows: "In 1904 there was a lava-flow which stopped in Sep-

tember of that year. In May, lava flowed from a split in the north-

west side of the cone and continued in active motion throughf)ut

the year. It ceased flowing at the time when the present L1906]

eruption opened a new vent on the south side of the cone.

"On April 4, 1906, a splendid black 'cauliflower' cloud rose

from the crater (Fig. 1, PL XLI, p. 145). On April 4th, 5th,

6th, and 7th, lava mouths opened, . . . first 500 feet below the

sununit, then 1,300 feet lower, and finally 600 feet lower still, all in

the same radial line. The lowest mouth was more than half way
down the mountain, and from this orifice came the destructive

streams. It should be borne in mind that these flows are not floods

of lava which cover the whole slope of the mountain, but relatively

narrow snake-like trickles, none the less deadly when they pusii

their way through a closely built town. The molten rock crusted

over and cracked, making a tumble of porous boulders at its front.

"At 8 p. M., April 7th, a column of dust-laden steam shot up

four miles from the crater vertically. The cloud snapped with

incessant lightnings. New lava mouths opened, and the flows

moved forward, crushing and burning and swallowing parts of

Boscotrecase, the stream forking so as to spare some portions of

the town.

"Boscotrecase was ruined wholly by lava; Ottajano by falling

gravel. Boscotrecase is traversed in two places by the clinkery

lava stream, and in some cases houses were literally cut in two.

The stream of lava had forked about a spur of the mountain, leav-

ing the higher land with its vineyards untouched. The lower land

with its town was invaded. There is so little timber in the Italian
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masonry construction that the uninvacletl part of the town was not

burned at alL At Ottajano the roofs fell in under the weight of

sand and gravel. The roofs were largely flat or slightly sloping

tiled affairs. The ash and lapilli reached a depth of three feet on

level surfaces. The roofs carried the walls with them in many
cases, but there was no significant earthquake. There was no fire,

destructive lightning, nor strong wind. The persons who perished

were all found in the houses, where the sole cause of death was en-,

tombment in the ruins."

Krakatoa. One of the most violent and destructive volcanic

explosions of which there is record was that of 1883, in Krakatoa,

an island in the Strait of Sunda, between Sumatra and Java.

Previous to the eruption, the island had been shaken by earth-

quakes and minor explosions for some years. On the morning of

the 27th of August there was a series of terrible explosions, by

which about two-thirds of the island was blown away (Fig. 165),

Fig. 165.— Krakatoa after tlie eruption of 1883.

and tlie sea is now 1,000 feet deep where the center of the mountain

formerly stood. Sea-waves spread to Cape Horn, and possil^ly to

the Jilnglish Channel. On the shores of neighboring islands the

water rose 50 feet. ]\Iore than 36,000 persons perished, mostly

by drowning, and 295 villages were wholly or partially destroyed.

The sky over the island and the bordering coasts became black

as night from the clouds of dust. It was estimated that steam

and dust were shot up into the air 17 to 23 miles. The finest

particles of the dust were carried by the wind to all parts of

the earth, and it is thought to have been two or three years

before all of it had fallen from the air. This dust in the air

caused brilliant sunsets, and by knowing the places where the red
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sunsets appeared from day to day, it was estimated that some of

the dust completed a circuit of the earth in al)Out 15 days. The

sound of the explosion was heard in southern Australia, 2,200 miles

away.

The cause of this awful explosion was probal)ly the same as

Forsaken I,.;

Lang I.

Fig. 166. Fig. 167.

Fig. 166.— Krakatoa Island and surrounding.s before the eruption of 1883.

Fig. 167.— Krakatoa Island and svirrounding.s after the eruption of 18S3.

The numbers indicate the depth of the water in fathoms in both figures.

that of the milder eruptions of Stromboli, that is, the sudden escape

or explosion of superheated steam.

Mont Pelee and the Soufriere. The volcano of Mont Pelee is

sittuited on the island of Martinique, one of the Lesser Antilles, at

the eastern border of the Caribbean Sea. Its cone descends by

steep slopes to the sea on all sides but the south, where it is bor-

dered by a plain on wliich, before the eruption of 1902, stood the

city of St. Pierre, with a population of about 26,000. The crater

of Pelee was half a mile in diameter, and its floor 2,000 feet below

the highest part of the crater rim. This rim was broken at the

south-west by a deep gash, or valley.

Before 1902, Pelee had had two periods of moderate activity

within historic times, one in 1762 and the other in 1851, but neither

was destructive to life. From 1851 to 1902 the volcano slumbered.

In April, 1902, activity was renewed by (1) the discharge of steam,

vapors, and ashes, some of which were thrown 1,300 feet above the

top of the mountain, and (2) by the opening of three vents in the

basin of the old crater. By April 25th, the poLsonous, sulphurous

vapors issuing from the mountain had become so abundant that
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horses dropped dead in the streets of St. Pierre, and a httle hiter

the traffic of the streets was obstructed by the volcanic dust or

"ashes." On May 5th the mud which had accumulated in the basin

of the crater broke out and flowed down a valley in the side of the

mountain, overwhelming a factory and destroying a number of

lives. During these early stages of activity there were numerous

earthquakes, and all cables from Martinique were broken, while

sounds like the report of artillery were heard 300 miles away.

On May 8th the activity of the volcano reached its climax. On

that day a heavy black cloud swept down through the gash in the

crater's rim, and out over the plain to the southwest, and in two

minutes struck the city of St. Pierre, five miles distant. The city

was at once demolished. Buildings were thrown down, statues

hurled from their pedestals, and trees torn up. Explosions were

heard in the city as the cloud reached it, and flames burst out,

started either by the heat of the gases, or the red-hot particles of

rock which the gases carried. A few minutes later a deluge of rain,

mud, and stones fell, continuing the destruction. With but two

exceptions, the entire population, increased to some 30,000 b}^

refugees from the surrounding country, was wiped out of existence.

Of the two persons who escaped, one was in a prison cell below

the level of the ground, while the other was in a house in the

outskirts of the city. Many people on ocean vessels iu the vicinity

of St. Pierre were killed, some of them instantly. Others were

seriously burned.

Study of the region after the eruption showed that the cloud

was probably composed of steam, sulphurous vapors, and dust.

It is estimated to liave had a temperature of 1,400° to 1,500° F.

(about 800° C). Combustible gases seem not to have been abun-

dant, for the vegetation and thatched roofs in the path of the blast

were not burned, but only dried and withered. The bodies of the

victims were scorched, burned, or scalded. Except in the axis of

the blast, the clothing of the bodies was unburned, though the

flesh beneath was burned and scalded. The chief causes of death

seemed to have been suffocation by the noxious vapors and gases,

and the great heat. Other causes of death were blows from stones

thrown from the volcano, burns from hot stones, dust, and steam,
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cremation in burning buildings, etc. Other eruptions occui-red on

May 20th, 26th, June 6th, July 9th, and August 30th.

Fig. 168.—Great rocks thrown out by the eruption of Pelee, August MO, l!)02.

An interesting case of sympathetic action was shown by a vol-

cano (Soufriere) on the island of St. Vincent, about 90 miles south

of Martinique. After two days of warning symptoms, the first

eruption of the Soufriere occurred on May 7th. The eruption was
similar to that of Pelee, but as there was no considerable city in

the path of the steam-cloud, the loss of life was much smaller.

There were no lava-flows in connection with any of these erup-

tions of Pelee or the Soufriere. The dust cUscharged was carried

long distances, and on St. Vincent it was 50 to 60 feet thick in some
places, after the eruption was over.

Hawaiian volcanoes. The eruptions of the volcanoes thus far

descril^ed are more or less violent; but in the Hawaiian Islands'

there are volcanoes whose eruptions are relatively quiet. Mauna
Loa is the largest of the four volcanic cones whose united mass

forms the island of Hawaii (l''ig. 169), an island SO miles across.

Mauna Loa rises 14,000 feet above the sea, ])ut the island is built up

from the sea bottom where the water is about 16,000 feet deep, so

that the great volcanic pile, who.se top is the island, is really about

30,000 feet high.
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The crater of Mauna liOa is 3 miles long, 2 miles wide, and about

1,000 feet deep,— a very large crater. When the volcano is not

Fig. 169.— Map of Hawaii. (U. S. Geo!. Surv.)

active, it is possible to go down into tlie crater and to walk a])ont

on its hard, hot floor. Cracks and other openings arc, however,

generally present, and give evidence of the hot li(iuid rock beneath.

Before an eruption, the floor of tlic crater rises, and lakes of

lava appear in the enlarged openings in it. At intervals, fountains
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of lava may rise from (lie lakes, sometimes to heights of several

hundretl feet. Finally the eruption occurs; but the lava does not

usually flow over tlie rim of the crater. It comes out through

cracks which open on the side of tlie mountain, sometimes far from

the top. Through them the li([ui(l lava flows down the sides of the

mountain in streams, some of which are half a mile in width, and

fiow for 50 miles with fomis somewhat like those of valley

glaciers. Their rate of advance is, however, much faster than that

of glaciers, though much slower than that of rivers. The flow 1)e-

comes slower as the lava cools and stiffens. As the streams reach flat-

ter ground, they spread out. and the lava may collect in hollows,

forming pools and lakes, which soon harden. The lava occasionally

falls over cliffs (I'lg. 1. PI. XLII, p. 160), sometimes into the sea.

After it becomes hard, the surface of a lava-flow may be nearly

smooth (Fig. 2, PL XLII) or very rough. It may be ropy (Fig. 2, PI.

XLI, p. 145), due to movement of the lava after it is partially

hardened.

During the eruptions of the Hawaiian volcanoes, little steam is

discharged, and there are no showers of dust or cinders, no loud

riunl)ling or explosive reports, and earthciuakes are rare. The

eruptions may continue for months at a time, with so little disturb-

ance that only persons in the vicinity are aware of their existence.

Common phenomena of an eruption. From the preceding

descriptions the essential features of eruptions ma\^ be gleaned.

In the explosive type of eruption, ruml)lings and earthcpiake shocks,

due to explosions within the throat of the volcano, may occur for

weeks or months previous to a violent outbreak. As the explosions

become violent, ashes, cinders, and bombs are shot forth and fall

upon the sides of the cone, while the summit of the mountain is

shaken. The clouds of condensed steam and dust rising from the

crater darken the sky (Fig. 1, PI. XLI, p. 145), and torrents of rain,

falling upon the fine dust, form rivers of hot mud. Liquid lava

may or may not accompany the discharge of dust, cinders, etc.

In the quiet type of eruption the lava rises in the crater and occa-

sionally overflows its rim; but more commonly it breaks out through

cracks in the side of the cone, and the lava issues below the top.

There is little or no burning in a volcano, for there is little or
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nothing to burn. There is, tlierefore, no smoke. What appears

as smoke is mostly condensed water vapor (cloud), often Ijlackened

by dust.
The Products of Volcanoes

Lava. This term is applied both to the liquid rock which

issues from a volcano and to the solid rock which results from its

cooling. It takes on various forms as it becomes solid. If it

Fig. 170.— Scoriaceous lava. The little cavities are of the general nature

of bubbles, filled with gas when the lava hardened. Cinder Buttes, Ida.

hardens under little pressure, as at the surface, the gases and

vapors which it contains may expand, and it is converted into a

sort of rock froth (Fig. 170). Under other conditions it may be-

come volcanic glass {obsidian) or crystalline rock.

Cinders, ashes, etc. Most of the fragmental materials blown

out of a volcano are pieces of lava which solidified before they were

blown out, or during their flight in the air. They include masses

of rock tons in weight, and smaller pieces of all sizes down to minute

particles of dust or "ash." It should be noted, however, that

"volcanic ash" is not ash in any proper sense of the term, for it is

not a product of burning. The dust is often shot up high into the

air, and, being light, is caught ])y the winds and scattered broad-

cast, some of it coming to rest thousands of miles from its starting-

point (p. 19). The fluid lava, and the larger fragmental materials,

on the other hand, stay near the vent.

Gases and vapors. Clases and vapors of many kinds issue

from ^()l(•anoes. Some of them arc poisonous, and, as in the case
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of Pclcc, tlioir temperatui-e is sometimes so high us to be destriu'tive

to life.

Number, Distribution, etc.

Number. The number of \olc;inoes is not easily determined,

and is not definitely known. There are various reasons for this

uncertainty. Thus it is often impossi]:)le to say whether a quiet

volcano is dormant or extinct. For this and other reasons, the

number of active volcanoes cannot be stated exactly, but it is com-

monly estimated as between 300 and 400. Something like two-

thirds of them are on islands, and the remainder on the continents.

There may l)e others in the sea which are not known, for feeble

volcanoes in the deep sea would make little show at the surface.

Distribution. The g-eneral distribution of active volcanoes is

shown in Fig. 171. Many of them are arranged in belts, within

which they are sometimes in lines. The most marked 1)elt nearly

encircles the Pacific Ocean, as with a girdle of steaming vents.

This l)elt may be said to begin with the volcanic islands south of

South America, and includes the numerous vents in the Andes,

and in the mountains of Central America and Mexico. It widens

in the western part of the Lmited States, where the volcanoes are

extinct, but narrows again in Alaska and the Aleutian Islands.

On the western side of the Pacific, the belt includes the many active

vents of Kamchatka, Corea, Japan, the Philippine Islands, New
Guinea, New Hebrides, and New Zealand, and an off-shoot from

it includes the volcanoes in the islands of Java and Sumatra. The

volcanoes of the West Indies are sometimes considered as an east-

ern branch of the same l)elt. Outside this l)elt, volcanoes are

numerous in and al)out the Mediterranean Sea, and there are many
others which cannot be connected with an}' well-marked system.

Most volcanoes are in the sea or near it. Not a few of them

are in the mountain regions, though they do not occur in all moun-

tains. Many are on ridges or swells on the sea bottom, or on ridges

or swells which rise above the sea. Such, for example, are the West

Indian volcanoes. The volcanoes on the continents are mostly

near the shores, but many shore lands are without them, and there

are a few volcanoes far from the sea. Thus there is an active

volcano in Africa 700 miles fi'om the sea, and there are fresh cones
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of extinct volcanoes 500 to 800 miles from the sea in Arizona,

Colorado, and elsewhere. It cannot be said, therefore, that near-

ness to the sea or mountain ridges are conditions necessary for

volcanoes. Many of the active volcanoes lie near the line where tiie

continental plateau descends to the oceanic basins. This is per-

haps the most significant feature of their distribution. Volcanoes

on land are, in many cases, associated with lands which have been

recently raised or sunk.

Historical. Volcanoes have existed throughout the history

of tlie earth, so far as this history is now known, even back to the

earliest ages; but volcanoes do not seem to have been equally

active at all times. There have been periods of great volcanic

activity, alternating with periods of less activity. There is no

knowledge, however, that vulcanism ever ceased altogether.

After the volcanoes of a region die out, associated phenomena

are sometimes continued. Thus in the Yellowstone National Park,

where volcanoes once existed, there are numerous geysers, hot

springs, and other vents out of which hot vapors issue.

Topographic Effects of Volcanoes

By the making of cones, volcanoes become an important factor

in shaping the surface of the lithosphere. The early stages of

growth have sometimes been observed. Thus in 1538 a small

volcano appeared on the north shore of tiie Bay of Naples, and built

up a cone 440 feet high and half a mile in diameter at its base in a

few daj's. Its crater w-as more than 400 feet deep.

In 1770 the volcano Izalco in Central America broke out in the

midst of a plain which was then a cattle-ranch. Since that time

it has built up a cone about 3,000 feet high, with steep slopes. In

the earlier part of its history, lava-flows were frequent, but for many
years no lava has flowed out, though the volcano has remained

active, discharging explosively.

Early in the last century a volcanic island (Graham Island)

arose in the Mediterranean, between Sicily and Africa, where the

water had been 800 feet deep. In 1831 a ship near the place felt

earthquake shocks. In July a sea captain reported that he saw

a column of w-ater 60 feet high and 800 j'ards in diameter rising
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from the sea, and soon afterward a column of steam which rose

1,800 feet. A few days later there was a small island 12 feet high

where the disturbance had been, and in its center there was a crater,

from which eruptions were seen to be taking place. By the end

of the month the island was 50 to 90 feet high, and three-fourths

of a mile in circumference, and on August 4th it was 600 feet high,

and 3 miles in circumference. Activity soon ceased, and early in

1832 the island had been destroyed by the weaves. This volcano

was short-lived, as w^as the island which it built.

Volcanoes have recently built up islands off the coast of Alaska.

In 1795 such an island appeared about 40 miles west of Una-

laska. In 1872 this island was 850 feet above the sea, but had no

crater. In 1883 another island appeared close by, and was later

joined to the first. In 1884 it was 500 to 800 feet high. Another

volcanic cone was first seen in 1906, when it appeared as a great

steaming dome, and was named Parry Island.

Some volcanic cones make mountains of great size. Such are

Fig. 172.— Ml. Hood, a snow-capped mountain.

Mt. Rainier in Washington, Mt. Hood in Oregon (Fig. 172), Mt.

Shasta in California, Orizaba in Mexico, and manv others. All of
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those named al)ove are so high that snow-fields and glaciers are

found upon their slopes. The nurn])er of volcanic cones is fargi-eater

than the numlxn' of volcanoes, for the cones of many extinct vol-

canoes still remain.

Many small islands, and some large ones, such as Iceland, are

due chiefly or wholly to the building up of volcanic cones which

have their foundations on tlie ocean bottom. The Aleutian Islands

and many of the islands of Australasia were formed in the same way.

Destruction of volcanic cones. \'olcani(^ mountains, like all

other elevations on the land, are subject to change and destruction.

They may l)e partially destroyed by violent explosions, as in the

cases of Krakatoa and Vesuvius, already cited. Again, the entire

tunimit of a volcanic mountain may sink, leaving a great depres-

"^^M
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Fig. 173.— Western bonier of Crater Lake.

sion, or caldera, where it was. Crater Lake, Oregon (Fig. 173),

occupies a caldera five or six miles in diameter, and 4,000 feet deep.

This lake, which with its surroundings has been made a National

Park, is encircled 1)y nearly vertical walls of rock 900 to 2.200 feet

high. Since the sinking in of the top, a small cone, which now risei

as an island in the lake, has been built up.

Volcanic cones are also destroyed by the slow processes of

weathering and erosion. Wind and rain attack volcanic cones as

soon as they are formed, but their results are not conspicuous until

the volcano is extinct and the cone stops growing. Cones com-
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posed largely of cinders, etc., are worn away with comparative ease,

while those of lava are more resistant. Among the many extinct

volcanic peaks in the western part of the United States, it is possible

to find illustrations of cones in various stages of destruction. Only

those of recent origin still show their original forms, or forms but

slightly modified. None but recent cones retain their craters, or

the symmetrical slopes they once possessed. Volcanic cones in the

sea or in lakes are attacked by waves, and small cones in the sea

are soon worn away. The case of Graham Island is an example.

Examples of fresh cones. In Arizona, California (Fig. 174),

Idaho, Oregon, and elsewhere in the United States there are vol-

Fig. 174.— Typical cinder cone, Clayton Valley, Cal.

canic cones so recently formed that they have suffered Init little

erosion. Cones of similar freshness are found in other lands.

Examples of worn cones. ML Shasta rises two miles above a

base seventeen miles in diameter, to a height of 14,350 feet above

the sea. It is partly of lava and partly of fragmental material.

Its upper slopes are steep and furrowed with ravines. About 2,000

feet below the summit on the west side is a fresher and therefore

younger cone (Shastina) with a crater in its top. Remains of more

than 20 smaller cones also occur on the lower flanks of the main

mountain. Mt. Shasta is a good example of a volcano which has

suffered some erosion, but there is still abundant evidence of rather

recent eruptions.
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Alt. Rairuir is another .splendid nunintain l)uilt up by a former

volcano. Yaiiou.s features of the mountain show that a second

period of acti rity followed a louf;- jH'riod of cjuiet in the hi.story of

Fig. 175.— The summit of Mount Rainier, Washington.

this snow-capped mountain. Hot vapors still issue from some

small vents in the mountain, though the discharge of lava ceased

long ago. The mountain is snow-covered, and has several glaciere.

The Marysville buttes. This circular cluster of hills (Fig 176),

10 miles in diameter, ri.ses 1,700 to 2,000 feet above the level of the

Sacramento River in California. The buttes are composed of lava

with an outer layer of fragmental material (or tuff). The volcanic

cone, which proba])ly once rivaled Vesuvius, has been dissected

into a group of lulls with jagged and fantastic outlines.

Volcanic necks. When a volcano becomes extinct, the throat,

or passage from the interior, may be filled with hardened lava.

This may be of rock much more resistant than the rest of the cone,

and as the cone is worn away, the plug, transformed into a hill, may
still mark the site of the former volcano. Tliese volcanic necks,

or plugs, are sometimes conspicuous. East of the ]\It. Taylor

plateau, in central New Mexico, a number of them rise by precipi-

tous slopes SOO to 1,.500 feet above their surroundings. Massive

intrusions of lava may have a similar effect (Fig. 1, PI. XXI, p. 84).
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Igneous Phenomena not Strictly Volcanic

Fissure eruptions. Lava sometimes rises to the surface through

great fissures instead of through the relatively small vents of vol-

canoes. From such fissures floods of lava spread over the sur-

rounding countrv for hundreds of miles. Such lava floods once

Fig. 176.— Marysville buttes in contour. (U. S. Geol. Surv.)

occurred in Oregon, Washington, and Idaho, where, by successive

flows, the former hills and valleys were buried, and a \'ast plater.u

200,000 sqiiare miles or more in extent was liuilt up (I'ig. 8). In

some places, the nearly level surface of the level plateau meets the

mountains along its border, somewhat as the sea meets the land,

while islands of older rock rise above it.
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In this lava pkitcuu, the JSnakc lii\er lias excavated a great

canyon (Fig. 49) 4,000 feet deep in some places, and 15 miles wide.

The walls of the canyon show the structure of the plateau. They

show, among other things, the edges of the successive flows of lava,

sometimes separated by beds of sediment, with soils in which the

roots and trunks of trees are still preser\'ed. These beds of sedi-

ment, and these soils, show that long periods of time elapsed be-

tween successive lava-flows.

An older lava plateau of still greater size and more dissected by

erosion occurs in India. Still others, now made rough by erosion,

are found on the north cf)ast of ln>l;uul and the west coast of Scot-

land, and some of the islands off Sc'otland are remnants of an old

lava plateau.

Fissure eruptions have occurred in Icelantl within historic times.

In 1783 lava flowed from a fissure 20 miles or so in length, spreading

out in sheets, and advancing down the valleys farther than on the

uplands between them.

While fissure eruptions of lava sometimes build up plateaus or

raise the level of the plains on which they spread, they do not

commonly give rise to mountains; l)ut mountains are sometimes

developed from them, as they are dissected by stream erosion.

Intrusions of lava. Lava is sometimes intruded from below

into the crust of the lithosphere, without rising to the surface.

Fig. 177. Fig. 178.

Fig. 177.— Ideal cross-section of a laccolith with the accompanying sheet

and dikes. The black parts are hardened lava.

Fig. 178.— Ideal cross-section of a group of laccoliths. (U. S. Geol. Siirv.)

In such cases the surface strata may be arched up over the intru-

sion, making domes which sometimes reach the size of tlie moun-

tains. The Henry Mountains of Utah are examples (Figs. 177 and
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178). The roof of the intrusion may l)c broken and lifted up, in-

stead of l:)eing arched. Lava is sometimes forced in between beds

of stratified rock in sheets, and into cracks of the rock. In the

latter case it forms dikes.

Intrusions of lava may give rise to topograpliic features of

importance after erosion has affected the regions where they occur,

for the hardened lava (or igneous rock) is often harder than its

surroundings. Dikes often give rise to ridges (Fig. 1, PL XLIII,

p. 161). Intruded sheets of lava also, if they have been tilted from

a horizontal position, may give rise to ridges, and tliese ridges may
be so high as to be called mountains. The Palisade Ridge of the

Hudson (Fig. 115), and most of the mountains of the Connecticut

River valley, are examples. Sills and extrusive sheets of lava may
also give rise to buttes, mesas (p. 80), rock terraces, etc.,— indeed,

to all the topographic foiTns which result from the erosion of rock

of unequal hardness (p. 76 ct seq.).

Columnar structure. As lava hardens it sometimes assumes a

columnar structure (Fig. 2, PI. XLIII, p. 161). The columns are

mostly six-sided, as at Giant's Causeway, Ireland, along the Colum-

bia River in Washingto'i, and elsewhere.

Causes of Vulcanistn

The causes of volcanoes lie outside the field of physiography,

but it may Ije stated that the old notion that volcanic vents are

connected with a liquid interior has been generally abandoned.

Yet it seems clear that the interior of the earth is hot. Deep mines

and deep borings of all sorts show that the temperature increases

with increasing depth. The rate of increase varies from 1° F. for

17 feet in rare cases, to 1° for more than 100 feet. The average

rate of increase is commonly stated as about 1° for every 50 to 60

feet; but if we take only the records of those deep mines and other

l)orings which seem most reliable, the rate is more nearly 1° for 80

feet, down to the greatest depths yet penetrated. It is to be

rememljcred, however, that the deepest excavations are but little

more than a mile in depth.

If the heat increases at the average rate of 1° for each SO feet,

ii temperature of 3,000° would be reached at a depth of about 50



VULCANISM 181

miles. Such a temperature would be enough to liciuify rocks at

the surface; but it does not follow that they would be liquid at the

depth of 50 miles at this temperature. At this depth, the pressure

of the overlying rock is enonnous, probably enough to keep the

rock solid long after it reached a temperature which would make it

licjuid at the surface. There are other reasons for believing that,

though the temperature of the interior of the earth is very high,

the rock is still solid.

Among the vapors which escape from volcanoes, there are

those which might have been derived from sea-water. From this

fact it was formerly thought that sea-water had access to the sources

of the lava. It is now believed, however, that water from the sur-

face does not descend more than five or six miles (p. 30). It seems

certain that the sources of the lava are much deeper, and it therefore

seems improbable that descending water, either from the sea or

from the land, reaches these soiu'ces.

Since lava is fonned at depths and at temperatures which can

not be studied, there are many points concerning its origin al)Out

which we cannot be sure. But it seems probable (1) that the lava

is being foiTned all the time, in spots, in the deep interior, and (2)

that it is all the time fincUng its way to the surface, but faster and

in greater quantities at some times than at others. The regions

where the crust is least stable, that is, where there is movement,

are the regions most likely to afford the lava a place of escape.
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CHAPTER VIII

CRUSTAL MOVEMENTS

Though the crust of the earth seems to be firm and stable,, it

is in reality subject to frequent movements. Earthquakes are

of rather common occurrence, and there is abundant evidence that

other movements, too slow to be seen or felt, are going on all the

time. Some of the proofs that such changes have taken place in

recent times are the following:

Relative rise of coast lands. 1. Along some coasts, old docks

near sea-level when they were built, are found many feet above it

on dry land. This is the case, for example, at the west end of the

island of Crete, in the Mediterranean Sea. Clearly the sea has

sunk, or the land has risen, since the clocks were built.

2. In the Baltic Sea there are rocks now al)ove the water which

within historic time were beneath the sea, though so near its surface

as to be dangerous to navigation. The bottom of the shallow sea

has risen, or the surface of the water has become lower.

3. Some animals in the sea attach themselves to the cliffs at

sea-level or below it. Their shells or other hard parts sometimes

remain long after the animals are dead. Among the animals which

have this habit are barnacles, and their shells are sometimes found

many feet above the surface of the water, attached to the rocks

where they grew. They show that the land has risen relative to

the sea since the animals lived.

The shells of marine animals are also sometimes found ahove

sea-level, in sand, gravel, etc. Where such shells are in sediment

which was deposited beneath the sea-water, they show that the

sea bottom has become land since the animals lived.

Beds of sediment containing sea shells, certainly deposited be-

neath the sea in recent times, are now foiuid above the water in

many places, as in North Greenland, on tlie Pacific coast of the

182
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United States, in the West Indies, on tlie west coast of South Amer-

ica, and in other phices. In North Greenland very fresh sliells are

found in shore sand up to heiglits of 100 to 200 feet above the sea.

We conckule that the sand in whicli they are found was beneath the

sea but a short time ago. Darwin long ago found shells, etc., along

the west coast of South America up to elevations of 1 ,300 feet above

the sea. On the coast of Peru a coral reef is said to be found at an

elevation of nearly 3,000 feet, and on the coast of New Hcl)ridos

and Cuba they are found up to heiglits of 1 ,000 feet or more.

4. Beaches, terraces (Fig. 156), and sea cliffs (p. 154) near the

sliore, Init above the level of the sea, also show a rise of the land or

a sinking of the sea. Such features are found along many coasts.

In California and Scotland, some towns are built on the elevated

shore terraces, and wagon-roads and railroads follow them for con-

siderable distances. One of the significant facts about many
elevated beaches, and other shore features, is that they are no longer

horizontal, as they must have been when formed. They were

warped as they rose aliove the sea, or as the sea sank below them.

All these phenomena are evidence that areas once covered by

the sea have emerged in recent times. The emergence of the land

might be explained in either of two ways: (1) l:)y the rise of the

land, or (2) by the sinking of the sea-level.

Relative sinking of coastal lands. 1. At the east end of the

island of Crete, ancient buildings are under water. On some parts

of the coast of Greenland, too, various human structures Ijuilt on

land are now beneath the water. The southern end of Scandinavia

has been sinking recently, while the rest of the peninsula appears

to have been rising. "At Malmo, one of the present streets is o\'cr-

flooded by the waters of the Baltic when the wind is high, and ex-

cavations made some years ago disclosed an ancient street at a

depth of eight feet below the present one."

2. Along some coasts there are drowned forests. Thus north

of Liverpool, England, when the title is out, ninnerous stumps may
be seen standing on the l)eacli where the trees once grew (Fig. 179).

Since trees of the kind represented by these stumps do not grow

in salt water, we conclude that the land where they grew has sunk

below the level of high water since the trees grew. On the coast
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of New Jerse}^ too, stumps are known to exist several feet below

sea-level.

3. Some river valleys on land, such as the Hudson (Fig. 180),

the Delaware, and others, are continuous with valleys in the shallow

sea bottom far out beyond the coast-line. Such submerged val-

leys indicate that the surface where they are was land when they

were made, and that they have since sunk beneath the sea. The

Fig. 179. — .Stumps laid bare on the beach at low tide, Leasowe, Cheshire,
England. (Ward.)

many bays between New York and Carolina show recent sinking

of the land, enough to carry the lower ends of the former valleys

below sea-level, thus changing them into bays. Drowned valleys

(p. 80) of this sort are found in many parts of the earth, and show

that coastal lands have sunk recently along many coasts.

All these cases of apparent sinking of the land might be ex-

plained by the rise of the sea instead.

4. One of the most striking cases of change of level appears to

involve both upward and downward movement. On the shore of

Italy, near Naples, are the ruins of an old temple (Fig. 181).

It is known to have been above water as late as 235 A. D.

In 1749 several columns of the temple were found. Their bases

were buried to a depth of 12 feet in sediment deposited l)y the sea.

For 9 feet above the sediment, the columns were perforated with
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holes bored by marine aninuiLs. It is inferred, therefore, that be-

tween the years 235 and 1749, the land on which the temple stood

sank until the water was 21 feet above the bottoms of the columns.

I'ig. ISO.— The submerged valley which is believed to be the continuation

of the Hudson Valley. The position of the valley is indicated by the

contours. (Data from C. and G. Survey.)

and then rose again so that the floor of the temple was above sea-

level.

These illustrations show that the land and sea change their

relations to each other. It is prolniljle that this has been true since

lands and seas came into existence. It is not always possible to say

whether it is the land or the sea-level which has changed; but it

seems probable that the sea-level rises and falls from time to time,

and that the surface of the land also moves.

Does the sea or the land change level? There are several

things which may make tlie sea-level rise or fall. 1. If, for example,

the Iwttom of the sea-basin were to sink, the surface of the sea

would be made lower. 2. Again, the gravel, sand, and mud washed

down from the land to the sea and deposited in its basin must make
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the sea-level rise. 3. Lavas poured out from volcanoes beneath the

sea would have the same effect. 4. When great ice-caps develop

on the land, the water locked up in the ice comes from the sea, and

the withdrawal of this water from

the sea must lower its surface.

When the ice melts, the return of

the water to the sea would cause

its level to rise. Some other factors

also enter into the problem.

From the fact that old shore-

lines are sometimes warped, it

seems clear that some of the changes

along coasts are due to movements

of the solid parts of the earth. On
the whole, it seems probable that

the sinking of portions of the solid

part of the earth is more common
than their rise, because the earth is

cooling and therefore shrinking;

and shrinking means bringing the

outside nearer to the center; that

is, the lowering of the surface.

Changes of level in the interiors of continents. Changes of

level are perhaps as common in the interiors of continents as along

coasts, but they are not so easily detected, since there is, away from

the coast, no level surface like the sea with which to make com-

parisons. There are raised beaches about many lakes, as about the

Great Lakes, and Great Salt Lake (Fig. 182); but raised beaches

about a lake may result from the lowering of the lake, either by

the cutting down of its outlet or by great evaporation. They do

not, therefore, prove a rise of the land. In many cases, the old

shore-lines about lakes are not level, as they must have been when
formed. Some parts of the old shore-line about Lake Bonneville

(p. 149) are 300 feet higher than other parts of the same line. An
old shore-line about the east end of Lake Ontario is more than 400

feet above the lake, while the same shore-line, traced westward,

passes beneath the water at the west end of the lake. Such warped

Fig. 181.

Columns of the Temple of Serapis,

near Naples.



CRTTSTAL MOVEMENTS 187

shore-lines are found ii])out nuuiy hikes, und show tliat the surface

about the lake basins has suffered movement since the shore-lines

were formed.

So widespread are the evidences of changes of level that it may
be said, with much probability, that more of the earth's surface has

Fig. 182.— Shore of former Lake Bonneville, Utah. (U. S. Geol. Surv.)

been sinking or rising in recent times, than has been standing still.

This general statement seems to point to great instability of the

earth's crust; but it should be added that these changes go on, as

a rule, very slowly and quietly. The amount of movement is per-

haps a small fraction of an inch a 3'ear, more commonly than at a

faster rate. At times and places, however, the movements have

doubtless been more rapid; but even in these cases it is not to be

supposed that the movements were always violent.

Ancient changes of level. Beaches and other features of ocean

shores are destroyed in time by erosion, if elevated above the water;

but there are still evidences of movements which took place so long

ago that no traces of shore-lines remain. Thus la\ers of rock, de-

posited as sediment (sand, mud, etc.) beneath the sea, are now



188 PHYSIOGRAPHY

found over great areas, far above sea-level. Most of the solid rock

beneath the IVIississippi basin, for example/ was laid down as sedi-

ment beneath the sea, as shown by the shells, etc., of the sea animals

wliich it contains. In the Appalachain Mountains, rocks formed in

the same way are found up to heights of several thousand feet; in

the Rocky Mountains up to 10,000 feet and more; in the Andes

up to 16,000 feet; and in the Himalayas to still greater heights. It

seems certain, therefore, that the changes of level have been great.

Future changes of level. Not only have changes of level be-

tween land and sea been taking place for untold ages, but they are

likely to continue. The wear of the land and the transfer of sedi-

ment to the sea raises the level of the water by partly filling the

basins which hold it. The rise of the water increases the area, of

the sea and decreases the area of the land. In the past, there seem

to have been occasional sinkings of the ocean basins; and when an

ocean basin sinks, its capacity is increased and the sea-level is

drawn down, just as the surface of the water in a pan would be

drawn down if the bottom were lowered. This lowering of the sur-

face of the sea makes the continents appear to rise. Such changes

Fig. 183.— Gontlc fold in limestone. Dumfriesshire, Scotland. (II. M.
Gcol. Surv.)

are likely to occur in the future, so far as can now be seen, just as

they have in the past. It is probal)le that, in tlic course of the

earth's history, the lowering of the sea-level because of the sink-
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ing of the ocean basins has ])cen creator than the rise of the sea-

level because of sedimentation from the land. This is perhaps

the reason why wind and water and ice have not l^een al)le to

destroy the continents, though this is tlieir constant aim.

Fig. 184.— Closed anticline, near Levis Station, Quebec.

Ti/pcs of Crusted Deformation

Changes of level imply deformation (bending, breaking, etc.) of

the outside of the solid part of the eartli. Tliis deformation takes

the form of (1) gentle ivarping, (2) folding, and (3) faulting.

Fig. 185.— Section of the western part of the Jura Mountains.

Warping and folding. Sedimentary rocks were originally laid

down in nearly horizontal l)eds, just as sediments are l)eing laid

down at the present time. But the rock strata of most parts of
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the land are slightly deformed, and in many places their positions

have been greatly changed. The warping may be slight (Fig. 183),

or it may be so great that the arches become close folds (Fig. 184)

.

Warping and folding give rise to great topographic features;

but in most mountains of folded rock, the present topography is

Fig. 186.— Diagram, showing the position of the beds of rock in the Appa-
lachian Mountains. (Rogers.)

the result of erosion rather than of the original folding, though the

folded structure has, in many cases, determined or influenced the

topography which has resulted from erosion (Fig. 186).

Faulting. At many times and in many places portions of the

earth's surface have sunk or risen along a deep crack, or plane of

Fig. 187.

Fig. 187.—A normal fault

a 6=fault-scarp.

Fig. 18S.— Fault passing into a monoclinal fold.

Fig. 188.

The overhanging side (to the left) has sunk;

fracture, as shown by Fig. 187. The slipping along such a plane

of fracture is a fault. One type of fault is shown in Fig. 187, where

the overhanging side (at the left) has sunk, relative to the other.

Cliffs due to faulting are called fault-scarps (a h, Fig. 187). Fault-

scarps, like other steep slopes, are in time destroyed by erosion.

Some faults, however, were so recent that their scarps are still

distinct, as in the plateau and basin regions west of the Rocky
Mountains. Many of the more striking topographic features of

that region, including numerous mountain ranges, are the result
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of such movements. The bold fronts of some of these mountains

are fault-scarps (Fig. 189).

Fig. 189.—A type of mountain structure seen in the ranges of the Great
Basin. The dotted lines at the top indicate tlie part removed by erosion.
Length of the section, 120 miles. (Gilbert.)

There is sometimes horizontal as well as vertical movement
along ti fault plane. This is the case in the fault which caused

the earthquake of California, in the spring of 1906.

Earthquakes

Definition. Earthquakes are treml)lings or quakings of the

earth's surface, due to causes with which man has nothing to do.

The passing of a railway-train causes the surface of the ground to

vibrate, and this vibration is often felt in buildings near the track.

Such vibrations are not called earthquakes; but an equal amount
of quaking, due to happenings beneath the surface not caused by

man, would be called an earthquake.

Strength and destructiveness. Earthquakes vary much in

strength. Some are so gentle that they are barely felt, while others

are so violent that buildings are overthrown, crevasses opened in

the surface of the land, and masses of rock loosened from cliffs.

Others, sometimes called earth tremors, are so slight that they are

known only by means of delicate instruments set up for the purpose

of recording all vibrations of the surface, however slight. The
number of tremors too slight to be felt is far greater than the num-

ber of strong earthquakes.

Although violent earthquakes are in some cases destructive

to buildings and to life, the actual movement of the land surface

is usually very little. It is commonly measured in millimeters (a

millimeter is about -^ of an inch) rather than in inches or feet.

BocUes on the surface often move much more than the ground does.

The relation between the two is illustrated by the fact that a blow

on the floor may cause a hard ball (glass or ivorr) which rests upon
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it to hound up inches or even feet, though the floor itself moves

but a small fraction of an inch.

While violent earthquakes are among the most terrible of nat-

ural phenomena, so far as human affairs are concerned, those of

historic times have left few important marks on the surface of the

earth. Their destructiveness to human life comes largely from

the fall of buildings, and from the great waves caused by the earth-

./

\ > -'.

Fig. 190— Fault in Japan, 1891. (Koto.)

quakes. The advance of these waves upon a low coast which is

densely populated, has caused great destruction of life in some cases.

Thus in the Lisbon earthquake of 1755 a wave 60 feet high swept

up on the shore and destroyed some 60,000 human lives.

Examples. Some of the principal features of earthquakes may
be l)i-ought out by the study of a few striking examples.

On October 28, 1891, an earthquake on Nippon, the main island

of Japan, opened a fissure traceable for over 40 miles. The ground

on one side of this fissure sank 2 to 20 feet (a \aulP) below that on

the other. At the same time the east wall of the fissure was pushed



CRUSTAL MOVEMENTS 193

about 13 feet northward (Fig. 190). Duriiij^ this o;uth(|uaivO over

7,000 people were killed, 17,000 injured, and some 20,000 l^uildings

were destroyed.

On the evening of August 31, 1886, the city of Charleston, Soutli

Carolina, was disturbed by an earthquake which was felt over much
of the eastern part of the United States. Strange noises and slight

tremblings of the earth had been noted for several days previous to

the destructive quaking, but they excited no great alarm. About

ten o'clock in the evening of the fateful day alow ruml)ling sound

was heard, which rapidly deepened into an awful roar. The slight

trembling of the ground increased until it became destructively

violent. The motion then sul^sided slightly, Init increased again,

and then died away. The violent distur])ance lasted 70 seconds.

A second shock, almost as severe as the first, occurred eight min-

utes later. Six or seven other less severe shocks were felt l)efore

morning, and slight tremors were felt at intervals until the following

April. During the shocks, buildings swaj^ed, chimneys were thrown

down, walls were cracked, houses moved from their foundations,

railroad tracks displaced and the rails bent, and trees disturl)ed in

the ground. Numerous fissures were formed in the earth, and from

some of them streams of water, mud, and sand were forced out.

Hardly a large building in the city but was damaged, and 27 per-

sons were killed, chiefly by falling masonry. The people fled in

terror from their homes, and for several days and nights a large

part of the population camped in the public parks.

Outside the vicinity of Charleston the earthquake was

less violent, but the cjuaking was felt over an area of between

2,000,000 and 3,000,000 square miles. It was felt earliest near

Charleston, and later at increasing distances from the city. There

Avere two centers of disturljance (Fig. 191), and the earthquake

spread like a wave from them at the rate of about 150 miles per

minute.

In 1819 a part of the delta of the Indus River experienced a

series of shocks lasting four days. During the earthc[uake an

area some 2,000 square miles in extent sank so as to be covered by
trie sea, while a neighboring ])elt, 50 miles long and 16 miles wide,

rose about 10 feet. The earthquake of Kangra, in the same country,
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in April, 1905, affected an area of 1,625,000 square miles, and killed

about 20,000 people.

A series of earthquake shocks, lasting from 1811 to 1813, affected

Fig. 191.— Chart showing the two centers from which the earth waves in the

Charleston earthquake spread. The curved lines connect points where
the quaking was equally strong. (U. S. Geol. Surv.)

the Mississippi Valley just below the mouth of the Ohio. Many

fissures were formed in the deposits of the HckkI plain of the Mis-

Bissippi, and some of them rcnuiined open for 3'cars. Parts of the
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flood plain sank, and the sunken portions gave rise to marshes and
lakes, some of which still remain, with the trunks of the drowned
trees still rising alJO^•e the water.

Fig. 192.—A wreck caused by (he Charleston earthquake. (U. S. Geol. Surv.)

F:g. 193.— The bending of railway track in India; earthquake of 1897.
(Oldham.)
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Earthquakes have been most destructive in southern Italy.

Some 20,000 hves were lost in 1688, 43,000 more in 1693, and 32,000

more in 1783,— in all nearly 100,000 in a single century.

On April IS, 1906, there was a destructive earthquake on the

coast of California, in and about San Francisco. Many buildings

41
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Frequency. J^^artluiuukes are very common, tlunigh fortunately

those which arc violent enough to be destructive are rare. From
1889 to 1899, an average of 36 per year were recorded in California

alone, but most of them were so slight as to do no damage. In

Fig. 195.— Deformed raihvay, Seventh and Mission Streets, San Trancisco.

Japan, earthquakes have l)een recorded at the rate of several a day

for many years, l^ut many of them are very slight, and only a few

violent enough to be destructive.

The Isthmus of Panama and its surrouncUngs were under care-

ful observation with reference to earthquakes for a few years,

because the frequency and violence of earthquakes had a bearing

on the site which should be chosen for the canal which is to join

the Atlantic and Pacific. In 40 months, January, 1901, to April,

1904, 169 earthquakes were recorded at San Jose, near the eastern

end of the proposed Nicarauguan route. Of these, 43 were mere

tremors, 91 slight shocks, and 35 strong shocks. During the same

period, 6 tremors and 4 slight shocks were recorded at Panama,

near the site of the route along which the canal is being dug.

In view of what is now known of earthquakes and earth tremors,

it has been said that some part of the earth's surface is probably
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shaking all the time, though shocks sufficiently violent to be de-

structive to life are few.

Distribution. Earthquakes are perhaps most common in

volcanic regions, though not confined to them. It can hardly be

Fig. 196.—Map showing in black the principal eartluiuako regions of the
Old World. (Montcssus de Ballorc.)

said that such earthquakes are caused by volcanoes, since many of

them do not occur at the time of volcanic eruptions. Many great

earthquakes have been near the edge of the continental platforms.

Movmtain regions in general seem to be more subject to earth([uakes

than plains, though earthquakes originating in mountain regions

sometimes spread to plains. Earthcjuakes, on the other hand,
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are not confined to mountains. As in tlic case of the Charleston

earthquake, they sometimes originate beneath plains.

Causes of earthquakes. Earthfjuakes are probably due to vari-

ous causes. Some snuiU ones are perhaps due to the falling

Fig. 197.— Map sliowing the principal earthquake regions of the New World.
(Montessus de Ballore.)

in of the roofs of underground caves. If the roof of Mammoth Cave,

for example, were to fall in, there would be a slight earthquake in

the vicinity. Earthquakes accompany violent volcanic eruptions,

and in these cases the explosions which cause the eruption are

doul)tless the cause of the earthquakes. Great landslides and

avalanches may cause slight earthquakes, and it is probaljle that
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slumping on the slopes of deltas and on the outer faces of the

continental shelves produces similar results.

Many great earthquakes are connected with other forms of

crustal movement. As already noted, fissures are sometimes opened

in the surface of the land during an earthquake. This is best

seen where there is little or no soil, and where the solid rock lies

close to the surface. There is a great crack of this sort in Arizona

(Fig. 198), and similar fissures have been formed in New Zea-

land, Japan, and elsewhere during earthquakes. It is not always

clear whether the fissure should l)e looked on as the cause or the

FiK. 198. -Fissure produced by earthquake. Arizona.

result of the earthquake. In some cases (p. 192) it is found that

one side of such a fissure is higher than the other, indicating that

the rock on one side was raised or that of the other sunk, or both;

in other words, that the strata have been faulted. Faulting is

probably the cause of the great earthquakes. The slipping of one

great body of rock past another would cause vil)rations which

would spread far from the center of disturbance.

It is prol;)al)lc that most eartlKjuakes are to be looked upon as

l)ut one expression of the widespread movements to which the

crust of the earth is subject, movements which are due primarily

to the continued adjustment of the outside of the earth to a shrink-

ing interior. In general, these movements are too slow to produce
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vibrations which we can feel; but they are sufficient in some cases

to produce great earthcjuakes.

Surface changes caused by earthquakes. The changes in the

surface of the land made by eartlujuakes are numerous if not im-

portant. Besides the cracks and fissures, and the risings and

sinkings of surface, which have been noted, drainage is often dis-

turbed. This is partly because of the cracks and fissures which are

opened, and partly for other reasons. If a fissure is opened across

the course of a stream, the stream will plunge into it. Springs are

often disturbed, old ones ceasing to flow and new ones appearing.

This is probal)ly because the earthquake movement has broken the

rock beneath the surface, and so changed the course of the ground-

water circulation. Temporary spouting springs are sometimes

formed, water l^eing forced up violently through them. This was

the case in the Charleston earthquake. Earthquakes sometimes

cause landslides, and if the material from a mountain-side slides

down, it may dam the valley l)elow so as to disturb its drainage.

From fissures and from lesser vents noxious gases sometimes

issue.

Earthquake waves have a singularl}' destructive effect upon

animals which live in the water. In many cases, animals of rivers,

bays, and even of the ocean have been killed in extraordinary

numbers during an earthquake.
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CHAPTER IX

TERRESTRIAL MAGNETISM

The earth is a great magnet, and, Hke the small magnets with

wliich we are famiUar, has two poles. One of these poles is called

the North Magnetic Pole, and the other the South Magnetic Pole.

One end of the compass needle points toward one of these poles,

and the other toward the other. If we were to follow the directions

pointed by the compass needle, we would l)e led to the North

Magnetic Pole in the one case, and to the South Magnetic Pole in

the other. The magnetic meridians (Fig. 199) connect the magnetic

poles.

The magnetic poles are far from the geographic poles, and they

are not exactly opposite each other. Their positions appear to

shift a little from year to year, but the change is not known to be

great. The north magnetic pole is in latitude about 70° N. and in

longitude 97° or 98° W., while the south magnetic pole is in lati-

tude 72° 25' S. and longitude 155° 16' E., according to the recent

determination of the Shackleton Expedition.

Since one end of the magnetic needle points to the North

Magnetic Pole, it follows that the compass does not indicate true

north and south in many places. At points north of the North

Magnetic Pole, the ''north" end of the needle points in a southerly

direction. At points to the east of the same pole, it points west-

ward, and at points west, eastward. The departure of the needle

from the true north and south is magnetic declination. A line con-

necting places of no declination is an agonic line, and lines connect-

ing places of equal declination are isogonic lines.

Fig. 200 shows an agonic line in the United States running

from Lake Superior to Soutli Carolina. On this line the magnetic

needle points due north and south. At all places cast of this line

the needle points west of true north, and such places have west

202
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declination. All places west of this agonic line have east declina-

tion. In general, declination increases with increasing distance

from the agonic line. At New York City the declination is about

10° W., and in Maine it is more than 20° W. at a maximum. At

Chicago the declination is about 3° E., at Denver about 13° E.,

Fig. 200.—Lines of equal magnetic declination for the United States, 1902,
The heavy line is an agonic line, or line of no declination. (U. S. C. and
G. Surv.j

at San Francisco about 16° E., and in the State of Washington

more than 20° E. (Fig. 200).

It will l)e seen that it is necessary to know the magnetic declina-

tion of a region, if the compass is to be used there for determining

directions accurately. The declination being known, the compass ia

of great value to travelers through, forests and other tracts which

have no roads or trails. By its help directions may be known

ac(;urately. The compass, too, is of the greatest help on the sea,

where vessels are guided by it.

The declination at a given place does not remain quite constant.

The declination at Chicago, for example, has shifted more than 2°

since 1820.



PART II

EARTH RELATIONS

CHAPTER X

FORM, MOTIONS, LATITUDE, AND LONGITUDE

Form. The form of the eiirth is very much like that of a

sphere, but since it is not exactly a sphere, it is calletl a spheroid.

The form has l)een deteniiined in various ways: (1) Ships have

sailed quite arovmd it. This proves that it is everywhere ])ounded

by curved surfaces, but it does not prove that it is a sphere or even

a spheroid, for it would still be possible to sail around it if it had

the shape of an egg. (2) When a vessel goes to sea, its lower part

disappears first, and when a vessel approaches land, its highest part

is seen first from the land. By people on the vessel, the highest

lands are seen first, and the low ones later; and the spires and

chimneys of houses appear l:)efore the roofs, and the roofs before the

lower parts. Like (1) above, these facts show only that the earth

has a curved surface. But from whatever port vessels start, and in

whatever direction they sail, ol^jects on land disappear at about

the same rate. This means that the curvature is nearhj the same in

all directions. A bod}' whose curvature is the same in all direc-

tions is a sphere, and a body whose curvature is nearly the same
in all directions is nearly a sphere. This is the condition of the

earth. (3) Again, the earth sometimes gets directly between the

sun and the moon. It then casts a shadow on the moon, making
an eclipse of the moon, and this shadow always appears to l)e cir-

cular. In these and other ways it is known that the form of the

earth does not depart greatly from that of a sphere.

Size. The circumference of the earth is nearly 25,000 miles,

and its diameter nearly 8,000 miles. Since the earth is not a per-
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feet sphere, its various diameters and circumferences are not ex-

actly equal. Its longest diameter is 7,926.5 miles, and its shortest

nearly 27 miles less (7,899.7) miles.

The area of the earth's surface is nearly 197,000,000 square

miles. The earth is between five and six times as heavy as an ec^ual

volume of water would be.

Motions

The earth has two principal motions: (1) it rotates on its short-

est diameter, which is called its axis, and (2) it revolves around the

sun. The axis is an imaginary line, and its ends are the j^o^^^s.

The circumference midway between the poles is the equator.

Rotation. Rotation gives us day and night, for one side of

the earth and then the other is turned toward the sun during each

rotation. The time of rotation, 24 hours, determines the length

of a day (day and night).

Revolution. The earth revolves about the sun in a little more

than 365 days and the period of rotation fixes the length of the

year. The path of the earth around the sun is its orbit. The

Perilieliou
Apheliou

Fig. 201.— The orbit of the earth is an eLipse, with the sun in one of the foci.

orbit of the earth is not a circle, l)ut a curve called an ellipse (Fig.

199), and the distance of the earth from the sun varies from time

to time. When the earth is nearest the sun, tlie distance between

them is about 3,000,000 miles less than when they are farthest apart.

The earth is nearest (about 91,500,000 miles) the sun in the early

part of the winter of the northern hemisphere (about January 1st),

and farthest (about 94,5()0,()()0 miles) from it early in the summer.
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The motion of the earth through space during its revokition

about the sun is at the rate of about 600,000,000 miles a year. This

means that the earth travels about 1,600,000 miles daily, 66,666

miles hourly, or more than 1,100 miles each minute.

The earth's axis is inclined toward the plane of its orl)it al)()ut

2'S}/2 degrees (Fig. 202). Tliis position of the axis, together with

P'ig. 202.—Diagram showing the position of the earth with reference to the

.sun at the solstices and equinoxes.

the motions of the earth, has much to do with the distribution of

the heat and light received from the sun, and so with the c'hanges

in the length of day (daylight) and night, and with the seasons.

But before attempting to see how these changes are brought about,

we must become familiar with certain terms which are to be used

in the discussion of these changes.

Latitude, Longitude, and Time

Latitude. The equator has been defined as the circle a])0ut the

earth midway l^etween the poles. Circles parallel to the equator

are parallels. The number of parallels which might be drawn is

very large, though only a few are represented on maps. The length

of parallels varies greatly, those near the equator being longer,

and those near the poles shorter. The lines that pass from pole to
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pole on the earth's surface are meridians. All meridians come

together at each pole.

A few meridians and parallels are shown in Fig. 203, which

shows the earth in two positions. The left-hand part of the figure

Fig. 203.— Parallels and meridians.

shows the half of each parallel represented, and the whole of each

meridian. The right-hand part shows the relation of parallels

to the North Pole. The distance between the equator and either

pole is divided into 90 parts, called degrees (written 90°). Each

degree is divided into 60 parts, called minutes (written 60'). Each

minute is divided into 60 parts, called seconds (written 60").

Distance north or south of the equator may therefore be deter-

mined from a globe or map by means of parallels.

Distance north or south of the equator is called latitude. North

latitude is north of the equator, and south latitude is south of it.

The degrees, minutes, etc., are numbered from the equator toward

the poles. The latitude of the equator is 0°. Latitude 1 N.° is

one degree north of the equator, and latitude 90° N. is at the North

Pole. Latitude 1° S. is one degree south of the equator, and lati-

tude 90° S. is at the South Pole. If the latitude of a place is 40°

40' 40" N., its distance and its direction from the equator are accur-

ately known; but its position on the parallel of 40° 40' 40" is not

known, for that parallel runs quite around the earth.

Longitude. Position on a parallel is indicated by means of the

meridians. The numl)er of possible meridians is very great, but as

in the case of parallels, only a few are commonly shown on maps.

One meridian, that passing through Greenwich, England, was long
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ago cliosen as the nieridiau from which distances east and west are

to be reckoned (Fig. 204). This meridian is the meridian of 0°,

South Pole

Fig. 204.-— Diagram showing the position of tlio axis of the earth, the poles,

the equator, the meridian of Greenwich, and the meridian of 180°.

and is sometimes called the prime meridian. Distance east or

west of this meridian is known as longitude. Places east of longi-

tude 0° are in east longitude, and those west of it are in west longi-

tude. East and west longitude respectively are regarded as ex-

tending 180° from the meridian of 0°; that is, half-way around the

earth.

The position of a place on the earth's surface may be fixed ex-

actly by means of meridians and parallels. If a place is in longi-

tude 30° E., its distance east of the meridian 0° is known. If at

the same time it is in latitude 30° N., it must be on the parallel of

30° N. where it is crossed by the meridian of 30° E.

Every meridian extends to each pole. It might at first seem,

therefore, that each pole has all longitude. But longitude is dis-

tance east or west of the meridian 0°, and at the North Pole the

only direction is south, while at the South Pole the only direction

is north. The poles therefore cannot be said to have longitude,

since they are neither east nor west of the meridian of 0°.

Longitude and time. There is a definite relation between



210 PHYSIOGRAPHY

longitude and, time. Since the earth turns through 360° in 24

hours, it turns 15° in one hour, or 15' of longitude in one minute

of time. The sun therefore rises one hour earlier at a place in

longitude 0° than in a place in the same latitude in longitude 15°

W., and one hour later than at a place in the same latitude in longi-

tude 15° E. Similarly, noon comes an hour earlier in longitude 0°

than in longitude 15° W., and an hour later than in longitude 15°

E. All places on a given meridian have noon and midnight at the

same time, and such places are said to have the same time; but

places on different meridians have different times. St. Louis is

about 15° farther west than Philadelphia, and Denver is about 15°

west of St. Louis. When it is noon at Philadelphia it is about

eleven o'clock at St. Louis and ten at Denver. When it is one

o'clock at Philadelphia it is noon at St. Louis and eleven o'clock

at Denver, and when it is noon at Denver it is one o'clock at St.

Louis and two at Philadelphia.

The variations of time with changes of longitude become ap-

parent when long journeys are made either east or west. Thus

a watch wMch has the correct time in New York has not the cor-

rect time when it is carried to Chicago. To avoid the difficulties

of time-keeping growing out of travel, the railroads of the United

States have adopted a system of standard time. Under tliis system

the country is divided into north-south belts, about 15° wide

(Fig. 205), and in each belt all railways use the same time. The

railway time in adjacent belts differs by one hour. By tliis system

the clocks and watches do not show correct local time except on

one meridian of each belt.

Lengths of Degrees

The length of a degree of longitude, as measured on the surface

of the earth, is the ^la part of a parallel. Since the parallels are

very much shorter near the poles than near the equator, the length

of a degree of longitude is less in high than in low latitudes. At

the poles, where the length of the parallel becomes zero, the length

of a degree of longitude also becomes zero. At the equator, the

length of a degree of longitude is a little more than 69 (69.16)

miles.
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Degrees of latitude are measured on meridians. They also

vary in length. The length of a degree of latitude is about 68H
miles in India, while in Sweden, the most northerly point where a

125
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Inclination of Axis and its Effects

The sun's rays illuminate one-half of the earth all the time.

The border of the illuminated half is called the circle of illumination

(Fig. 206) . All places on one side of the circle of illumination have

90"

Fig. 206.— Diagram to illustrate the fact that half of the earth is hghted by
the sun at any one time. The parallel lines at the right show the direc-

tion of the sun's rays. The part of the earth not shaded is lighted by the
sun. The other half is in darkness. The line between the illuminated
half and the half which is not illuminated is the circle of illumination.

day, while all places on the other side have night. If the axis

about which the earth rotates were perpendicular to the plane in

which the earth revolves about the sun, the circle of illumination

would always pass through the poles. Under these conditions,

half of the equator and half of every parallel of latitude would be

illuminated all the time, as in Fig. 206. If the half of each parallel

was always illuminated, the days and nights would ])e equal every-

where, for it takes just as long for a place at A (Fig. 203) to move
to B (six hours, half of a twelve-hour day) as for it to move from

B to A' (half of a twelve-hour night).

Since days and nights are not equal at all seasons in most parts

of the earth, it proves that the axis on which the earth rotates is

not perpendicular to the plane of its orbit.

Again, if the earth rotated on an axis perpendicular to the

plane of its orbit, the sun would always be e([ually high at any

given place at the same hour of tlie day. P)Ut this is not- the case.

In the United States, for example, tlie sun is much higher above
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the horizon at noon in summer than in winter. Tlie same is true

in all latitudes similar to those of the United States.

This variation of the angle at which the sun's rays strike the

earth at a given time and place, as well as the unequal lengths of

days and nights in most places, is the result of the inclination of

the axis on which the earth rotates as it revolves around the sun

(Fig. 202). The position of the axis is constant throughout the

year. The effect of the inclination of the axis is illustrated by

Fig. 202, which represents the earth in four positions in its orl;)it.

In the position marked March 21st, the half of each parallel (the half

toward the reader) is illuminated. At this time, therefore, days

and nights are equal everywhere. In the position marked June

21st, more than half (the part not shaded) of every parallel of the

northern hemisphere is illuminated, and there the days are more

than 12 hours long and the nights correspondingly less. In the

southern hemisphere the nights are longer than the days. In the

third position, September 22d, the days and nights are again equal

everywhere, for the circle of illumination divides every parallel

into two equal parts. In the figure, the lighted part is away from

the reader. In the fourth position, December 22d, more than

half of each parallel in the southern hemisphere is in the light, and

there the days are longer than the nights, while in the northern

hemisphere the nights are longer than the days. Twice during

the year, therefore, on March 21st and September 22d, the days

and nights are equal everywhere. These times are known as the

equinoxes. The equinox in March is the vernal equinox; that in

September is the autumnal equinox.

When the earth is in the relation to the sun shown in the posi-

tion marked June 21st, Fig. 202, the days are longest in the northern

hemisphere, and the sun is highest in the heavens at noon, and its

rays fall perpendicularly on the surface of the earth farther north

(23° 27'+) than at any other time. This is the summer solstice

(Fig. 207), The winter solstice occurs six months later, when the

sun's rays strike the earth vertically 233^2° (nearly) south of the

equator (Fig. 208), and when the days of the southern hemisphere

are longest and those of the northern shortest. Figs. 207 and 208

also show that the days and nights are always equal at the equator,
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since the equator is always bisected by the circle of illumination.

Days and nights are not always equal in any other latitude, unless

Fig. 207.— Diagram to ilhistrate the effect of inclination of the earth's axis

on the length of day and night. In the figure, more than half of every
parallel of the northern hemisphere is illuminated. The days in the

northern hemisphere are therefore more than twelve hours long, since

the half of each parallel is the measure of 1S0° of longitude, and 180° of

longitude corresponds to twelve hours of time. Similarly less than half

of every parallel of the southern hemisphere is illuminated, and the days
are therefore less than twelve hours long.

Fig. 208.—The relation of the earth to the sun's rays at a time six months
later than that represented in Fig. 207. The conditions of day and
night in the hemispheres are reversed.

at the poles, where there is one day of six months and one night of

six months.

Apparent motion of the sun. The effect of tlie inclination of

the axis of the earth is to make the sun appear to move north and

south once during eacli revolution of the earth aljout the sun. The
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effect on the earth is illustrated by l''i^. 20'.*. Tliat is, the revolu-

tion of the earth about the sun, while it rotates on an axis inclined,

toward the plane of its orbit, makes the sun appear to move from

a place where its rays are vertical 23j 2° (nearly) north of the

equator (direction S, Fig. 209), to a place where they are vertical

23J/2° (nearly) south of the equator (direction W). and back again

in one vear.^ The result, so far as the earth is concerned, is as if

Sp&A

Fig. 209.—The inclination of the earth's axis, a.s it revolves about the sun,

makes the sun appear to travel north and south. The sun is vertical at

the equator on the 21.st of March (Sp), then appears to move northward
until it is vertical 23,1 2° north of the equator (8); it then appears to move
southward until it is vertical again at the equator (A), and then 233 2°

south of the equator (W) ; it then appears to move north until it is ver-

tical at the equator. These changes are accomplished in the course of

one year.

the sun moved from S, which corresponds to the time of the summer

solstice, to Sp & A, which corresponds to the time of the autumn

equinox, then to W, which corresponds to the time of the winter

solstice, then back again to Sp & A, which corresponds to the spring

ecjuinox, and finally to S, while the earth is making one circuit

about the sun.

When the sun is vertical at points north of the equator, the

days are longer than the nights in the northern hemisphere, and

the sun's rays strike the surface in the northern hemisphere more

nearly vertically than they do in the southern hemisphere. When

'The inclination of the earth's axis is not quite constant. Its present

inclination (1907) is 23° 27' 5".
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the sun is vertical at the equator, days and nights are equal every-

where, and when the sun is vertical south of the equator, days are

longer than nights in the southern hemisphere, and the sun's rays

are more nearly vertical there than in the northern hemisphere.

The northernmost parallel where the sun's rays are ever vertical

is called the tropic of Cancer. The corresponding southernmost

parallel is the tropic of Capricorn. The tropics are nearly 23i/2°

(23° 27' + ) from the ec^uator, because the axis of the earth is in-

clined l:)y that amount to the plane of its orbit The sun is vertical

at the tropic of Cancer at the time of the summer solstice, and at

the tropic of Capi-icorn at the time of the winter solstice. The

parallels just touched by the circle of illumination at the time of

the solstices are the polar circles. They are as far from the poles

as the tropics are from the equator. They are therefore in lati-

tude about 661 2°- The one in north latitude is the Arctic circle,

and the one in south latitude is the Antarctic circle.

The Solar System and the Stars

The solar system includes the sun and all the bodies which

revolve about it. There are eight planets, of which the earth is

one. To us, all the planets except our own appear as stars, but

in their motions they behave differently from the other stars.

Named in the order of their distance from the sun, commencing

with the nearest, the planets are: Mercury, Venus, Earth, Mars,

Jupiter, Saturn, Uranus, and Neptune. Most of the planets have

satellites corresponding to our moon.

Besides the planets and their satellites, the solar system in-

cludes numerous (more than 400) asteroids, bodies much smaller

than the planets, intermediate in position between Mars and

Jupiter, and those comets which revolve about the sun. These

bodies have little influence on the earth, and nothing further need

be said of them in this place.

The stars, comets, etc. Beyond the solar system there are

thousands of stars, each of which may be compared to our sun.

We do not know, however, that they have planets circling about

them. There are also some comets which do not belong to our

solar system.



PART III

THE ATMOSPHERE

CHAPTER XI

GENERAL CONCEPTION OF THE ATMOSPHERE

Substantiality. When the atmosphere is still we are hardly

conscious of its existence, but many familiar phenomena show that

the air is very substantial. Thus ^\incl, which is only air in motion,

may be so strong that trees and builcUngs are blown down b}' it.

The substantiality of the air may be shown in another way. If

the air is pumped out of a cylinder whose top is covered ])y a thin

piece of rubber, the rubber cover is pressed down into the cylinder,

The force which presses it down is the weight of the air above.

This shows that the air is something real, has weight, and exerts

pressure. The amount of its pressure, that is, its weight, is nearly

15 pounds (14.7) on every square inch of surface at sea-level.

Relation to the rest of the earth. The atmosphere is often

called an envelope of the earth. It is, however, a part of the earth.

It goes with the rest of the earth through space, and it is essential

to the life of the earth and to most of the processes in operation on

the earth's surface. It helps to cUstribute moisture, and it nuikes

the extremes of heat and cold less than they would be if it did not

exist. Without it the conditions on the earth would be ver}- differ-

ent from what they now are. Furthermore, the atmosphere is not

merely an envelope of the rest c^^ the earth, for it goes down into

the soil and rocks as far as there are holes and cracks, and its con-

stituents are dissolved in the waters of sea and U id.

Density. The atmosphere is made up of gases, and from the laws

which govern the distribution of gases it is known that the air must

be densest at its bottom and less dense above. Tliis is the same
217
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as saying that there is more air in a cubic foot of space at sea-level

than in a cubic foot of space at higher levels. This means that the

particles of which the air is composed are nearer together at low

altitudes than at high altitudes. The reason why air is denser

below may be understood readily. If air or any other gas is put

under pressure, its particles are crowded together, and it is made

denser. At the bottom of the atmosphere the air is pressed down

by all the air above, and at the height of 1,000 feet the air is pressed

down by all the air above that level, and so on. Hence the lowest

air is under most pressure. This is the reason why it is densest.

It is largely because the air is thin at high levels that mountain-

climbing is difficult. As the climber gets higher and higher, it

becomes more and more difficult to breathe. He may take in the

same number of cubic inches of air each time he inhales, but each

cubic inch contains less air the higher he goes. Furthermore, the

body is not used to the lessened pressure of the higher altitudes,

so that it causes discomfort.

Height. How high above the sea and land does the air extend?

No positive answer can be given to this question, though some-

thing is known about it.

1. The greatest altitude reached by any mountain-climber is

about four and one-half miles. At this height there was still air

enough to make breathing possible to a climber. This shows that

the air extends to heights of more than four miles and a half.

2. Men have gone up in balloons to heights of nearly six miles.

In some cases the men in the balloons have become unconscious

at an elevation of about 29,000 feet, and in other cases oxygen

has been carried for breathing. Balloons without men have risen

ten miles. At this height the air was still dense enough so that

the balloon did not sink. Tliis shows that the air extends up more

than ten miles.

3. On almost any clear night ''shooting stars" may be seen.

These shooting stars, or meteors, are small solid bodies which

come into the earth's atmosphere from the space outside. They

are very cold when they enter the earth's atmosphere, for the

temperature of space, outside the earth's atmosphere, is very low

(believed to be about —459° F.). In passing through the atmos-
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phere they are heated by friction with the air, and wht'u they get

red-hot they glow and may be seen. The height at which they

begin to glow has been estimated in some cases, and is found to

be, at a maximum, more than 100 miles above sea-level. This

shows that the atmosphere is much more than 100 miles high, for

the meteors nnist hare come through the rare, cold, upper air a long

distance before becoming red-hot by friction with it.

From these considerations it appears to be certain that the air

extends much more than 100 miles above the rest of the earth,

but how much more is unlvnown. Whatever its height, one-half

the atmosphere (by weight) lies below a plane about 3.6 miles

above sea-level, and three-fourtlis of it below a plane 6.8 miles above

the same level. The liighest mountain is about .six miles high, so

that nearly three-fourths of the atmosphere lies below the level

of its top.

Volume and mass. Since the height of the air is not known, its

volume cannot be determined.

Its mass (measured by its weight) is far less than that of the

solid part of the earth, or even than that of the water. It has

been estimated at about -j^-q that of the water, and about Tnyo^oo
that of the rest of the earth. Its weight is aliout equal to that of

a layer of water completely covering the earth to a depth of about

33 feet.

History. It is probable that the atmosphere has undergone

changes in mass and volume in the course of its history. It was

formerly supposed that the atmosphere was gradually becoming

less, and that it would, in time, disappear. But this belief does

not appear to be well founded. The atmosphere is now gaining

various gases from volcanic and other vents (p. 170), and probably

has always done so. It is probably getting gases from space also,

and though the contributions from this source are small now,

they may not always have been so. The atmosphere is losing as

well as gaining. Some gases, especially light ones like hydrogen,

probably escape the attractive control of the earth and pass off

into space. Other constituents of the air, especially oxygen and

carbon dioxide, are withdrawn from the air and locked up for long

periods at least, if not permanently, in the rocks. The rates both
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of supply and loss vary. When loss exceeds supply, the mass

of the atmosphere must decrease; when supply exceeds loss, the

mass must increase. It is probable that the variations in com-

position have been more important than those of mass and volume,

at least in the later part of the earth's history.
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CHAPTER XII

CONSTITUTION OF THE ATMOSPHERE

Principal constituents. The composition of the atmosphere is

nearly the same at all times and at all places where it has been

analyzed. It is made up • hiefly of two gases,—(1) nitrogen, which

makes up nearly 79 per cent of dry air, and (2) oxi/gen, which makes
nearly 21 per cent.

Minor constituents. Reside these two gases, the proportions

of which do not vary much, there are several lesser constituents.

The most important are (1) carbon dioxide and (2) ivater vapor.

The former makes up about to ^ o^o by weight of the whole atmos-

phere, and its amount is nearly constant from day to day and
from 3'ear to year. Water ^'apor is water in particles so small as to

be invisible. The total amount in the atmosphere is not known to

vary much, but the amount varies greatly from place to place, and
it varies much from time to time in the same place. Since this is

so, and since water frequently comes out of the atmosphere in the

form of rain, snow% etc., it is regarded by some as something in the

air, rather than as a part of the air.

Impurities. The air always contains some gases which must
be looked upon as impurities, though they are not necessarily

harmful to life. Some such gases arise from the burning and

decay of organic matter, others from chemical processes used in

manufacturing, and still others from volcanic and other vents in

the earth's crust. The total amount of gas which enters the

atmosphere in tliis way is small, Init in some places, as about some
vents, the gases are so abundant as to be injurious to Hfe. This

is the case in a valley in the Yellowstone Park, where animals

strajdng into certain spots are in some cases killed l^y the gases.

The air always contains numerous solid particles called dust.

Though important, the dust in the air is an impurity rather than

a constituent.

221
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Relations of gases to one another. The gases of the air are

mixed with one another, and each of them retains its own qnaU-

ties in the mixture. The oxygen behaves as if no nitrogen were

present, and the nitrogen as if there were no oxygen.

The Functions of the Atmos'pheric Elements

The various constituents of the air serve different purposes in

the economy of the eaith.

Nitrogen is inactive. Though it enters the hmgs with oxj^gen in

breathing, it does not appear to be of direct use to animals. Both

animals and plants need nitrogen, but few of them are able to use

the nitrogen of the air chrectly. It must first l)e combined with

something else, into nitrogenous compounds, from wliich animals

and plants may get the nitrogen they need.

Oxygen from the air is being consumed all the time by all ani-

mals. Air-breatliing animals take it from the air directly, and

water-breathing animals take it from the water in which it is dis-

solved. Oxygen is consumed by plants also, especially by green

plants, and it is used wherever combustion (burning) or decay is

going on, for combustion is primarily the union of oxygen with

other substances, and decay is very slow combustion. When
oxygen enters into combination it loses its distinctive qualities.

In spite of the fact that oxygen is being consumed all the time,

its amount does not appear to grow less. We infer, therefore, that

it is supplied to the air about as fast as it is used up. The sources

of supply are several. Plants break up the carbon dioxide of the

air into carbon and oxygen, and set some of the oxygen free. This

is perhaps the greatest source of supply. Oxygen also reaches the

atmosphere from volcanic vents, and in other ways.

The carbon dioxide (COj) of the atmosphere, though a very

small constituent so far as quantity is concerned, is most impor-

tant. It is being produced constantly by the burning of coal, wood,

oil, gas, etc., and by the decay of all organic matter. It is also

added to the air by animal respiration, and it issues from volcanic

vents, often in great quantities.

From these various sources, carbon dioxide is supplied to the

atmosphere rapidly. Take, for example, that supplied by burning.
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About 75 per cent of common bituminous coal is carbon. The car-

bon of a ton (2,000 lbs.) of such coal, united with oxygen fron; the

air (3 lbs. of carbon unite with 8 lbs. of oxygen), would make al)0ut

23^.4 tons of carbon dioxide, all of which goes into the atmosphere.

A ton of hard coal, which contains more carbon, would produce

still more carbon dioxide. If we knew the number of tons of

coal burned daily, we could calculate the amount of carbon dioxide

poured into the atmosphere daily, as a result of its burning.

Nearly a billion (1,000,000,000) tons of coal are mined each year,

and most of this is burned. When all other sources of carlwn

dioxide are considered, it seems safe to say that carbon dioxide

is being supplied to the atmosphere at the rate of several billions

of tons per year. Yet the amount in the air does not increase

enough to be noted. It must be, therefore, that this gas is being

taken out of the atmosphere about as rapidly as it comes in. It is

taken from the air chiefly (1) by green plants, of which it is the

chief food, and (2) by union with mineral matter.

It will be seen that some of the CO2 is making a continuous

round of change. It is taken out of the air by plants, and its con-

stituents, or some of them, become a part of the plant. In this

process some of the oxygen is set free in the air. The carbon of

the plant is then burned, either in a fire or by decay, and the car-

bon dioxide thus produced passes back into the air, to be used

by plants again. Much carbon dioxide goes through this round

each year, for much vegetation grown during one growing season is

burned or partially decayed before the next.

The supply and loss of carbon dioxide so nearly balance, that

no change in the amount of this gas in the air is noted from year to

year; but it seems quite possible that in the course of long periods

of time the supply may have exceeded the loss, or that the loss may
have exceeded the supply.

Small as the amount of carbon dioxide is, it has an important

function besides supplying food to plants. The earth is constantly

radiating heat into space, somewhat as a hot stove radiates heat

into its surroundings, and carbon dioxide has the power of holding

much of this heat. It therefore serves as a blanket to hold in the

heat of the earth, and thin as the blanket is, it is more effective,
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in this respect, than the denser blanket of oxygen and nitrogen.

If it were thicker, it would be still warmer. If the amount of this

gas were doubled, it is thought that the temperature of high lati-

tudes would be notably increased, possibly enough to melt the ice

of Greenland.

Water vapor. It has been noted that the water vapor in the

atmosphere is a variable quantity. It is all the time entering the

atmosphere as water vapor; and it is all the time being condensed

and precipitated from the atmosphere as rain, snow, etc., to be

again evaporated, condensed, and precipitated. Like much of

the CO2, it is making continuous rounds. The amount which the

atmosphere may contain at any time depends on temperature;

but other things, such as the available supply, help to determine the

amount which there is in the air in any one place. Like the car-

bon dioxide, the water vapor of the air helps to keep the earth warm.

Dust. All the solid particles held in the air are dust. We do

not orcUnarily see them except on dry, windy days, but dust from

the air is constantly settling everywhere, in doors and out, when-

ever the air is dry. Dust may be seen readily in indoor air if the

room is darkened and Hght allowed to enter through a narrow crack

or small hole. Even air which appears clear may in this way be

seen to contain countless particles of solid matter. The amount

of dust is sometimes very great, as over cities, and in dry and windy

regions. During the fogs of February, 1891, it was estimated that

the amount of dust deposited on roofs in and near London was six

tons per square mile. The variety of matter in the dust was great,

carbon (soot) being most abundant.

Some years ago a method was devised for counting the dust

particles in a given volume of air. The result showed that in the

air of great cities there are hundreds of thousands of dust particles

in each cubic centimeter (a centimeter is less than four-tenths of

an inch) of air; and that even in the pure air of the country, far

from towns and factories, there are hundreds of motes per cubic

centimeter. It has also been estimated that "every puff of smoke

from a cigarette contains about 4,000 million separate granules

of dust."^ The amount of dust in the air is greater over the

'Mill, Realm of Nature.
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land than over the sea, and in tlie lower atni<)sj)here than in the

upper.

The dust particles consist of inorganic materials, siicli as (1) tiny

particles of mineral matter blown up from dry roads and fields or

shot out of volcanoes, (2) particles of smoke from chimneys, and

organic particles. Among the last are bacteria of \'arious sorts,

and the spores of many plants. The number of l)acteria found in

a cubic meter of air at Montsouris (l-'rance) Observatory was 345,

while in the same amount of air in the heart of Paris the number

was 4,790. These figures give some idea of the relative purity of

country and city air.

The dust particles in the atmosphere are important in several

other ways. They scatter the light of the sun, so as to illuminate

the whole atmosphere. Without the dust in the air, all shady

places would be in darkness. The sun would proI)al;)ly appear in

dazzling brilliance, shining from a black sky, in which the stars

would be visible even in the daytime. The blue color of the sky,

and the sunset and sunrise tints, are influenced by the dust in the

atmosphere. Dust particles also serve as centers about which

water vapor condenses.



CHAPTER XIII

TEMPERATURE OF THE AIR

The temperature of the air varies from season to season, from

day to day, and even from one part of a day to another. It is so

important in human affairs, that it is convenient to have some

easy way of measuring and recording it.

The thermometer. The temperature is measured by the ther-

mometer, which consists of a glass tube of uniform diameter except

for a bulb at one end. The bulb and the lower part of the tube are

filled with some liquid, generally mercury, and this is heated until

it boils. The boiling expels all air, and while the mercury is boil-

ing the tube is sealed, the heat being withdrawn at the same

moment. On cooling, the mercury contracts, and fills the lower

part of the tube only. Whenever the temperature rises, the mer-

cury expands and rises in the tube, and when the temperature falls,

the mercury contracts and sinks. The amount of rise or fall of the

mercury shows the amount of change of temperature.

A scale is marked on the tube so that the temperature may
be read from it. Two scales are in common use — the Fahrenheit

and the Centigrade. The scales are marked on the tube as follows:

The thermometer tube is placed in boiling water, or in steam just

over boiling water, at sea-level (760 mm. or 14% lbs. pressure,

see p. 262), and allowed to stay there until the tube and its con-

tents have the temperature of the water. The point to which the

mercury rises in the tube under these conditions is marked 212°,

if the Fahrenheit scale is to be used. The tube of mercury is then

put into pounded ice or snow at a melting temperature, where it

remains until the level of the mercury in the tube stops sinking.

The level at wliich the mercury then stands is marked 32°. The

space between the 212° mark and the 32° mark is divided into 180

equal parts, each being called a degree (1° Fahr.). The marks on
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the tube may be be made for each degree, or for each two, five, or

ten degrees. The space below 32° is divided into degrees, each

degree below 32° having the same length on the tul)e as each degree

above. The 0° of this scale is 32° below freezing-point. The scale

below 0° is called "below zero." Thus 20° below zero means 52°

below the freezing-point, and is written -20° Fahr., or -20° F.

The Centigrade scale is much simpler. The height of the

mercury at the boiling temperature of water at sea-level is marked
100° (100° C), and the freezing temperature under normal atmos-

pheric pressure is marked 0° (0° C). The space between is divided

into 100 parts, each of which is a degree. It will be seen that 1° C.

is equal to 1|° Fahr. The Fahrenheit thermometer is most

widely used among English-speaking people, but the Centigrade

thermometer is generally used in other countries, and in scientific

work, and is in every way better.

The Heating of the Attnosphere

Sources of heat. The atmosphere gets heat from several

sources, but that received from the sun {insolation) is far greater

than that from all other sources. That much heat is received

from the sun is shown by the fact that the temperature generally

rises when the sun rises, and falls when the sun goes down. It is

also shown by the fact that the temperature is generally higher

on a sutniy day than on a cloudy one.

Insolation. The temperature of space outside the earth's at-

mosphere is supposed to be about -273° C. (-459° F.), and the

warmer temperature which we enjoy at the bottom of the atmos-

phere is due chiefly to the heat received from the sun. The amount

received each year is enough to melt a layer of ice 141 feet thick

over the entire earth, or to evaporate a layer of water 18 feet deep.

Each hemisphere receives the same amount of heat each year,

but, because of the inclination of the earth's axis, the heat is dif-

ferently distributed in different latitudes.

1. Other things being ecjual, the earth gets most heat where

the sun shines the greatest number of hours per day. In sum-

mer, the days are longest in the highest latitudes. So far as length

of day is concerned, therefore, the highest latitudes, namely, the
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poles, should receive more heat than any other part of the earth

in summer.

2. Other things being equal, the surface of the land or water

gets most heat where the sun's rays fall most nearly vertically,

because the rays are there most concentrated, and because they

pass through a lesser thickness of the air, which absorbs some of

their heat. This is shown by Fig. 210. A given bundle of rays, 1,

Fig. 210.— Diagram to illustrate the unequal heating due to the direction

in which the rays of the sun reach the surface of the earth. The broken
line may be taken to represent the outside of the atmosphere.

falling vertically on the surface, is distributed over a given space,

while an ec^ual bundle of rays, 2, falling obliquely on the surface,

is spread over a greater area, and therefore heats each part less.

Again, the oblique rays, 2, have passed through a greater thick-

ness of air, and more of their heat has been absorbed by it

before they reach the solid part of the earth.

The greater the angle of the sun^s raijs, the greater the heat. The

angle at which the sun's rays reach the earth varies from place to

place, and from time to time at the same place. This is a result

of the inclination of the earth's axis, and is illustrated by Figs.

202, 207, and 208, which have ])een explained. In general, low

latitudes receive the sun's rays less oblicjucly than high latitudes.
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Primary distribution of heat. It is the rotation of the earth

on an incUned axis while it revolves about the sun (Fig. 202) , which

makes the sun appear to move north and south during the year.

From Fig. 209 we see that when the sun sends his rays to the earth

from the direction W (perpencUcular 23>2° S. of the equator),

they are more oblique than at any other time in the northern

hemisphere, and less oblique than at any other time in the southern

hemisphere. At this time, therefore, the southern hemisphere is

receiving more heat than the northern, because of the lesser ob-

liquity of the sun's rays. At this time, too. the days are longer in

the southern hemisphere than in the northern, and this is a second

reason why the southern hemisphere is receiving more heat than

the northern at this season.

After the time (winter solstice, December 22d) when the sun's

rays are vertical at 23^° S, they become perpendicular to the sur-

face in latitudes farther and farther north, and on March 21st

they are vertical at the equator. Days and nights are then equal

everywhere, because all parallels are cut into two equal parts by

the circle of illumination (p. 212), and the sun's rays are equally

oblique in corresponding latitudes north and south of the equator.

Any latitude in one hemisphere is then receiving the same amount

of heat as the corresponding latitude in the other hemisphere.

After March 21st, the sun appears to continue its journey north-

ward until June 21st, when its rays are vertical at the tropic of

Cancer, 23^° N. The days of the northern hemisphere are then

longest and the nights shortest, and the rays of the sun are then

less oblique in this hemisphere than at any other time. At this

time, therefore, the northern hemisphere is being heated more

rapidly than at any other.

From June 21st to December 22d, the sun appears to move so

that his rays become vertical farther and farther south, and the

preceding changes are reversed.

The latitudes where the sun's rays fall vertically range from the

tropic of Cancer to the tropic of Capricorn: and the sun's rays are,

on the average, least obliciue between these limits. Tliis is why the

low latitudes are, on the whole, warmer than the high latitudes.

The amount of heat received in different latitudes is determined
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by the length of day (hours of sunsliine) and the direction of the

sun's rays. For the year, most heat is received in latitude 0°.

A square mile in latitude 40° receives about three-fourths as much
as an equal area at the equator, and a square mile about the poles,

about half as much. During the half of the year when the sun's

rays are vertical north of the equator, March 21st to September

22d, most heat is received in latitude 25° N. Between May 31st

and July 16th the North Pole receives more heat than any other

part of the earth, the continuous day more than offsetting the great

obliquity of the sun's rays at this time (Fig. 207).

The temperature of one place is not necessarily higher than

that of another because it receives more heat. No amount of

heat, for example, would make Greenland warm until after the snow

and ice were melted. The region about the North Pole does not

get veiy warm, even when it receives more heat than the equator,

because much of the heat received is expended in melting ice and

in warming ice-cold water, which is warmed very slowly, and runs

away as soon as the heating is well begun.

Secondary distribution of heat. After the heat from the sun

has l:»een received l)y the earth, it is redistril:)uted to some extent,

with the general result that the parts which get more by insolation

share their heat with the parts which get less.

There are three ways in which the air receives, loses, and trans-

fers heat. These are radiation, conduction, and convection.

1. Radiation. When the sun shines, it radiates heat, and the

surface which its rays strike is warmed loy alosorptiou of the ratliated

heat. A body need not l3e glowing hot, like the sun, or like fire,

to radiate heat. Hot water, steam, etc., radiate heat, as in the

ra(Uators in our houses. The body which ratliates heat is itself

cooled. Thus a hot piece of iron soon cools in the air, because it

radiates its heat. The land warmed by the al)sorption of heat

radiated from the sun during the day, is cooled by the radiation

of its heat during the night. The rate at which a body loses heat

by radiation depends upon the difference of temperature between

it and its surroundings. A hot stove will cool more ciuickly in a

cold room than in a warm one.

2. Conduction. If one end of an iron poker is put in tlie fire,
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the other end soon becomes hot. The heat seems to pass along the

iron rod from one end to the other. Tliis method of passing heat

along is conduction. Any cold body in contact \\ith a hot body is

wanned by conduction. The bottom of the air is warmed by con-

tact with the lantl (that is, by conduction) wherever the tempera-

ture of the land is higher than that of the air. The hand is warmed

by conduction when placed on metal or wood which feels warm:

it is cooled l)y conduction if the metal or wood feels cool.

3. Convection. When a kettle of water is placed on a hot stove,

the water in the bottom is heated b}^ conduction, that is, by contact

with the hot kettle. The heating of the water causes it to expand,

and when the water in the bottom of the kettle expands it becomes

lighter than the water above. The heavier water above then

sinks and pushes the lighter water below up to the top. This sort

of movement is convection. Another illustration of convection is

afforded by stoves, fireplaces, and furnaces. A thin sheet of light

paper may be held up for a moment by the rising air over a hot

stove, or even carried up if the convection current is strong enough.

Again, as the air in a chimney is heated, it expands and becomes

less dense than the air about it. The cooler, denser air about the

base of the chimney or stove crowds in below the expanded air

in the chimney, and pushes it up out of the chimney. Since

the air entering the chimney from below is being heated and ex-

panded all the time, the up-draught continues as long as there

is fire. Every draught from a chimney is an example of con-

vection.

When the surface of the land is heated by the absorption oi

heat from the sun, it wanns the air above both by conduction and

by racUation. The lands of low latitudes are heated more than the

others. The heated air over the heated land expands and rises.

If the air in a given region were expanded as shown in Fig. 211, the

air at the top of the expanded column would flow away, much as

water would under similar conditions. After this takes place, the

amount of air at the base of the column h will be less than the

amount at the same level outside the heated area, and air from

outside the heated column will flow in. This inflow will push up the

colimm of expanded air, and further overflow above will cause



232 PHYSIOGRAPHY

further inflow below. If the heating continues a permanent con-

vection current will be established in the heated area (Fig. 212).

The atmosphere is heated chiefly by (1) the absorption of the

sun's rays as they come through it, and (2) the absorption of heat

radiated from the land and water after they have been warmed by

Fig. 211.—The first rise of air, as a result of lieating, is due to the expansion
of the jiart heated.

the absorption of heat radiated from the sun. The amount of heat

absorbed by the air from the direct rays of the sun depends on the

distance the rays travel in the atmosphere, that is, on the obliquity

of the sun's rays (Fig. 210). It is therefore different in different

latitudes. When the sun is vertical at the equator, the sun's rays

pass through about twice as much atmosphere in latitude 60°,

Fig. 212.—The permanent heating of the air over a given region gives rise

to permanent convection currents. The numbers on the arrows indi-

cate the order m which the several movements start.

nearly three times as much in latitude 70°, and about ten times as

much in latitude 85°, as they do in latitude 0°. In latitude 70°,

about half as much heat reaches the surface of the land from the

sun as in latitude 0°, when the sun is vertical there.

The heat radiated into the air from below is absorbed more

readily by the air than that coming from the sun. The atmos-

phere is therefore heated by radiation from below more than by

direct insolation, and the lower air is heated more than the upper



TEMPERATURE OF THE AIR 233

air. On being warmed, whether by conduction or radiation, con-

vection currents are started between the lower air and the air above.

After the heat is received from the sun, therefore, it undergoes

redistribution. Tliis is accomplished not only by racUation, con-

duction, and convection, but also by movements of the air

(winds) and movements of the water (especially ocean currents).

^^'ithout these mo^•emeuts of air and water, the average tempera-

tvu'e of the equator would Ije much (perhaps 50° F.) higher than now,

and that of the poles nuich (100° F. or more, estimated) lower.

The heating of land and water. Land is heated four or five

times as fast as water by insolation. The reasons are several:

1. A given amount of heat raises the temperature of soil and

rock more than that of water.

2. Water is a good reflector, wliile the land is not, and the latter,

therefore, absorbs a larger proportion of the heat of the sun's rays-

3. Convection movements are established in water as soon as its

surface is heated locally. This prevents excessive heating at any

one point. The land, on the other hand, being solid, is without

movements of convection.

4. There is more evaporation from a water surface than from

land surface, other conditions being the same, and evaporation

cools the surface from wliich it takes place.

5. Light and heat rays penetrate water, but not soil and rock

to any considerable extent. The heat of insolation is therefore

distributed, at the outset, through a greater thickness of water than

of soil. Being confined to the surface of the latter, its temperature

is made higher.

The Seasons

We are now prepared to understand the seasons, and the rea-

sons for their cUfferences of temperature. In most latitudes, the

seasons are usually said to be four— spring, summer, autumn, and

winter. Each grades into the one which follows.

In the United States, March, April, and May are commonly

called the spring months, June, July, and August the summer

months, September, October and Novemljer the autumn months,

and December. Januarv, and February the A\inter months. In the
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southern hemisphere spring comes in September, October, and No-

vember, summer in December, January, and February, and so on.

The vernal equinox of the northern hemisphere is the autumnal

equinox of the southern, and the summer solstice of the northern

is the winter solstice of the southern. The definition of the seasons

given above is based on temperature, the summer being made up of

the three warmest months, so far as intermediate (temperate) lati-

tudes are concerned, and the winter of the three coldest.

The seasons are sometimes defined in a different way. Thus

spring is sometimes regarded as the time l^etween the vernal ec[uinox

and the summer solstice; summer the time from the summer sol-

stice to the autumnal equinox, etc.

In middle latitudes we tliink of the difference between seasons

as one of temperature; but in some parts of the earth, ivet and

dry seasons are more distinct than warm and cold ones. In the

polar regions the temperature of the cold season is very much lower

than that of the warm one, but there is also a striking difference

in the matter of light. The warm season is the light season, and the

cold season is the dark one.

Differences between summer and winter. Summers and wintei*s

differ in ways other than temperature. Some of them are the fol-

lowing: (1) In our latitudes the summer days are more than 12

hours long, and the nights less. (2) The sun is much higher above

the horizon at noon in summer than at noon in winter. (3) In

summer the sun rises to the north of east and sets to the north of

west, while in winter it rises to the south of east and sets to the south

of west. (4) The amount of moisture in the air may vary with

the season; but in some regions it is the warm season which is wet,

while in others it is the cool season. (5) In some regions the winds

change their direction and force with the change of seasons, as will

be seen later. The first and second of these differences are the most

important, so far as concerns the seasons of most places in middle

latitudes.

"Why we have summer when we do. (1) Long days and short

nights give more hours of heating than of cooling each day, while

short days and long nights mean fewer hours of heating and more

hours of cooling. (2) The sun's rays are less oblique when the
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days are long (Fig. 207, northern hemisphere) unci so have greater

heating power. In summer, therefore, the surface is heated more

hours a day than during the winter, and the average amount of

heat per hour is greater while the sun shines. These are the chief

reasons why summer is warmer than winter.

Change of seasons. We have already seen (1) that the sun's

rays are vertical at the equator at the time of the equinoxes

(March 21st and September 22d), and that the days and nights

are then equal everywhere; (2) that the northern hemisphere is

being heated most by the sun at the time of the summer solstice,

and least at the time of the winter solstice; (3) that the days are

longer than the nights in the northern hemisphere from March

21st to September 22d; (4) that the sun's rays are less ol)li([ue in

either hemisphere during the half of the }'ear when the days are

longer than the nights, and (5) that the relative lengths of day

and night and the angle of the sun's rays are reversed in each

hemisphere every half-year. These points arc illustrated l)y Figs.

207 and 208.

Times of greatest heat and cold. Since the northern hemi-

sphere is being heated most at the time of the summer solstice and

least at the time of the winter solstice, it would seem at first thought

that these dates, respectively, should l)e the times of greatest and

least heat; but this is not the case. It follows that the tempera-

ture of any given latitude is not altogether dependent on the amount

of heat it is receiving from the sun. Again, since corresponding

latitudes in the two hemispheres are being heated equally at the

equinoxes, it would seem, at first, that these latitudes in the two

hemispheres should have the same temperature at these times;

but tills, again, is not the case. In our own latitude, for example,

March 21st is much colder than September 22d.

The reason why a place in our latitude is warmer at the time of

the autumnal than at the time of the vernal equinox is because

the waiTnth of the summer just past has not all been lost. The
soil, the surface rocks, the lakes, etc., have all been warmed during

the summer, and they cool slowly. At this time, therefore, the

northern hemisphere has a temperature higher than that which it

would have if it depended entirely on the heat received from the
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sun each day. On the other hand, the temperature at ihe time of

the spring equinox is lower than that which the daily heating would

seem to produce, because the cold of the winter just past has not

been altogether overcome. In middle and high latitudes, snow and

ice cover land and water to some extent, and the water in the ground

is still frozen. This keeDs the lower part of the air cool.

The summer solstice is not the hottest part of the year in the

northern hemisphere, for the summer's heat has not altogethei

overcome the effect of the preceding winter. The time of greatest

heat lags behind the time of greatest heating. In middle latitudes the

lag is about a month, but it is more over oceans than over lands,

because land is heated and cooled more readily than water. Simi-

larly the time of greatest cold does not come till after the time oi

least heating.

Seasons in other latitudes. The seasons in some other latituo'"

are unlike our own. At the equator, for example, the sun's rays

are vertical twice each year, at the time of the equinoxes. Twice

a year, too, the sun's rays are vertical 233>^° from the equator, once

to the north and once to the south. The equator, therefore, has

two seasons, occurring at the time of our spring and autumn, which

are somewhat warmer than two other seasons occurring at the

time of our summer and winter. The variations in temperature

are much less than in our own latitude, for the length of day and

night never varies at the equator, and relatively little in the tropics.

The angle of the sun's rays, too, varies less than with us. At the

equator, therefore, there is a fourfold division of the year, but the

differences in temperature are less than in our latitudes.

In high latitudes the conditions are still different. In latitude

60°, for example, the differences in the seasons are similar to those

of the central part of the United States, except that they are greater.

Tliis is because of the greater difference in the length of day and

night. (Fig. 213.)

The change of seasons in latitude 75° N. may be taken to illus-

trate the conditions in latitudes above the polar circle. When
the sun's rays are vertical 15° south of the equator (D, Fig. 213),

the sun appears on the horizon at noon in latitudes 75° N., for this

latitude is 90° from the place where the sun's rays are vertical.
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When they are vertical farther south than 15° S., points on the

parallel of 75° M. do not see the sun. When the sun's rays are

vertical in latitude 15° N. (B) or in any latitude farther north, no

Fig. 213.—Diagram to illustrate seasons in latitude 7")°. When tlio sun's rays

are vertical at (', the circle of ilkunination is representetl by the line 90°

-90°. The half of each parallel of 7.5° is then illuminated, and days and
nights on that parallel are therefore equal. The same is true of all other

latitudes. When the sun's rays are vertical at B, in latitude 15° N., the

circle of illumination is represented by b b, the whole of the parallel of

75° N. is illuminated, and daylight is continuous throughout the twenty-

four hours. No part of the parallel of 75° S. is illuminated at this time

and on that parallel darkness is continuous. When the sun is vertical

at A, in latitude '2-i^ 2° ^j the circle of illumination is represented by
a a. "While the sun appears to move from position B to position A and
back again to B, the parallel of 75° N. is continuously illuminated, while

the parallel of 75° S. at the same time is continuously in darkness. When
the sun appears to move from the position where its rays are vertical at

B to the ]iosition where its rays are vertical at D, a part of each parallel

of 75° is illuminated, and during this time, therefore, there is light and
darkness in the course of the twenty-four hours. When the sun's rays

are vertical between B and C, more than half of the {parallel of 75° N. is

illuminated, and less than half of the parallel of 75° 8. When the sun
is vertical at C the half of each parallel of 75° (and of all other parallels)

is illuminated, and days and nights are equal everywhere. The conditions

in latitude 75° S., while the sun appears to move from C to £" and back
to C, may be worked out by the student.

point on the parallel of 75° N. will l)e in darkness during any part

of the twenty-four-hour day. When the sun's rays are vertical

in any latitude between 15° S. and 15° N., a part of the parallel
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of 75° N. is lighted, and all points on that parallel have alternating

light and darkness in the course of twenty-four hours.

In latitude 75° N., therefore, there are four natural divisions of

the year, one (summer) when daylight is continuous, one (winter)

when darkness is continuous, one (spring) when there is alternating

day and night, with the days lengthening, and one (autumn) when

there is alternating day and night, with the nights lengthening.

According to this subdivision of the year, summer is the time dur-

ing which the vertical sun appears to move from 15° N. to 23^^^° N.,

and back again to 15° N. Autumn is the time during wMch it

appears to pass from the position where its rays are vertical 15°

N. to the position where its rays are vertical 15° S. Winter is

the time when it appears to pass from 15° S. to 233^° S., and back

again to 15° S., and spring the time when it is passing from 15° S.

to 15° N.

It will be noted that the lengths of the seasons defined in tliis

way are not the same. In latitude 75° the summer would be as

long as the winter, and the spring as long as the autumn; but the

spring and autumn would be nearly twice as long as the summer

and winter, for during each of the former the sun appears to move

through 30°, and during each of the latter, 17°. Not only this, but

the lengths of the several seasons vary with the latitude. In

latitude 85° the summer and winter would be longer than in lati-

tude 75°, and the springs and autumns shorter.

There is a common idea that in polar regions there is a day of

six months and a night of six months each year, but this notion is

not correct. There is a six-month day and a six-month night at the

'poles only. This can be worked out from Fig. 213.

Effect of Altitude on Temperature

High altitudes are colder than low ones in the same region.

The average decrease of temperature is about 1° F. for 330 feet

(1° C. for 594 feet) of rise, for the altitudes where observations are

common. One mile of rise in the air means about the same de-

crease of temperature as a journey of 1,000 miles toward the poles.

High altitudes are colder than low because the air is thin-

ner. Since it is thinner, it absorbs less heat from the direct rays
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of the sun, and it holds less of the heat radiated from the cailh

below.

The temperature over land 10,000 feet high is warmer than

the temi^erature of the air 10,000 feet above low land. A land

surface at a high altitude nuiy l^e heated quite as much by the sun

as one at a low altitude, and it then heats the air above it. But

since the air over the high land is thin, it does not hold the heat

radiated from the land so well as denser air would. The result is

that both land and air cool faster in high altitudes than in low alti-

tudes, and this makes their average temperature less.

Isolated elevations like mountain-tops are colder than plateaus

of the same elevation, because they are so well exposed to cooling.

Fig. 214.— Diagram to show that the sun's rays may fall less ol)liquely on a
mountain slope than on the ])lain adjacent. Under these circmnstances
they have greater heating i)ower, so far as the surface of the land is con-

cerjied, on the mountain than on the plain.

In simny days in summer, the sunny side of a moimtain free from

snow gets very warm (Fig. 214). If the rock is bare it may become

so hot that the hand cannot be held on it. If the air remained

long in contact with such a rock surface it would be warmed to the

same temperature; but it is commonly moved on quickh' by winds

before it gets very warm, and its place is taken by colder air.

Again, an isolated mountain-peak radiates heat in all directions

except downward, while a flat surface radiates it upward only.

In moimtains, too, there are likely to l)e man}' cloud}^ days, and

the clouds shield the rocks from the sun. This tends to lower the

average temperature of the mountain, as compared with that of

low land.

Where mountains are covered by snow throughout the year,

their surfaces are never warmed above a temperature of 32° F., the

melting temperature of snow. All the heat received beyond that

necessaiy to raise them to this temperature is spent in melting and
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evaporating snow, not in raising the temperature of its surface.

It is to be especially noted that the air over the heated rock of liigh

altitudes, whether of mountain or plateau, does not get so warm
as the rock itself.

Representation of Temperature on Morpd

It is desirable to have some method of representing the tem-
perature of all parts of the earth on maps. Maps showing the

distribution of temperature are thermal maps.

Lines may be drawn on the surface of the earth, connecting

points having the same temperature. Such lines are isotherms.

Fig. 215.— Chart showing a few isothermal Hues. The dotted line near
the equator represents the position of the heat equator, at the time
represented by the map.

An isotherm connecting places having the same average tempera-

ture for the year is an annual isotherm. Fig. 215 shows a very

simple isothermal chart, on which the isotlierms of -30° F., 0°,

30°, 50°, and 70° are re^Dresented. An isotherm connecting places

which have the same summer or the same winter temperature is

a seasonal isotherm. Isotherms may be drawn for a month or for

any other specified perioti of time. A map showing isotherms

is an isothermal map, and an isothermal map should always tell

whether the isotherms are annual, seasonal, or monthly.
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Fig. 216 shows annual isothornis for oacli 20^ F. At tho px-

trenie north there is the isotherm of 0^ ]•'., which hes lujrth of

TOurope and Asia, and l)arely touches North America. The average

annual temperature of places on this line is 0° F. The isotlierm

of 10° F. lies south of the isotherm of 0° F. The average temper-

ature of places between these two lines is more tlian 0°, and loss

than 10°. Soutli of the isotherm of 10° follow in order the isotherms

of 30°, 50°, 60°, and 70°, the last being everywhere l)elow the lati-

tude of 40° N.

The coldest isotherm shown on the chart in the southern hem-

isphere is that of 30°, lying south of all lands except Antarctica.

The latitude of this isotherm corresponds nearly to the latitude of

the isotherm of 30° in the northern hemisphere. Next north

(toward the equator) of the southern isotherm of 30° is the isotherm

of 50°, followed b}' those of 60°, and 70°, the last being everywhere

north of latitude 40° S.

The line of highest temperature about the earth is the thermal

equator (the broken line. Fig. 215). The thermal equator does

not follow a straight course around the earth, and it lies a little

north of the geographic ec^uator most of the year.

Fig. 216 shows that the annual temperature is highest near

the equator, and that it becomes lower toward the poles. This

shows that there is some relation between isotheniis and latitude.

The explanation of this relation has been given.

Fig. 217 shows the isotherms for the month of January. On
this chart all isotherms are farther south than on the chart show-

ing the annual isotherms. Thus the isotherm of 0° F. (-17.78° C.)

in the northern hemisphere runs through central Asia, instead of

lying north of it, and the isotherm of 60° is everywhere south of

latitude 40°, instead of being partly north of it, as in Fig. 210.

At this time of the year the sun is shining vertically south of the

equator, and this seems to be a sufficient reason for the change.

Fig. 218 shows the isotherms for July. All isotherms are

farther north than the corresponding ones on either of the other

charts. Thus the isotherm of 50° in the northern hemisphere is

about where the isotherm of 20° was in January (Fig. 217).

Comparing Figs. 217 and 218, it is seen that the difference
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of temperature between January and July is much greater in

liigh latitudes than in low. Thus in the southern part of Hudson

Bay there is 70° difference between January and July; at Lake

Erie, about 45°; in Florida, about 20°; and near the equator in

South America, less than 10°. The same charts show that the

difference is greater in the interiors of contine ts than on coasts

or over the sea in the same latitude. Thus in the interior of North

America, west of Hudson Bay, the difference is about 80°, while

on the coast of Alaska it is only al^out 30°.

The courses of the isotherms. 1. The courses of the isotherms

are, in a general way, east-west; that is, they are roughly parallel

to the parallels of latitude. Some of them are very irregular, it

is true, but the east-west direction is the most common one. This

shows some relation between the courses of isotherms and latitude;

but since the isotherms do not follow the parallels exactly, it is clear

that latitude is not the only thing which determines ^fceir position.

2. Figs. 217 and 218 show that the isotherms are straight-

est where there is little land, and most crooked where there is

much land. This suggests that the land and water have some-

thing to do with their positions. There are various irregularities

in the isotherms on land that do not appear on the sea. Thus,

on the January chart there is an area in south Africa, and another

in Australia, surrounded by the isotherm of 90°, and there are

similar areas in North America, northern Africa, and southern

Asia, in July. All of these areas are on land. These facts tend to

confirm the conclusion that the sea and the land influence the posi-

tion of the isotherms.

Following this idea still further, it is seen that the isotherms

of January frequently bend somewhat abruptly in passing from

water to land, or from land to water. Thus the isotherm of 30°

in the northern hemisphere turns to the south when it reaches

North America, and again on the coast of Europe. In the south-

ern hemisphere, the isotherms of 80° and 70° make abrupt turns

at the west coast of Africa, and the isotherm of 70° near the west

coast of South America. These bends at the coasts give further

support to the conclusion that the distribution of land and water

have something to do with the position of isc ^therms.
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It has been noted already (p. 233) that the land is heated and

cooled more readily than the sea, and is therefore colder in winter

and warmer in summer. The January isotherm of 30*^ in tho

northern hemisphere bends toward the equator in crossing the

northern continents, because the land is cooler than the water in

the same latitude at tliis time of year. In the southern hemi-

sphere, on the other hand, where it is summer, the isotherms bend

toward the pole on reaching the land, because the land is warmer

than the sea in the same latitude.

The chart of the July isotherms leads to the same conclusion.

On this chart the isotherms crossing the northern continents bend

poleward on the land, while those crossing the southern continents

bend equatorward. This is the season when the lands of the

northern hemisphere are warmer than the seas of the same latitude,

and when the lands of the southern hemisphere are cooler than the

seas about them.

The irregularities of the isotherms of the northern hemisphere

in July are much greater than those of the southern hemisphere

in January (summer in the southern hemisphere). This is prob-

ably because there is much more land in the northern hemisphere

than in the southern, and the larger land areas have a greater

effect on the isotherms than the smaller ones.

3. There are some features of the isothermal lines wliich are

not explained by latitude, or by the distril)ution.of continents and

oceans. Thus the bends of the isotherms are not as pronounced

on the east sides of the continents as on the west. This is shown

by Figs. 217 and 218. Again, traced eastward, the January

isotherm of 40° liends southward near the west coast of North

America on the land, while on the eastern side of the continent

it bends northward 07i the sea, not on the land. Such peculiarities

may be explained by the winds. The prevailing winds in the middle

latitudes of North America are from the west, and the westerly winds

tend to carry the temperature of the sea (warmer in winter) over

onto the land on the western side of the continent (Fig. 217), and

the temperature of the land (cooler in winter) over onto the sea, on

its eastern side This explains the l^ends of the isotherm of 40°, foi*

example, near the coasts m the northern hemisphere in January.
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4. The great Ix-iid in llio J;uuiar.\' isotlici-in of 'M)° i:i the Xoill'

Atlantic is duo to a wai-in curroiit of ocean water (lowing northeast-

ward, in tlie direction of the pronounced loop of the isotherm. Ocean

currents are therefoi'o a fourth cause of tlie irregularities of isotherms.

The amount of heat cai'ried northward l)y the ocean currents of

the Atlantic and Pacific is very large. It has been estimated that

the temperature of iMigland and Norway is raised several degrees

hy the warm poleward movement of watei's in the North Atlantic.

The temperature of the land is warmed by this water, ])ecause the

air over the warm ocean water is warmed antl then blown over the

land.

The milder climate of northwestern Europe, as compared with

northeastern North America, is not due wholl}' to the northward

movement of warm water. I*]ven without such movement, the

climate of northwestern Europe would be more temperate than

that of northeastern North America in the same latitudes, because

the ocean, from which the winds of winter l)low to that part of

Europe, is warmer than the land whence the winds blow to the

lands of the same latitude on the west side of the Atlantic.

There are some other less important causes of irregularities in

the isotherms. Thus a basin region, shut in l)y mountains, gets

hotter in summer than a region not so surroimded. Again, there

is less evaporation from a dry surface than from a moist one, and

since evaporation cools the surface, a dry surface will 1)6 warmer

than a moist one if other conditions are the same. The color of the

soil, the presence or absence of vegetation, etc., also affect the

al)sorption and radiation of heat. The high temperature (90° and

alcove) in the southwestern part^ of the United States in July is

accounted for partly by the fact that the region is somewhat shut in

by mountains. The diyness of the soil and of the air al)()ve it also

tend to raise its temperature.

Altitude affects temperature, as already explained, l)ut isother-

mal charts show' no relation lietween isothennal lines and surface

relief. The reason is that isothermal lines are represented on. maps
as if they w^ere at sea-level. This is done by making allowance for

altitude at the average rate of 1° F. for about 330 feet. Thus if

the temperature of a place at an altitude of 3,300 feet is 60°, it is
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put down on the chart as 70° (60°+ 10°). Isothermal charts,

therefore, are intended to show the temperature as it would he if the

land irere at sea-Ievel.

Daily range of temperature. The temperature of a day when the

sun shines is generally warmer than the temperature of the night.

The cUfference is often as much as 40° or 50° F. in dry, interior

regions, and in the Sahara it is sometimes 70°. The daily range is

greater w^hen the air is dry than when it is moist, and it is greater

far from the sea than near it. Other things being equal, the daily

range is greatest when days and nights are nearly equal.

Seasonal range of temperature. The seasonal range of tem-

perature is affected by (1) latitude, (2) position with reference to

land and sea, (3) prevailing winds, and (4) the presence of snow

during the warm season.

1. The seasonal range of temperature increases with the lati-

tude (compare Figs. 217 and 218, pp. 243, 245), because the yearly

variation in insolation increases with the latitude. Tliis range is

greatest at the poles, where there is six months of insolation and

six months without it. The great range of seasonal temperature

to which the poles would be entitled by their latitude is greatly

modified by the conditions mentioned imder (2) and (4) above.

2. Islands have a lesser range of temperature than continental

lands in the same latitude, and coasts have a lesser range than

interiors, because the range of sea temperature is less than the

range of land temperature (Figs. 217 and 218).

3. A coast to which the prevailing winds blow from the ocean,

has a less range of temperature than a coast to which the prevailing

winds blow from the land. Thus the range of temperature is less

on the Pacific coast of the United States than on the Atlantic in

the same latitude (Figs. 217 and 218), the winds being chiefly

from the west in both cases.

4. The presence of snow during the warm season, as in high

latitudes and high mountains, prevents a high temperatui-e in

summer, even though insolation is strong (p. 239).

The annual range of temperature has some effect on vegetation,

and so on all industries connected with the soil. The range of

temperature, or more exactly the temperature of winter, has some
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effect on transportation, especially l)y means of water. Navigation

ceases, for example, on the Great Lakes, because ice forms about

their borders in winter.

Te7npernture and Movement

When air is heated it expands and a given volume of it becomes

lighter. This results in movements of convection (Fig. 212). One

of the movements involved in convection is horizontal, and hori-

zontal movement of the air is wind. Unequal heating of the air is,

therefore, a cause of air movements, and since the air is being un
c(|ually heated all the time, imequal heating is a constant cause ot

atmospheric mo^•ements. Some of the movements are horizontal,

and some vertical; some are in the lower part of the air, and some

in the upper (Fig. 212).

The unequal heating of the air is tiio imniediate cause of certain

familiar winds and breezes.

1. Land and sea breezes. In a sunny summer day the land

becomes warmer than an adjacent lake or sea (p. 2.3.3). The result

is that the air over the land is warmed and expanded more than

that over the sea. Movement of the air follows. By day, espe-

cially after some hours of heating, the air moves in from the water

to the land at the bottom of the atmosphere. This is the sea-

breeze or lake-breeze. At night the land cools more than the water,

and the movements of air are reversed, giving the land-breeze, which

blows from the land to the water at the bottom of the atmosphere.

The sea-breeze is strongest during the summer in warm regions.

^^^len the sea or land breeze has the same direction as the pre-

vailing "uand, it occasionally, as at Valparaiso (Chile), is so strong

that business is stopped and people forced to seek shelter. Along

certain coasts fishermen put to sea in the early morning with the

land-breeze, and return at night with the sea-breeze.

2. Monsoons. Some lands near the sea become so much heated

in summer that the sea (from-sea) winds continue during the hot

season, not merely through the hot part of the day, wMle the land

(from-land) wind holds sway during the winter. This is the case,

for example, in India. Such winds, which change their directions

with the seasons, are monsoon winds. The monsoon ^^inds of the
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Indian Ocean had great influence on the early trade in India.

Vessels sailing from Europe used to time their outward voyages so

as to take advantage of the southwest monsoon, and their return

voyages so as to take advantage of the northeast monsoon.

3. Mountain and valley breezes. Winds due to changes of tem-

perature sometimes blow about mountains. Mountain-breezes

blow from the mountains at night, and valley-breezes blow toward

them on sunny days.

Mountain and valley and land and sea breezes, and monsoon

winds are not the only ones due to differences of atmospheric tem-

perature, but they afford the simplest illustrations of air move-

ments due to tliis cause.

Vertical movements and temperature. When air rises it ex-

pands, and as it expands it becomes cooler. When air descends it

becomes denser and warmer. These changes of temperature have

an important influence on rain, snow, etc., and will be considered

in connection with those topics.



CHAPTER XIV

THE MOISTURE OF THE AIR

The atmosphere ahviiys contains water in the form of vapor.

Tills is true even in the desert, where the air seems driest. We
cannot see or smell or feel water vapor, though air with much
water vapor has a different feeling from air with little.

The presence of moisture in the air may be proved in various

ways. If a pitcher of ice-water stands in a warm room, drops of

water often appear on the outside of it. This water came from the

air. Water vapor sometimes condenses into water in the air, and

the water then becomes visible as clouds from which rain may fall.

Water vapor is lighter than dry air. That is, a cubic foot of

it weighs much less than a cubic foot of dry air at the same temper-

ature and under the same pressure. The water vapor of the air

displaces some of the oxygen and nitrogen, and its presence makes
the air lighter.

Function of atmospheric moisture. The moisture of the at-

mosphere is of great importance to all animals and plants, for

without it no life could exist. It furnishes the rain and the snow
which supply all springs and rivers, and it serves a most important

function in connection witli temperature, as already indicated,

for it absorbs heat radiated from the sun antl from the earth. It

increases the average temperature at the ])ottom of the atmosphere,

and reduces tlie extremes of heat and cold which would exist if the

air w'ere altogether dry.

Sources of water vapor : evaporation. Water left standing in

an open dish disappears presently, and muddy roads and wet

streets soon become dry when the rain ceases. We conclude,

therefore, that the water vapor is passing constantly from all 7noist

surjaces into the air. The change of liquid water into water vapor

IS evaporation. Evaporation also takes place from snow and ice,

251
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even though the temperature is far l^elow that of melting. This

is shown by the fact that snow and. ice disappear slowly even when

the temperature is below 32° F. A wet cloth put into a very low

temperature, say 0° F., freezes stiff; but if it stays at the sarr-e tem

perature long enough, it becomes dry. The ice in it has eva\)orated.

All animals breathe out water vapor into the atmospheie. This

is seen in winter, when the water vapor of the breath condenses,

and so becomes visible, in the cold atmosphere. The water

breathed out is not seen in summer, or in a warm room, because

it does not condense in warm air. Plants also give out moisture,

the amount being very great. In some cases it has been actu-

ally measured.'^ Thus a thrifty sunflower plant, during its life of

140 days, gave off 125 pounds of water. Grass was found to give

off its own weight of water every 24 hours, in hot weather. This

would mean 6)2 tons per acre, and a little more than one ton for a

lot 50 feet by 150 feet. A birch-tree, with some 200,000 leaves, was

estimated to give off 700 to 900 pounds on a hot summer day, though

very much less on cool days. Much water vapor also escapes from

active volcanoes (p. 169).

The oceans must be looked upon as the great reservoirs from

which most water comes, ami but for them the waters of the land

would all he dried up in the course of time. It is true that the

oceans receive water from rivers, springs, and rains about as fast

as they lose it by evaporation; but the water which falls as rain is

largely from the ocean, and if the ocean stopped yielding the

water vapor which furnishes the water for the rain, all the waters

of the land would dry up.

Water is in constant circulation in the air. The circuit which

it mal-ces is somewhat as follows: It is (1) evaporated from the

ocean, then (2) diffused or blown over the land, where some of it

(.3) falls as rain or snow, feeding rivers, springs, lakes, etc. A
part of thi.s water which falls from the air returns to the sea, while

another ps-rt is evaporated into the air again without flowing to the

sea. The evaporation of water and the circulation of the water

vapor in the air are therefore important, not only for us, but for

all living things.

' Bergen, Foundations of Botany, j). IGt.
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On the average, .30 to 40 inches of rain-water fall from the air

each year on land; that is, enough to make a layer 30 to 40 inches

deep if spread out over all the land. The amount of water evap-

orated each year must be about the same as tiie amount which is

precipitated. If the precipitation (rainfall and snowfall) on the

oceans is ecjual to that on the lands, and if all were taken from the

oceans and not returned, the oceans would be dried up in 3,000 or

4,000 years. If an amount of water ecjual to all the rainfall were

evaporated from the lakes of tlie earth, it would pr()l)al)ly dry them

up in less than a year.

Rate of evaporation. Mg. 219 shows the estimated amount of

evaporation, in inches of water, which there would be from surfaces

of water in various parts of the United States, if bodies of water

such as lakes were present. Thus in Mississippi a surface of water

would be lowered more than 50 inches in a year by evaporation;

at New York, about 40 inches; at Milwaukee, al:)out 30 inches;

at Lake Superior, about 20 inches; at Denver, about 70 inches;

and in southern Arizona, 90 to 100 inches.

Se\'eral conditions affect the rate of evaporation. The prin-

cipal ones are (1) the amount of water \'apor already in the atmos-

phere, (2) the temperature of the water and of the space over it, and

(3) the strength of the wind. Fig. 219 shows the greatest evapora-

tion in dry parts of the country. It also shows that evaporation

is greater in the warmer latitudes of the United States than it is

in the cooler latitudes.

Evaporation takes up heat. Evaporation cools the surface

from which it takes place. If the hand l)e moistened, it feels cool

as the water on it evaporates, and the faster the evaporation the

more distinct the cooling. Moist clothing seems cooler in the wind

than in still air, even when the temperature is the same, because

wind hastens evaporation. It takes about 1,000 times as much

heat to evaporate a pound of water as it would take to raise its

temperature 1° F. The evaporation from forested regions in moist

tropical lands is so great that the temperature there is often much

lower than would be expected from the insolation. The absence

of evaporation in dry regions is one reason why they are so hot

in the sunny days of summer.
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Amount of water vapor in the air. Tlie amount of water vapor

in the air varies greatly fioiu phice to place, and. from time to

time at the same place. Attempts have been made to estimate

the amount in the air at one time, but the results are far apart.

It is probably enough so that if it all fell as rain at once it would

miake a layer of water at least an inch thick. Some idea of the

amount of water vapor in the air is gained in another way. A
cubic foot of space at 0° F. is capable of containing }A, grain of water

vapor; at 60° F., 5 grains; and at 80° F., 11 grains. The weight

of air in a room 40 x 40 x 15 feet, at a temperature of 60° F., antl

under ordinary pressure, is about 1,800 pounds. The weight of

water vapor which this space is capalile of containing is nearly 20

pounds.

Moisture and movements. Since water vapor makes the air

lighter, and since movements result when the air of one place is

lighter than that of another, it follows that differences in the amount

of moisture in the air in different places are a cause of atmospheric

movenionts.

Saturation. When there is as much water vxipor in the air as

there can be, it is said to be saturated. Though we say the air is

saturated, yet it is, in reality, not the air, but the space which the

air occupies w^hich is saturated. The amount of water vapor neces-

sary' to saturate a given space depends on the temperature, and is

nearly the same whether air is present or not.

Humidity. The amount of moisture which the air contains is

its absolute humidity. The percentage of moisture which air con-

tains at any temperature, in comparison with what it might con-

tain at that temperature, is known as its relative kumidiin. When
it contains all the water vapor it can hold, its relative humidity

is 100; when it contains half as much as it might, its relative

humidity is 50. Air is commonly said to l)e "dry" when its rela-

tive humidity is low, and "moist" when its relative humitUty is

liigh. Fig. 220 shows the average relative humidity for the United

States, the range being from 80 along the coasts to less than 40

in some parts of the southwest. The area where the relative hu-

midity is 35 or less is essentially desert, and the area where it is

less than 50 is distinctly dry. In Death "S'alley, California, the
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Plate XLIV

Fis, 1.—Fog over tlie lowlands, seen from Mount Wilson. California.

Angeles and Pasadena are covered by the fog. (EUerman.)
Los

Fiy'- ...—Lumulua tluiuls bccii fium MuulL W'iisuu, Caliloruiu. vKlkiiiiau.j



Plate XLV

Fig. 1.—Morning fog in valleys. Mount Tamalpais, Cal. (U. S. Weather Bureau.)

Fii". 2.—Cumulus Clouds. Fiij. 3.—Cumulo-Nimbus Clouds-

Fiir. 4— Cirrus Clouds. Fig. 5.—Cirro-Stratus Clouda.
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average relative humicUty for five months when the recortl was

kept was 23. The average relative humidity of air over the land

is probably about 60; that o^'er the ocean about 85. The part of

our country which is productive, agriculturally, without irrigation,

is chiefly where the relative humidity is more than 65.

Dew-point. If saturated air is cooled, some of its moisture is

condensed. The temperature at which the water vapor of the air

begins to condense is the dew-point. Saturated air is therefore

at the dew-point. The temperature of the dew-point is not fixed,

but is influenced by the amount of water vapor in the air. When
this amount is large, the temperature of the dew-point is relatively

high; when the amount is small, the temperature of the dew-point

is relatively low.

Air may be l^rought to the dew-point in various ways: (1) It

may be blown where the temperature is lower, as up to a higher

latitude or altitude; (2) it may be cooled by having cooler air

brought to it, as by a cold wind; (3) it may be cooled by radiation,

or (4) by expansion, as when it rises.

Condensation. When the temperature of saturated air is

reduced, some of the water vapor is condensed. If the tempera-

ture of condensation is above 32°, the vapor condenses into liquid

water, which at first takes the form of little droplets, such as those

of which fog is made. If the temperature of condensation is less

than 32°, the water becomes solid (crystallizes) as it condenses, and

takes the form of ice particles. These ice particles may be the

beginnings of snowflakes, or they may be particles of frost.

. The condensation of water vapor sets free an amount of heat

equal to that absorbed in its evaporation.

Fog, frost, and cloud. The water droplets made Ijy the conden-

sation of water vapor make fog (Fig. 1, PL XLIV, p. 256) if the

condensation takes place in the lower part of the atmosphere at a

temperature of more than 32° F., and the form of frost if the tem-

perature is less than 32° F. The water droplets and ice particles

take the form of clouds if the condensation takes place above the

bottom of the atmosphere (Fig. 2, PI. XLI\', p. 256). Fog and

frost in the air are the same as clouds, except that the clouds are

liigher. Fog may be said to be cloud resting on the surface of the
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land. If moisture condenses and the particles remain suspended in

the air above the top of a mountain, there is, to the observer on

the plain or in the valley below, a cloud about the mountain; but

if the observer were to climb up into the cloud, it would then appear

as fog. Fogs are often formed when the air over a lake in autumn

is blown over the cooler land, or when the air over warmer water

from one part of the ocean (e. g., a warm ocean current) blows over

colder water.

Fogs often form in valleys at night (Fig. 1, PI. XLV, p. 257),

especially in autumn, when the night temperatures are much lower

than those of the day. The cooler air settles in the valleys, which

are therefore more likely to have fogs than the uplands are.

Fogs occasionally lead to shipwreck on sea, and interrupt busi-

ness on land. A dense fog in London, which lasted from Decem-

ber 10 to 17, 1905, was estimated to have cost the city .$1,750,000

per day, in one way and another, largely through suspension of

business. Such estimates are, however, to be taken with reserve,

since much of the suspended business is transacted later. Heavy

fogs may be of service to one party in war, by allowing an army

to approach or retreat unseen. Thus a fog helped Washington in

his retreat to New York, after the battle of Long Island.

The droplets of water in clouds and fogs must be very small to

remain suspended in the air. It has been estimated that many of

them are about s^oVo o^ ^^ i^^ch in diameter, but there is doubtless

great variation.

Clouds affect temperature by hindering radiation. A cloudy

night is not generally so cold as a clear one. In general, cloudiness

lowers the summer temperatures of middle latitudes, and raises their

winter temperatures.

Forms of clouds. Clouds take on many forms. Among the

more common are the cumulus, the stratus, the nimbus, and the

cirrus clouds. Between these more distinct forms there are many
gradations, giving rise to the names cirro-cumulus, cirro-stratus,

cumulo-stratus, etc.

Cumulus clouds arc thick, and their upper surfaces are some-

what dome-shaped, with irregular and fleecy projections. Their

bases are nearly horizontal (Fig. 2, PI. XLIV, and Fig. 2, PI. XLV).

I
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fhey arc foiinccl by ascending convection currents, and their level

bottoms seem to mark the level at which condensation takes place

as the air rises. They appear, especially in clear, hot weather, in

mid or late forenoon, after insolation has established convection

currents. They attain their greatest size at about the hour of

maximum heat. As evening approaches they commonly grow

smaller. They sometimes pass into other forms of cloud.

Stratus clouds are horizontal sheets of lifted fog.

Nimbus or rain clouds (Fig. 3, PL XLV, p. 257) consist of thick

layers of dark clouds without definite shape and with ragged edges,

from which continued rain or snow generally falls.

Cirrus clouds are delicate, fibrous, or feathery (Figs. 4 and 5,

PI. XLV). They are generally white, and sometimes arranged in

l)clts. They are usually high and thin, and often of particles of

snow or ice.

Between these t5'pes there are all sorts of gradations.

Precipitation. The condensation of the water vapor of the air

leads to rain, snow, or hail, if the products of condensation fall.

Whether precipitation really takes place after the formation of

clouds depends on many conditions. To give rain or snow, the

particles of water or snow in the cloud must be heavy enough to

fall; and if they are to reach the bottom of the atmosphere, they

must not pass through air wliich is dry enough and warm enough

to evaporate them before they reach the bottom of the atmosphere.

In desert regions, water may sometimes be seen to be falling from

a high cloud, when not a drop reaches the ground. The falling

drops evaporate before the}' reach the land.

Whether precipitation falls as rain or snow depends on the

temperature of condensation, and on the temperature of the air

where the precipitation takes place. Snow falling from a cloud

may become water before it reaches the bottom of the air. It often

snows on a mountain while it rains in the valley below.

Since condensation follows cooling, and since precipitation often

follows condensation, sufficient cooling (below dew-point) of the

air may cause precipitation. It follows that there may be rain

(or snow) (l)when air is blown up a cold mountain-side; (2) when

it is blown poleward (or, in general, from a warmer to a cooler place)
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without rising; (3) when it rises by convection, for it is then cooled

both (a) by being brought to cooler air, and. (6) because it expands;

and (4) when cooler air is l^rought to warmer air. Rains due to (1)

are not rare in mountain regions, and rains due to (3) are common
where convection currents are strong, as in the region of tropical

calms, where they occur almost daily during the hot season.

The distribution of rainfall is dependent, in large measure, on

the winds, and will be considered later.

Dew and frost. It sometimes happens that the temperature

of the surface of the land becomes lower than the dew-point of the

air. This is likely to be the case in the clear nights of late summer

and autumn. If the temperature of the grass blades, for example,

becomes lower than the dew-point of the surrounding air, moisture

from the surrounding air will be condensed on them. Such mois-

ture is dew if the temperature of condensation is above 32°. Dew
does not fall, but condenses on the surface of solid objects. A
good illustration of dew is often furnished by the moisture which

gathers on the outside of a pitcher of ice-water in a summer day.

The temperature of the pitcher is below the dew-point of its sur-

roundings, and moisture from the air therefore condenses on it.

Dew forms on still nights rather than windy ones, because the wind

tends to move away the air which is approaching its dew-point,

supplying other air in its place, and the incoming air is often warmer

than that which moved on. Dew is more likely to form on clear

nights than on cloudy ones, because radiation and cooling are

greater when there are no clouds.

When the temperature of the dew-point is below 32° ¥., the

moisture which condenses on solid objects condenses as frost in-

stead of dew. Frost is not frozen dew any more than snow is frozen

rain. It stands in the same relation to dew that snow does to rain.

In the autumn, frost is more likely to occur in valleys and on low

flats than on adjacent hills, because the colder air settles to the

lower levels.

Dew, and sometimes frost, may form on the undersides of ob-

jects. If a pan is placed bottom up on the grovmd, there will often

be dew on the inside of it in the morning. There is often dew on

the underside of a flat stone when there is none on its top. This
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may be true e\en 'iii a desert. The explanation is as follows:

The air in the ground has some moisture, and during the day, when

the sun shines, this air is warmed. At night the air above cools

much more cjuickly than that in the ground. The cooler, heavier

air above then sinks into the ground, crowding up tiie warmer air

below with its water vapor. On reaching the cool pan, or other

object, some of the moisture is condensed. In the daytime the

rising moisture does not condense on the pan, because the pan

is warmer than the water vapor lielow, especially if the sun is

shining. The water vapor in the soil also diffuses upward, even

when not crowded up by the sinking of heavier air.

Rain-making. Various attempts have l^een made to produce

rain, by means which may be called artificial. The methods tried

have been various, but the results have been unsuccessful always.

The plan most tried has been that of producing explosions of one

sort or another in the air well above the land. If there were cloud

particles in abundance in the air, such disturbances might perhaps

have the effect of causing them to unite, and so to become large

enough to fall; but the amount of rainfall which can be thus pro-

(hiced, under the most favorable conditions, is probably too small

to be of consequence. Other methods wliich have been tried or

suggested seem ecjually useless.

Summary. The air is constantly receiving moisture from all

moist surfaces. This moisture, in the form of invisible vapor, is

cUffused and blown everywhere. When it reaches a temperature

which is low enough (the dew-point), the moisture is condensed.

If it condenses in the upper air, it may fall as rain or snow, or it

may remain suspended in the air in the form of a cloud, and be

evaporated again. If it condenses on the surface of solid objects

at the bottom of the atmosphere, it forms dew or frost. Water

vapor is thus in constant circulation. Some of the water which

is precipitated out of the atmosphere falls on the surface from

which it was evaporated, but much of it falls in places far distant

from those whence it was evaporated.



CHAPTER XV

ATMOSPHERIC PRESSURE

Th3 downward pressure (or weight) of the air has ah'eady been

stated to be about 15 pounds to the square inch at sea-level. It

is convenient to have some simple method of measuring and

recording atmospheric pressures. The instrument by wMch the

pressure of the atmosphere is measured is the barometer.

The barometer. The principle of the barometer is as follows:

A tube more than 30 inches long, closed at one end, is filled with

inercury. The open end of the tube is then placed in a dish

of mercury (Fig. 221). The mercury in the tube will sink until

its upper surface reaches a level about 30 inches above the level

of the mercury in the dish, if the place of the experiment is at

sea-level. The mercury remains at this level in the tube because

the pressure of the- air on the mercury in the dish is enough to

balance the weight of the mercury in the tube. Since the pressure

of the air at sea-level holds the mercury in the tube up about 30

inches (or 760 millimeters), the pressure of the air at sea-level is

said to be 30 inches (or 760 millimeters).

At elevations above sea-level the pressure is less, and the higher

the rise the less the pressure, as shown in the following table:

Altitude above Barometric pressure
£,ea-level, in feet. in inches.

30

1,800 28

3,800 26

5,000 24

8,200 22

10,600 20

The decrease of pressure with increasing height being known,

the altitude of a place above sea-level may be measured by means

262
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of the l)arometer. A special form of biiromcter, the aneroid Ijaromc-

ter, has ])een devised for this purpose.

Air pressures unequal. The pressure of the atmos{)liere varies

from point to point, and from time to time at

the same point. Some of the reasons are as follows

:

1. The temperature of the surface on which

the air rests is uneciual, and increase of temperature

makes tlie air lighter. As the temperature varies,

the pressure varies.

2. Water vapor in the air makes the air lighter

'because it crowds out some of the oxygen, nitro-

gen, etc., which weigh more than the vapor. The
amount of moisture in the air is greater in warm
regions (but not in hot deserts) than in cold ones,

and greater over moist surfaces than over dry ones.

Since the amount of moisture in the air varies from

time to time, the pressure is constantly changing.

If temperature and moisture were the only

factors controlling air pressure, the pressure would

be least in low latitudes where it is warmest, and

\\hpre there is abundant moisture. Since atmos-

pheric pressure is not least in low latitudes, even

where it is moist, we conclude that temperature

and moisture are not the onlv things which affect it.

Fig. 221.— Dia-
gi-am to illus-

trate the prin-

ciple of the
barometer. The
pres.siire of (he
air at A main-
tains the mer-
cury at B in the
tube when there
is no air in the
tube above B.

Representation of Pressure on Maps and Charts

Isobars. Lines may be drawn on the sur-

face of the earth connecting points where the

atmospheric pressure is the same. Such lines

are isobars. A map showing lines of equal pressure is known
as an isobaric 7nap or chart. An isobaric chart of the year,

that is, an annual isobaric chart, shows isobars connecting points

ha\dng the same average pressure throughout the year. There may
be isobaric charts for a season, for a month, or for any shorter

period. The daily weather maps are daily isobaric charts. Fig.

222 represents an isobaric chart for the year. The figures on the

lines indicate the a^erage pressure for the j'ear in inches.
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In the southern hemisphere, the isol:)ar of 30 inches encloses

a belt extending almost around, the earth, being interrupted only

in the vicinity of Australia. Every point within the area enclosed

by this isobar has an average atmospheric pressure of more than 30

inches. Eveiy point within the isobar of 30.10 inches has an aver-

age annual pressure of more than 30.10 inches, while every point

between the isobars of 30 and 30.10 has an average annual pressure

of more than 30 and less than 30.10 inches, etc. Between the two

adjacent isobars of 29.90 in the equatorial part of the Atlantic,

the pressure is less than 29.90, but not so low as 29.80. If the pres-

sure sank to the latter figure, there would have been isobars of

29.80 inches.

It will be remembered that the temperatures shown on land or

an isothermal chart are not those actually observed, but that allow-

ance is made for altitude above sea-level. In the same way, the

pressures shown on land on an isobaric chart are not those actually

observed. They are the pressures tchich ivould exist if there were no

elevation above sea-level. The allowance which must be made for

elevation above sea-level varies with the temperature and the

pressure. When the temperature is 70° F. and the pressure 30

inches, 95 feet of elevation diminishes the pressure 0.1 of an inch.

If the pressure 95 feet above sea-level is 30 inches, it would be put

down on the isobaric chart 30.1. If the temperature were lower,

0.1 of an inch would be added for a sHghtly lesser height, since

colder air is heavier.

Isobaric surfaces. An isobaric surface connects places having

the same pressure, that is, the same weight of air above. If, for

example, one place at sea-level had a pressure of 30 inches, and

another a pressure of 30.10 inches, the isobaric surface of 30 inches

would lie above sea-level at the place where the pressure is 30.10

at sea-level. If the pressure at sea-level at another place were

29.90 inches, the isobaric surface of 30 inches would be below sea-

level there. An isobaric surface, therefore, may have slopes.

Fig. 223 shows a series of isobars, with the pressure least at the

center, and Fig. 224 shows the slope of theisol)aric surfaces in the

same place. Fig. 225 shows another series of isobaric lines, with



ATiMOSPHERIC PRESSURE 265



266 PHYSIOGRAPHY

the pressure greatest at the center, and Fig. 226 shows the slope of

isobaric surfaces in the same region.

If a surface of water had the form shown by the uppeiTnost line

in Fig. 224, the water would flow in from all sides until the surface

Fig. 223.—A series of isobaric lines showing diminishing pressure toward the

center.

became level. If the water surface had the form shown in Fig. 226

the water would flow away from the top in all chrections. The

air, which is more fluid than water, acts in a similar w^ay, and

inoims doivn the slope of any isobaric surface which has slope. Such

movements of air are tcincls. When the isobaric slope (or isobaric

Fig. 224.— Section through the area represented in Fig. 223, showing the posi-

tion of isobaric surfaces. As the pressure toward the center of the area
shown in Fig. 223 diminishes, the isobaric surface bemis downward. It

will be seen that isobaric lines are the lines where isobaric surfaces cut sea-

level.

gradient) is high, the wind is strong; when the isobaric gradient is

low, the wind is gentle; and wlien there is no isobaric gradient,

that is, when the isobaric surface is level, there is no wind. The

strong wind is strong for much the same reason that a swift river
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is swift; the gentle wind is gentle for much the same reason that

the slow river is sluggish; while the al)sence of wind may be com-

pared to the pond in which there is no perceptible current because

there is no slope of the surface.

Fig. 225.—A series of isobaric lines showing increasing pressure toward the
center.

Returning now to Fig. 222 several points are readily seen:

(1) The isoljars have a general east-west course, though many ot

them are not straight; (2) on the average, they show greater pres-

sure in low latitudes than in high latitudes; (3) they are highest

Fig. 22G.— Section througli the area represented in Fig. 225, .showing the posi-

tion of the isobaric siu'faces. As the pressure toward the center of the
area shown in Fig. 225 increases, tlie isobaric surface bends upwanl.

(that is, they show highest pressure) in the latitudes just outside

the tropics; (4) they are more regular in the .southern hemisphere

than in the northern; and (5) they are, on the whole, more regular

on the sea than on the land.

Isobars and parallels. It will be remembered that isotherms

have a general east-west course. Is it the latitude, or the tempera-
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ture which is hxrgely determined l)y latitude, which influences the

pressure, and gives the isobars an east-west course?

If temperature controls the position of isobars, they should be

lowest at the equator, where it is warmest, and highest at the poles,

where it is coldest. Fig. 222 shows that this is not the case, and

it shows that pressures are distributed in apparent disregard of

temperature. The isobars are highest neither where it is coldest

nor where it is warmest. It is clear, therefore, that neither latitude

nor temperature, nor both together, control entirely the position oj

isobars.

Relation of isobars to land and water. The isobars are much
more regular in the southern hemisphere, where there is much water,

than in the northern hemisphere, where there is less. This suggests

that the distribution of land and water influences the position of

isobars. The land is wai'mer than the sea in the same latitude in

summer, and cooler in winter; and anything which influences tem-

perature should influence pressure also.

Isobars and temperature. The isol)aric map for January (Fig.

227) shows that the high-pressure (more than 30 inches) belt is very

wide in the northern hemisphere (winter), especially on the land,

which at this season is cooler than the sea. This supports the in-

ference that high pressure goes with low temperature. In the south-

ern hemisphere, January is a summer month, and the land is warmer

than the sea. If high temperature causes low pressure, the pressiu'e

in the southern hemisphere at this time should be less than that

in the northern, and it should be lower on the land than on the sea.

The map shows that l)oth these things are true. This chart, there-

fore, seems to show that high temperature reduces pressure.

A study of the isobaric chart for July (Fig. 228) leads to the

same conclusion. At that time of year, the pressure in the south-

ern hemisphere (winter) should be Ixigher, on the average, than in

January (Fig. 227). Especially should it be higher on land, as the

map shows it to be. In the northern hemisphere (summer), on the

other hand, the pressure should be less than it was in January, and

especially should it be less on land, which is much warmer than

it was in winter. Fig. 228 shows both these things to l)e true.

We have confidence, therefore, in the conclusion that high tern-
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perature reduces the pressure, while low temperiiture increases it.

The charts furnish other evidences in support of the same con-

clusions.

Isobars and humidity. We have seen (p. 225) that water vapor

makes the air li^htei-. But the isobars are not lowest over the

»)ceans in warm latitudes, where the air contains on the average

most moisture. We conclude, therefore, that the amount of moisture

in the air is not the chief factor controlling the isobars.

Inequalities of temperature and moisture in the air are the only

factors thus far studied which might affect the isobars; and since

they do not explain the most striking feature in the distribution

of atmospheric pressure, namely the high pressures in low latitudes,

we conclude that something besides temperature and moisture

must be involved in their explanation.

The high-pressure belts. The explanation of the high pressure

in low latitudes, rather than in high, and the explanation of the

highest pressures just outside the tropics, is not found on the iso-

baric charts. These larger features of pressure-distribution are

to be explained by the general circulation of the atmosphere under

the influence of rotation. The details of this explanation are here

omitted.

Temporary and local variations of pressure. There are many
variations of pressure not shown on seasonal or even on monthly

is()])aric charts, though they appear on daily weather maps. These

will be studied in a later chapter.



CHAPTER XVI

GENERAL CIRCULATION OF THE ATMOSPHERE

Inequalities of atmospheric pressure produce winds. Since

unequal heating, which produces unequal pressure, is going on all

the time, inequalities of pressure are being renewed constantly.

It follows that winds are always blowing. This results in a gen-

eral circulation of the atmosphere, the movement being always from

a region of greater pressure to one of less pressure, or in other words,

down an isobaric slope.

Causes of Winds

The general effect of unequal insolation. If the air over the

whole earth were quiet at a uniform, low temperature, and if it

could then be heated by the sun for a time without any horizontal

movement, the effect would be to raise its surface everywhere,

and to raise it most where it was heated most, that is, in the low

latitudes (Fig. 229). Under these conditions there would be a

barometric slope from low latitudes toward high latitudes. Be-

fore horizontal movement began, there would be no change of pressure

at the bottom of the air, for the same amount (mass) of air would

lie over each place, as before the heating. But if the surface of

the air had the form shown by the dotted line in Fig. 229, the upper

air would move as shown by the arrows. Since the air in low lati-

90 90°

Fig. 229.—The lower line may be taken to rej^resent tlic surface of the litho-

sphere, the upper full line, the ui)per surface of the atmosphere as it would
be if the temperature were low, and everywliere equal. The dotted line

at the top shows the effect of heating on tlu; surface of the air. The
heating raises the surfaces everywhere, but most in low latitudes. Move-
ment would result as indicated by the arrows.
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Plate XLVI

Fig. 1.—Fuunol-sliaped cloud of a tornado. Solomon, Kan.
(U S. Weather Bureau.)

Fig. 2.—Wreckage of the Union Station Power-house at St-

Louis, May 27, 1896. (U, S. Weather Bureau.)



Plate XLVII

Fig 1. Fig. 2.

Fig. 1.—Trees twisted off by toruadic winds. (Eiiienberiy.)
Fig. 2.—Straws driven ioto dry wood. (U. S. Weather Bureau.)

v^''b*-,j^>, . »>., *>-«;

C-

.:%
Vf. ..

I'ig. ti.—A scene in the so-c:ulled pelrilied I'orest, near liulbrook, Arizona.
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tudes is always warmer than tliat in hi^li latitudes/ the upper air

should always be moving from the equatorial zone to the polar

zones in both hemispheres. These poleward movements of the

90° 90°

Fig. 230.— The movomont of air indicated in Fig. 229 would result in the

further niovenieiit shown by the lower arrows in this figure.

upper air lessen the pressure at the bottom of the atmosphere in

low latitudes, because air has moved away from that zone. After

air has moved from the equatorial region toward the poles (Fig. 229),

there is more air over a given spot in high latitudes than in low. A
barometric gradient is thus established toward the equator at the

bottom of the atmosphere (Fig. 230). Air then moves from higher

latitudes to lower latitudes at the bottom of the air.

Here, then, we have the elements of a general circulation, a

pole-ward movement in the -p

upper air, and an equator-

ward movement in the lower

air, and the unequal heating

which generates these move-

ments is in operation all the

time.

If the earth (Ud not rotate,

these movements of air would

tend to follow meridians. The

poleward-moving air should

lilow north in the northern

hemisphere, and south in the

southern, while the air moving

toward the equator would blow

south in the northern hemi-

sphere, and north in the south-

ern. Rotation turns the air currents to the right in the northern

' High latitudes sometimes receive Tnore heat per day than low lati-

tudes (see
J).

2;!()), l)ut the air of high latitudes is never so effectively heated,

because of the abundance of ice, snow, ice-cold water, and frozen ground.

Fig. 2ol.— Ceneralized diagram of wind
directions at the bottom of the at-

mosphere.
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hemisphere, and to the left in tlie southern. Other things also inter-

fere with the north and south directions of the winds, as we shall see.

Effect of the extra-tropical belts of high pressure. Leaving

now the effect of unequal heating, let us note the effect of the high-

pressure belts just outside the tropics (Fig. 222). From these

belts the air flows to areas of lower pressure on either side, at the

bottom of the atmosphere. If it were not for the rotation of the

earth, the wind would blow north and south from each high-pressure

belt. But the rotation of the earth causes the winds to turn to the

right in the northern hemisphere, and to the left in the southern, as

shown in Fig. 231, which represents the prevailing direction of the

winds, at the bottom of the air, in low and middle latitudes. This

figure shows distinct zones of winds.

Wind zones. The poleward winds from the high-pressure

belts are turned toward the east in both hemispheres, and so be-

come ivesterly winds (southwesterly in the northern hemisphere,

and northwesterly in the southern). The winds blowing from the

belts of high pressure toward the equator become easterly (north-

easterly in the northern hemisphere, and southeasterly in the

southern), and are known as trade-winds. The trade-winds are

remarkably constant, and have been known for ages by navigators,

who have often taken advantage of them. Sailing from the Canary

Islands to find Asia, Columbus came under the influence of the

trade-winds, which bore him steadily across the Atlantic, For

many years seamen from England . followed this course. The zone

along the thermal equator where the northeasterly and south-

easterly trades meet, and where rising currents of air are stronger

than horizontal movements, is known as the zone of equatorial calms.

The position of this zone of calms sliifts a little with the sun, its

center (p. 241) remaining near the thermal equator.

The westerly winds of middle latitudes and the trades of low

latitudes are the prevailing winds at the bottom of the atmosphere.

They are sometimes called the planctarii winds.

Unequal heating of land and water. The unequal heating of

land and water interferes with the circulation indicated in Fig.

231. Land and sea breezes and monsoons have already been cited

(p. 249) as illustrations of the effects of this unequal heating. The
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daily land and sea Ijreezes are not usually felt far from shore,

and do not extend to great heigiits. Breezes corresponding to

laml and sea breezes are often felt al)out large lakes. The

Fig. 232. Fig. 233.

Fig. 232.—The isobars of India for January. (Bartholomew.)
Fig. 233.— Figure showing the direction of winds in India in winter. (Kop-

pen.)

sea-breeze is of consequence, not only by lowering the temperature

of the land in hot weather, but by bringing pure air to the land.

This is of much importance along densely populated coasts.

Fig. 234. Fig. 235.

Fig. 234.—The isobars of India for .\ugust. (Bartholomew.)
Fig. 235.—The winds of India in mitlsununer. (Koi)pen.)

India affords a good illustration of the monsoons. This coun-

try is in the latitude of the northern trades, where easterly (north-

easterly) winds should prevail. In Fig. 232 the gradient is from
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north to south, and the direction of the wind (Fig. 233) is in har-

mony with the planetary system (Fig. 231); but in Fig. 234 the

isobaric gradient is to the northward, because the land is warmer

than the sea, and the wdnds in the lower jDart of the air blow as

show in Fig. 235. That is, the planetary (northeast) wind

is overcome during the hot season by the winds which result froni

the seasonal change of temperature. At the same season, the low

pressure north of India, developed by the heat of summer, coun-

Fig. 236.— Isotherms of India for January. (Biichan.)

Fig. 237.— Isotherms of India for August. (13uchan.)

teracts the high pressure common in this latitude, and the pre-

vailing trade wind is displaced by seasonal winds. Figs. 236 and

237 show the isotherms for the same region at the corresponding

seasons, and make clear the relation between pressure and tem-

perature.

Spain, in the zone of westerly winds, affords another excellent

example of the monsoon winds. The general principle of the

monsoon makes itself felt about the Great Lakes.

Besides the planetary winds, the seasonal winds (monsoons)

and minor periodic winds (land and sea breezes, etc.), whose times

of coming and going are more or less regular, there are numerous

winds which blow at irregular times, and whose coming cannot be

foretold long in advance. These irregular winds are the chief

cause of the uncertain elements of the weatlier. Some of them

are due to unequal temperatures, some to unecjual amounts of
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atmospheric moisture, and some to other causes. These irregular

wimls will be referred to in tlie next cliapter.

Summary. We may now recall the chief points thus far studied

in connection with atmospheric circulation. These are as follows:

(1) Above the lower part of the atmosphere there is a pole-

ward movement of the air from low latitudes.

(2) There must be a return movement of air from high lati-

tudes to low; 1)ut outside the extra-tropical l)elts of high pressure,

this movement is not well defined in the lower part of the air.

(3) The extra-tropical high-pressure l)elts are the zones from

which the dominant planetar}- winds at the lK)ttom of the atmos-

phere start.

(a) These planetary winds tend to blow poleward and e([uator-

ward in each hemisphere, from the belts of high pressure. They
(and all other winds) are deflected to the right in the northern

hemisphere, and to the left in the southern hemisphere, by the

rotation of the earth, thus establishing the double trade-wind

zone, and two zones of westerly winds.

(4) The simplicity of the system of planetary A\'inds is inter-

fered with l)y the inequalities of temperature between land and sea

in the same latitude.

Velocity of wind. In general, the average velocity of winds is

greatest in latitude 50° or thereabouts. The average velocity for

the United States has been estimated at about 9.5 miles per hour,

and for Europe 10.3. The velocity is greater over the sea than over

the land, largely because the moving air is checked on land by
friction with the uneven surface. '^ It is also greater in the upper

air than in the lower, for the same reason.

The General Circulation and Precipitation

Rainfall is of great importance to all plants and animals which

live on the land. Few plants live in desert regions; and few animals

live where plant life is scanty. Human industries, too, are much
affected by rainfall, for no arid region supports a dense population,

' Helmholtz has calculated that if the whole body of air were set in motion
at the uniform rate of 20 miles per hour, it would take nearly 43,000 years to
slow it down to 10 miles, as a result of friction.
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Less than one-thirtieth of the people of the United States Hve in

the third of the country where the rainfall is less than 20 inches per

year. The best of soil is not fertile unless adequately watered.

Twenty inches of rain per year is generally considered to be the

minimum for general agricultural purposes, but something depends

on the temperature, something on the time of year when the rain

falls, and something on the soil. The warmer the climate, the more

the water needed. The total amount necessary is less if it falls

when the growing crops need it most. If rainfall could be dis-

tributed just as farmers would like to have it, 10 inches would

probably be enough in the middle latitudes of the United States.

Water or snow falling at times when plants are not growing is,

however, not worthless, for some of it remains underground, and

is reached by the roots of plants at a later time.

Land which can l)e irrigated does not depend directly on rain

and snow; but the water used in irrigation is derived from the

atmosphere, though in many cases the water falls far from the

place where it is used.

The distribution of rainfall is influenced largely by the winds,

which carry much moisture from the places where it is evaporated

to the places where it is precipitated. Winds help to deteraiine

where rain falls, how much falls, and at what times of the year.

To know what the rainfall (or snowfall) of any given region will be,

it is needful to know (1) what winds affect it, (2) the topography

of the surface over which the winds have already blown before reach-

ing it, and (3) the topographic situation and relations of the place

itself.

Rainfall in the zone of the trades. In the trade-wind zones,

the winds are l)lowing from higher to lower latitudes, and there-

fore, on the average, from cooler to warmer latitudes. As the air

is warmed, it may take more moisture. So long as the trades blow

over the sea, therefore, they do not ordinarily give rain. Where

they blow over low land, which in this latitude is generally warmer

than the sea, they take moisture, but do not drop what they have.

It follows that on the sea, and on low lands, like the Sahara, the

trade-winds are "dry." A part of Australia lying in the belt of

southerly trades is also dry.
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If, however, the air of the trades is forced up over mountains,

it is cooled, and some of its moisture may be condensed and fall as

rain or snow. The windward sides of high mountains in the trade-

wind zone have heavy rainfall. An illustration is afforded by the

east side of the Andes Mountains in the trade-wind zone. The
rainfall is there heavy {Flp:,. 2:^8). Another illustration is afforded

by the volcanic cones of the Hawaiian Islands. Tiie trade-winds

yield little rain to their lower slopes, but forced up over the

mountains they yield abundant moisture at higher levels. These

le^'els are readily seen ])y the change in vegetation at the le\'el

where the rainfall becomes abundant.

After the air of the trades passes over a mountain range, it

descends, and is warmed Ijoth by contact with the wann surface

aiul In^ compression. It therefore takes up moisture. The lee-

ward sides of moimtains in the trade-wind zones are therefore

regions of little precipitation. The west slope of the Andes J\Ioun-

tains in the zone of the trades is an example (Fig. 238). A high

mountain range on the east side of a continent in the zone of the

trades would tend to make all the low land -to the west of it dry.

Rainfall in the zones of the prevailing westerlies. The prin-

ciples wliich apply to the trade-wind zones apply also in the zones

of the westerly winds. These winds are, on the whole, blowing

from lower to higher latitudes, and so are being gradually cooled.

Thoy might therefore yield some moisture, even at sea-level or on

low land, and especially on land in the winter season. The heat

of the land in summer often prevents condensation and precipita-

tion of the moisture in the westerly -winds until the air has moved
far to poleward. But when such winds cross mountains they

yield moisture to their windward slopes and summits, and become

diy on the leeward slopes. A high mountain range on the west

side of a continent in the zones of westerly winds would tend to

make all the low land to the east of it dry, unless the moisture came
from some source other than the westerh^ winds.

From these principles we may understand the rainfall of the

United States, so far as it depends on planetar}^ winds. The pre-

vailing wdnds, for most of the country, are from the southwest.

Coming to the land from the Pacific Ocean, these winds find the
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land cooler than the ocean in \\inter, and wanner in summer. In

winter they yield moisture, even at low levels. This gives the

low lands of California their wet season. As the A\dnds blow on

across the mountains back from the coast, they yield more moist-

ure, so that all the area west of the top of the first high ranges,

the Sierras at the south and the Cascades at the north, is supplied

with rain and snow in the winter season. As the winds blow

beyond the Sierra and the Cascade mountains, the air descends

and becomes wanner, and therefore dry. East of these mountains

lie the semi-arid lands of the Great Basin with its Great Salt

Lake, and of eastern Oregon and Washington.

When these ^\dnds reach the higher parts of the Rocky Moun-

tains, which are higher in many places than the mountains farther

west, they again yield some moisture. But farther east, all the

way to the Atlantic, these winds are dry, for they cross no more

high mountains, and they do not generally go far enough north to

reach a temperature as low as that of the mountains they have

passed. For some distance east of the mountains the rainfall is

slight; but east of central Kansas and Nebraska the lands are well

supplied with moisture. It is therefore clear that sometliing be-

sides the westerly winds brings rainfall to this region. This agent

is the aperiodic cyclonic wind, to be studied in the next chapter.

The winds which blow from the Pacific to the continent in

summer have a different effect upon rainfall. At this time of year,

the winds find a temperature on the low lands higher than their

own. They are therefore "dry" in tliis region, and give to much
of California its dry season. Blowing inland, these winds reach

mountains so high that the temperatiu'e is low enough to cause

condensation and precipitation, even while the low lands to the

west are dry.

Farther north the case is somewhat different. In Washington,

for example, the mountains near the coast are high enough to occa-

sion precipitation even in summer. In Alaska, where some of the

mountains are always covered with snow, precipitation is heavy in

the summer, and at liigh altitudes it often falls as snow instead of

rain.

Monsoon winds may 3'ield niucli moisture. In general, they
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blow toward warmer regions, and so should be dry; but once

started, they are sometimes forced up over high mountains, and

precipitation follows. The heaviest rainfall on record, on the

southern slopes of the Himalayas, is due to monsoon winds. As in

the case of the planetary winds, it is the windward sides of the moun-

tains which receive the heavy precipitation from the monsoons.

It is clear, therefore, that the windward sides of high mountains are

places of heavy rainfall and snowfall.

Land and sea (or lake) breezes (daily) rarely yield much rain,

though they may give rise to fogs when they blow from the warmer

water to the cooler land. Valley breezes sometimes give rise to

heavy showerso



CHAPTER XVII

WEATHER MAPS

Fig. 239 is a weather map of the United States for January 12,

1899. Like other weather maps, it shows (1) isobars (full lines)

which iiuUcatc the distribution of atmospheric pressure; (2) the

Fig. 2;!9.— Weather map of the United States for January 12, 1899. The full

Hnes arc isobars, the broken Hnes isotherms, and the black circles indi-

cate cloudiness. (U. S. Weather Bureau.)

direction of the winds (shown by arrows) in ^•arious parts of the

country; (3) the condition of the air witli reference to cloudiness,

rainfall, snowfall, etc., at all points; and (4) isothenns (broken

lines), which indicate the temperature throughout the countiy.

283
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Weather maps are made by the Weather Bureau, a liranch of

the National Department of Agriculture. They are prepared in

various offices of the country, where telegrams are received daily

from numerous stations in different parts of the country. Each
telegram tells the pressure, the temperature, the direction and

velocity of the wind, the cloudiness, the rainfall and the snowfall,

etc., at the station whence the telegram is sent. These stations

are established and maintained l\v the Government.

Explanation of the Map
1. Isobars. The isobars of the map show a range of pressure

from 30.6 inches in the area centering about the Hudson River

Valley, to 29.5 in North Dakota. The pressure is more than 30

inches in the eastern half of the country, less than 30 inches in the

western interior, and more than 30 inches in an area near the Pa-

cific coast.

The isobar of 30.6, in the eastern part of the United States,

is a closed line. Outside of it is the isobar of 30.5. Since the

pressure rises as the isobar 30.6 is approached from outside, it is

inferred that it continues to rise after this isobar is passed. The

area inside it, therefore, has a pressure of more than 30.6 inches,

but not so much as 30.7 inches, else another isobar would have

been represented. Similarly, all points between the isobars of

30.6 and 30.5 have pressures between those indicated by these

figures.

The center of this high-pressure area is marked " high." " High "

on the weather map means an area where the pressure is distinctly

higher than that of its surroundings, and generally exceeds 30

inches, and the word is placed in the center of such an area.

To the west of the high over the Hudson River Valley the

pressure decreases steadily to North Dakota, where there is a center

of low pressure, marked ''low." "Low" means an area in which

the pressure is less than that of its surroundings, and generally

less than 30 inches. On the weather map the word is placed in that

part of such an area where the pressure is lowest.

The isobar of 29.5 about the low in North Dakota is a closed

line. Since the pressure is becoming less as this line is approached,
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it is inferred that the pressure at all pcnuts within this isobar is

less tlian 29.5, though nowhere so low as 29.4. West of the low

the pressure increases. The pressin-e in the high near the Pacific

coast is not so great as that in the high over the Hudson Valley.

Most weather maps show both lows and highs, or at least one

of each. Since this is the case, the atmospheric ])ressures are gen-

erally unequal in different parts of the country.

2. Winds. Wherever barometric pressures are unccjual,

isobaric surfaces are uneven. The arrows on a weather map (Fig.

239), show the direction of the winds, which blow as the arrows fly.

Their positions are based on the reports received at the map-making

offices, from the stations of the Weather Bureau. On January 12,

1899 (Fig. 239), winds were blowing away from the highs in the

east and west, respectively, and toward the low in the northwest.

The movements of air out from an area of high pressure constitute

an anticyclone, and the movements in toward an area of low pres-

sure constitute a cijclone. A cyclone is one type of a storm. The

winds in a cyclone are not always strong — rarely strong enough to

be destructive. The violent wind-storms, popularly called cy-

clones, are here called tornadoes.

Winds do not blow straight out from the anticj'clone centers,

nor straight in toward the cyclonic centers. They ma}' start

straight out from the center of each high, but in the northern

hemisphere they are turned (deflected) toward the right (right

hand half of Fig. 240), as most of the arrows about the anticyclones

(Fig. 239), show. Similarly, the winds which blow toward the

cyclonic centers do not blow straight toward them, but are deflected

a little to the right in the northern hemisphere (left part of Fig.

240), as most of the arrows about the lows (Fig. 239) show.

In the southern hemisphere, the winds are turned to the left instead

of to the right (Fig. 241).

The strength of the winds at various points ma}' be inferred

from the map. The distance from the center of the high in the east

(Fig. 239) to Lake Michigan is al)out 800 miles. The difference

in pressure is about .5 inch. This would cause a wind of al)Out 12

miles an hour— a fresh breeze— between these points. In general,

the gradient is high and the winds strong, where isobars are crowded.
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As the air moves in toward the center of a cyclone, it also mo\es

spirally up. This upward movement is of great consequence in its

effect on precipitation, as we shall see. The upward and outward

course of the air in a cyclone is shown in Fig. 242, which represents

a vertical section of a cyclone. It shows that the outflow above is

chiefly to the eastward, the direction in which prevailing winds blow.

3. Cloudiness, precipitation, etc. The open circle on the shaft

of an arrow (Fig. 239) indicates clear skies, the half-blackened

/^
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Fig. 240.— Diagram showing the circulation of air about a low, L, and a high,

H, in the northern hemisphere.

Fig. 241.— Diagram showing the circulation of air about a low and a high in

the southern hemisphere.

circle (as in Wyoming) shows that the sky is partly cloudy, while

the black circle (as in Illinois and Indiana) indicates general cloud-

ness. An R on the shaft of an arrow indicates rain, and an S in the

circle on an arrow shows that snow is falling. These symlwls do

not appear in Fig. 239.

4. Temperature. The l)roken lines of the weather map are

isotherms. The isotherm of 50° (Fig. 239) crosses the Gulf States,

and south of it the temperature is above 50°, but not so high as

60°, within the area of this map. The isotherm of 40° is very

crooked, extending from Georgia to Nebraska, and thence to

Arizona. All points between this isotherm and that of 50° have
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a temperature intermediate between 40° and 50°. Tlie isotlierm

of 30° is still more irregular.

The isotherms of Fig. 239 show two distinct features: (1) they

have little relation to parallels, and (2) tiie isotherms bend north-

ward where the pressure is low, and southward where the pressure

is high. This last feature is shown in most of the weather maps
which follow; but on many of them the isotherms follow the

parallels more closely than in Fig. 239.

The temperature, the pressure, the winds, the cloudiness, the

rain, etc., are the elements of the weather. All these things being

shown on the above map, it is appropriately called a iceather map.



288 PHYSIOGRAPHY
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Fig. 243.—Weather map for January IG, 1901. (U. S. Weather Bureau.)

j——



WEATHER MAPS 289

is that the inflowing air produces an \ip\var(l spiral furront, and the

rising air expands and is cooled (p. 257 and Fig. 242), and so gives

up some of its moisture. The prevailing winds which influence

the direction of outflow in the upper part of a cyclone (Fig. 242)

tend to carry the rainfall to the east of its center.

In the anticyclone there is a descending spiral movement of

air. The descending air comes from an altitude which is colder

than that at the bottom of the alm()S])here, and hence l)rings a

low temj)erature. Since the air is compressed and warmed as it

comes down, the winds from anticyclones generally l)ring clear

weather; but the cold air moving down and out from an anticy-

clone may mingle with the warm air al)out it, so as to cause some of

the moisture of the latter to condense, gi^'ing rise to clouds, or even

to precipitation.

Movements of cyclones and anticyclones. The highs and lows

do not remain in the same place from day to day. This is shown

by Figs. 245—248, which are the weather maps of four successive

days. In these figures precipitation is shown by shading.

In Fig. 245 there is (1) a low along the Atlantic coast; (2) a

high central over Iowa; (3) a feel:)le low north of Montana; and

(4) a high in Oregon. The map of the succeeding day (Fig. 246)

shows (1) that the low of the St. Lawrence Gulf has disappeared

(moved to the east)
; (2) that the high of the interior has moved

to West Virginia; (3) that the low which was north of Montana has

moved to Dakota; wliile (4) the high of the Oregon coast remains

about where it was. The map of the next day (Fig. 247) shows

(1) that the high of the Virginias has moved on, but not so far

as on the preceding day; (2) that the low which was over North

Dakota is now north of Lake Superior; (3) that the high of Oregon

lias moved east to Idaho and Montana; and (4) that a weak low has

developed in Oklahoma. The map of the 27th (Fig. 248) shows

(1) that the high which was over the Virginias has disappeared,

presumably to the east; (2) that the low which was north of Lake

Superior is now north of Lake Ontario; (3) that the high of ]\Ion-

tana has moved southeast to Kansas; (4) that the weak low (of

Fig. 247) in Oklahoma has disappeared; and (5) that another feeble

low has appeared in southern California.
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12^* 120° 115° nO° 105" >00° 95° 90' 85° 80° 75' ^°\ ^^jft^

115° 110° 105° 100° 95° 90° 85^ 80^ 75^ 70^

Fig. 245.— "Weather map for September 24, 1903. The shading on this and

succeeding maps represents precipitation. (U. S. Weather Bureau.)
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Fig. 246.—Weather map for September 25, 1903. (U. S. Weather Bureau.)
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Fig. 247.
—

"Weather map for September 20, 1903. (U. S. Weather Bureau.)

\J'> 120' ]\i' WO' 105" 100' 95- 90

Fig. 248.— Weather map for September 27, 1903. The symbol which ai>
pears in central Arkansas and western Tennessee indicates a thunder-
storm. (U. S. Weather Bureau.)
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The rate of progress of the storm is not the same as the velority

of the wind. The velocity of the wind depends on the isobaric

gradients. A weak c3'clone, that is, a cyclone in which differences

of pressure are not great, gives rise to weak winds even though

tiie center of the storm moves rapidly. A strong cyclone, that is,

one in which the differences of pressure are great (Fig. 243), gives

Mean tracks and average daily movement of storms in tlie United States.

Fig. 2oO.—The heavier lines show the tracks of anticyclones, and the lighter

lines the paths of cyclones. Off the South Atlantic coast, anticyclones
are likely to turn northward. (U. S. "Weather Bureau.)

rise to strong winds, even though the cyclone itself mo^'es fonvard

slowly.

The course of a cyclone may be shown on a single map, as in

Fig. 249. The row of arrows shows that the low of Maine has moved
from Colorado, while that of Oklahoma has advanced from Nevada.

The shading indicates precipitation.

The mean tracks of cyclones and anticyclones for the United

States are shown in Fig. 250, the heaider lines sho\\dng the average

paths of anticyclones, and the lighter lines the tracks of cyclones.

Some anticyclones enter the United States from the Pacific

while others start north and northwest of Montana, or at any rate
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are first known there. Cyclones make their first appearance in.

various places. More of them originate near the places where

anticyclones start than in any other place; but not a few appear

first in Colorado, the Great Basin, in Texas, and. elsewhere.

Still another set of lines in Fig. 250, marked 1 dai/, 2 days, 3

days, and 4 days, show the average rate of daily progress of the

storms which come in from the 'northwest on successive days. The

average forward movement of cyclones is about 700 miles per day.

The passage of a cyclone or anticyclone involves a change in

the direction of the wind. Thus in Fig. 246, the wind at St. Paul

is southeasterly, though tlais city is in the zone of westerly winds.

The next day, after the storm center has moved forward to a

position northeast of St. Paul (Fig. 247), the wind is northwesterly.

In the zone of westerly winds, an east wind is often the first incUca-

tion of an approaching cj^clone; and since a cyclone often brings

rain, the east wind is generally taken as a sign of rain throughout

much of the United States.

Cyclones do not affect the air to great heights. Even when the

great whirl or eddy is 2,000 miles across, as is sometimes the case,

its height (depth) is rarely more than 4 or 5 miles.

Winds incidental to cyclones and anticyclones. During the

passage of a cyclone, air is often drawn from wanner (lower) to

cooler (higher) latitudes. In midsummer this often gives rise to

the hot wave, though hot waves are not always closely associated

with cyclones. Similar winds are known as the sirocco in the west-

ern Mediterranean region, and they go l\v other names elsewhere.

Cold ivaves often attend the anticyclones. These winds are

known as northers in the southern part of the United States, and

sometimes as blizzards in the northern part, though this name
usually implies heavy snow fall and high wind, as well as low tem-

perature. Fig. 251 shows tlie weather map for January 3, 1896.

The isotherms bend southward about the high, so that central

Texas and Montreal have about the same temperature. On the

following day a freezing temperature has been carried down to the

orange groves of northern Florida.

The origin of cyclones and anticyclones of middle latitudes is

not well understood.
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Tropical cyclones. Cyclones soiiiotiinos start in tropicid regions,

and follow courses very different from those of the cyclones of

middle latitudes. The cyclones of this class which reach North

America usually originate in tlie West Indies, and are most com-

mon in tlie late summer and early autunni. They follow a north-

westerly course mitil the latitude of Morida is reached. Here they

commonly turn to the northwanl, and later to the northeastward,

Fig. 251.—Map showing the cold wave of January 3, 1896. (U. S. Weather
Bureau.)

following the Atlantic coast. The heavy line of Fig. 252 shows the

average path of tropical cyclones for the months of August, Sep-

tember, and October, for the years 1878 to 1900.

The tropical cyclones are usually stronger than those of inter-

mediate latitudes; that is, the gradient and the winds are higher.

They often do great damage along the coast, both to shipping and

to the low lands near the water. The storm which worked such

disaster to Galveston in September, 1000, is shown in Fig. 253.

This figure also shows (1) the course of the storm before it reached

Galveston and after leaving it, and (2) the rate of its progress.
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The strength of the storm was exceptional, and its course unusuaL

as will be seen by comparing Fig. 253 with Fig. 252.

Tropical cj'clones do not occur in the South Atlantic, but in the

Pacific they occur on both sides of the eciuator. They occur in

the later part of the hot season of the latitudes where they occur.

The tropical cyclones of the North Pacific start in the vicinity of

Fig. 252.— Course of West Indian storms for August, September, and Octo-
ber, 1878-1900. The lighter lines show the tracks of individual storms,
the heavy line the mean course. (U. S. Weather Bureau.)

the Philippines, and sweep the coast of China, and are called

ti/phoons.

Weather predictions. Weather predictions are based on the

facts shown on weather maps. Take, for example, the map of the

25th of September, 1903 (Fig. 246). Rain accompanies the cyclone

which is central over Dakota. Since this storm has, for the last

24 hours, been moving a little south of east at the rate of about

40 miles an hour, it is fair to presume that it will move in this same

general direction at a similar rate for the next 24 hours. If, in

this time, it advances to the Lake Superior region, it will probably
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bring with it weather similar to that whicli it is now giving to the

region where it occurs. Hence, on the 25th, the prediction might

be made that rain is to be expected in about 24 hours in the region

about the head of Lake Superior.

On the 26th the prediction might be made that the low whicli

is central north of Lake Superior (Fig. 247) will move on to the

Gulf of St. Lawrence by the succeeding day, and that rain will

accompany it. Rain for the region about Lake Huron and the

area east of it may, therefore, be predicted for the 27th. The

chart for that day (Fig. 248) shows that the area of precipitation

extends far to the south. The preceding map had shown some

cloudiness in this region, but had afforded no warrant for the

prediction of such an area of precipitation as appears on the map
of the 27th.

Temperature changes as Avell as changes in precipitation may
be predicted. Thus in Fig. 245 the isotherm of 40° bends south-

ward notably in the high central over Iowa. As the high moves

east, it will probably carry the low temperature with it. Hence

it is safe to predict that the temperature will fall in the area into

which the anticyclone is to move. The map of the succeeding

day (Fig. 246) shows that the temperature of western Virginia has

fallen from about 60° to about 40° along the path of the high, while

areas much farther north are warmer.

Fig. 246 also shows that North Dakota and Alberta have a

temperature of 50°, that is, a temperature of 10° warmer than that

of western Virginia. It will be noted, too, that the relatively high

temperature of Dakota, Montana and Alberta goes with a low. As

the cyclone moves eastward, the temperature along its path will

probably rise. This is shown by the map of the next day (Fig.

247), which shows a temperature of about 50° north of Lake Supe-

rior. The same map shows how the isotherm of 40° bends to the

southward in front of the high which is central over western Mon-

tana. As the high of Montana moves eastward, it will be likely

to carry cold temperature with it. From this map, therefore, it

may be predicted that the temperature in Nebraska, Kansas, Iowa,

and Missouri will fall.

The time when the rain which a given storm may bring to any
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given place will fall, is calculated from the rate at which the .storm

IS progressing, and the prediction of the time of arrival of a cold

wave which an anticyclone is likely to luring, is based on tlie rate

of progress which the anticyclone is making. This rate is known
in advance for each anticyclone by telegraphic reports. Pre-

dictions concerning the weather may be made more readily for the

Fig. 2.54.— (U. S. Weather Bureau.)

central and eastern parts of the United States than for the western

part, for the storms have been under observation longer before they

reach the central and eastern parts.

Failure of weather predictions. Weather predictions often fail.

The reasons are many. Some of them are the following:

1. Cyclones and antic3'clones sometimes depart widely from

the courses they are expected to take. Thus a storm may be in

line for St. Paul, to which it is expected to bring rain and a rising

temperature; but instead of keeping its course, it may turn off to
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the northward, and the rain which was predicted for that city

falls farther north..

2. Storms often change their rate of advance, and so arrive

earlier or later than predicted. The high of Oregon (Fig. 245) did

not advance for a da}- (Fig. 246), and so failed to bring the expected

changes to the area east of it.

MONDAY. lANUARY.gl. 1895-8 A. M,.

Fig. 255.—This map shows the storm of the preceding day greatly

changed in character. (U, S. Weather Bureau.)

3. A third cause of the failure of predictions is found in the fact

that storms sometimes appear and disappear without warning.

Fig. 246 shows a low of which there had been no indication on

the 25th, over Oklahoma. Fig. 248 shows that this low has dis-

appeared.

4. A storm sometimes changes its character, becoming weaker

or stronger, etc. Figs. 254 and 255 afford an illustration. Nothing

in the map of the 20th would warrant the prediction of the condi-

tions of weather shown on the map of the 21st.
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5. Predictions arc sometimes ]):iso(l on imperfect data. On some

weather maps the letterM appears in various phxees. This means

that reports from the station where the M appears are missing. If

many reports are missing, the map is imperfect, but the forecaster

must use such data as he has, as well as he may, and issue a map.

6. In some situations storms are subject to many freaks. This

is the case, for example, at Chicago, where the lake modifies tem-

perature and air currents.

Forecasters, like other men, make mistakes, but when they

have to work with so man}^ uncertain elements, it is not strange

that their predictions are sometimes wrong, and one mistake is

likely to l^e rememl)ered longer than many correct forecasts.

Property saved by predictions of storms, frosts, floods, etc.

In spite of all mistakes, the warnings of storms, floods, cold waves,

etc., sent out by the Weather Bureau, have been of great benefit.

The value of this service is not always duly appreciated, and much
less is heard of it than would have been heard of the losses which

would have resulted if warnings, had not been given. Unfortu-

nately, it is not alwa^'s possiljle to devise protection against the

evils of which the Weather Bureau gives warning.

It has been estimated that property valued at $15,000,000 was

saved in 1897 by warnings of impending floods. In 1903-4 the

estimated saving was $1,000,000.

Shipping interests are served b}' warnings of storms. Thus, in

September, 1903, vessels valued at $585,000 were held in ports

temporaril}', along the coast of Florida, by storm warnings.

Agricultural interests are also served by warnings of storms

and of "cold waves," and especially of frosts. Warnings led to the

protection of $1,000,000 worth of fruit aljout Jacksonville, Florida,

in 1901, ^^dth an estimated saving of half this amount. Other

warnings of cold in 1901 were estimated to have been the means

of saving more than $3,000,000 worth of property. Fruit and truck

farming are the phases of agricultural worlc most effectively served

in this wa}'.

Special Types of ^Storms

Thunder-storms. Thunder-storms are frecjuent in the United

States. They are most common in warai regions, and in Marm
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seasons. Further, they are most common on days whioh are

unusually warm, and during the wanner parts of these days; Ijut

there are occasional thunder-storms in the winter, and there are

thunder-storms at night.

The first indication of a thunder-storm is usually a large cumulus

cloud (Fig. 256) which, in the zone of the westerly winds, generally

api^ears in the west. It moves

_^~/^^Cs. eastward, and as it reaches the

^-
>'--.*' •-.->^ place of the observer, there is

(^% _ , L-, usually a smart breeze, or ihun-

^•i>^; f:, :^:::, ^35-, rfer-sgwa/Z, rushing out before it.

"^-^-""^ T""! ^ X
~° ' Shortly after the sc|uall the rain

/ \\\ begins to fall. The rainfall may

f \\
^ ^^ heavy, and the drops large

^ / / I
\ \ \ but the downpour does not us-

\ \ ually last more than an hour,

'-X
'^ '^ and, in many cases, much less.

-
^"~~ A second thunder-storm some-

" times follows close upon the
Fig. 256.— Ascending currents and

first, thus prolonging the period
cumulus cloud before a thunder- .

^
o o i

storm, (Ferrel.) of rainfall. When a thunder-

storm has moved on to the east,

the air is notaljl}/ cooler and fresher, and the barometer distinctly

higher.

When water is condensed rapidly in the air, electricity is pro-

duced, and the surface of each water particle becomes charged

with electricity. The charge of the individual droplets increases

as they increase in size, and the lightning is due to the discharge of

the electricity from one ^Dart of a cloud to another, or from one

cloud to another, or from the cloud to the ground.

The flash of lightning is followed by thunder, the noise being

due to the vil^rations in the air caused by the electrical discharge.

The thunder has been compared to the noise which follows the

explosion of a rocket or the cracking of a whip (Davis).

In middle hit itudes, most thunder-storms occur during the passage

of cyclones, though they do not accompany all cyclones. They are

more common on the south sides of cyclones than elsewhere, and

a c
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they often occur at a considerable distance from the center of the

storai. In middle latitudes, thunder-storms move generally from

west to east, while in the zone of trade-winds they move from east

to west. In both cases they move with the prevailing winds.

The forward movement of thunder-storms is commonly 20 to

50 miles an hour. They often spread, and become weaker as they

move foi"ward (Fig. 257). They usually disappear before they

have traveled far. The period of a thunder-stonn is usually much

shorter than that of the cyclone which it accompanies.

It sometimes happens that lightniiig at a great distance lights

the clouds over a region where the

electric discharge itself cannot be

seen. This lighting of the clouds

is often called heat lightning, be-

cause it is more commonly seen

in hot weather than at other times.

Rainbows sometimes accom-
pig. 257.-Shapeoft]umrlor-storm

pany or follow thunder-storms. in ground-plan, illustrating its

Thev are usuallv seen just after
^''''l^' ""^u- rf?f

""' '^ ^''"
•' gresses. (Waldo.)

the passage of a thunder-storm,

while a little rain is still falling, but after the sun has appeared.

They are seen opposite the sun, that is, in the west in the morning,

and in the east in the evening. There is sometimes a second bow
outside the first, but fainter. The rainbow is due to the effects of

the drops of water in the atmosphere on the sun's ra3^s. A bow

is also seen when water spray, such as that at a great waterfall, is

seen in the bright sunlight.

Whirlwinds. Distinct ascending whirls of air are often seen

on hot days. They are most distinct in dusty regions, for there

the dust which is swept up makes the whirl conspicuous; From

ii given point in the Mojave Desert, in California, as many as eight

or ten of these whirls, some of them rather large, have been seen at

one time on a hot summer day. The whirlwinds are probably

caused b}' the excessive heating of the air at some point, and this

excessive heating gives rise to a sharp convection current. It

moves on for a time with the prevailing wind, but soon plaj^s out.

In humid regions, whirlwinds do not usually appear to extend
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up to any considerable height; but in desert regions they often reach

heights of 1,000 feet or more, as shown by the whirling columns

of dust. The rise is sometimes so great that the air is expanded

and cooled enough to cause condensation of even the small amount

of moisture contained in the desert air. Smart showers may then

occur. Showers of this sort are likely to be of short duration, but

the rainfall is sometimes very heavy. If exceptionally heavy, such

rains are known as cloudbursts. In such a storm in the summer of

1898, rain enough fell in a few minutes, in the vicinity of Bagdad,

in the Mojave Desert of California, to occasion serious washouts

along the railroad for miles. A cloudburst at Clifton, S. C, June

6, 1903, caused the loss of more than 50 lives, and property damage

to the estimated extent of $3,500,000. In desert regions the water

which starts to fall from the rising and expanding air is sometimes

evaporated before it reaches the ground. Such "suspended"

showers may be seen often in Arizona in August.

Tornadoes. When a convection current is very strong, and has

very small diameter, the whirl l^ecomes so intense in some cases as to

cause great destruction. A whirling storm of this sort is a tornado.

Tornadoes, like thunder-storms and whirlwinds, are phenomena

of hot weather. They occur in the United States in the warm sea-

son, appearing earlier in the south, and later in the north. They

are rather less abundant in the later part of the summer than in the

earlier part. Thej' are more likely to occur in a c3'clone than in

an anticyclone.

The tornado may be looked upon as a concentrated cyclone or

strong whirlwind. The atmospheric pressure in the center of the

tornado is usually much lower than in the center of a cyclone. In

a very strong tornado the pressure at the center may be a fourth

less than that of its surroundings. This is one reason why the tor-

nado is so destructive. During its passage the pressure may be

reduced from the normal amount, 14.7 ll)s. per square inch, or 2,117

lbs. per scjuare foot, to three-fourths of this, or to 11 lbs. per square

inch, or 1,584 lbs. per sciuare foot. If such a tornado passes over

a closed building in which the air pressure is 2,117 lbs. per square

foot, the pressure on tlie outside becomes 1,584 lbs. Th.c walls

are therefore pushed out with a force of 533 lbs. per square foot,
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and unless they are very strong, they will fall, as if the building

had exploded. Sometimes only the weakest part, such as windows,

yields.

Not only is the pressure at the center of the tornado very low, I nit

the area of low pressure is very small. While a cyclone may be 1,000

miles or more across, a tornado may be no more than one-eiglith

of a mile across, or even less. The result is that the pressure

gradient in a tornado is very much higher than in a cyclone, and

the winds are violent. Their velocities, estimated by the size and

height of the objects moved, have been thought to reach 400 or

500 miles per hour. With this velocity, or even a velocity which

is much less, the destruction is great. Trees are overturned, build-

ings unroofed or even blown down, and bridges hurled from their

foundations.

A tornado is often seen first as a funnel-shaped cloud (Fig. 1,

PI. XL\T, p. 272), the point of wliich may be far above the ground.

As the funnel moves forward, its lower end may rise or fall. The cloud

is due to the condensation of the moisture in the sharp convection

current, and the funnel shape is due to the expanding and spread-

ing of the air as it rises.

The tornado is, of all storms, the most destructive, but, in most

cases, it has a veiy narrow track, and does not work destruction

for a very great distance. After a short course most tornadoes

die out, or rise above the land.

One of the most destructive, though not one of the most violent,

tornadoes of recent times was that at St. Louis, May 27, 1896.

It accompanied a thund-er-storm in the southeastern part of a

cyclone, central some distance northwest of the city. One of the

extraordinary features of this storm was the fact that its base was

about 30 feet above the surface. Trees were twisted off at this level,

and the principal destruction of houses was above the first floor.

As in other tornadoes, the wind played many curious freaks.

Single stones and bricks were picked out of walls, while the walls

remained standing. In one case a pair of horses attached to a

loaded wagon were blown away, though the wagon was not over-

turned. The destruction of property in and about St. Louis was

estimated at about $13,000,000.



306 PHYSIOGRAPHY

A more violent tornado was that at Louisville on the 27th of

March, 1890, just before nine o'clock in the evening. Its rate of

advance was nearly 40 miles per hour, but its cUameter was so

slight, al^out 300 yards, that it took but about three-fourths of a

minute for the storm to pass a point. It was accompanied by "a

most terrific electric display." Many weak luiildings were wrecked.

Fig. 258.—Weather map for the morning of the day (March 27, 1S90) of the

Louisville tornado. (U. S. Weather Bureau.)

76 persons were killed and aljout 200 injured in Louisville alone,

and the loss of property was estimated at about .$2,500,000.

Waterspouts. Waterspouts are tornadoes at sea. When the

base of the upward spiral movement is down to the surface of the

water, sea-water may be drawn up to some slight extent by the

ascending current. The lesser atmospheric pressure in the center

of the whirl will occasion the rise of the water to some extent at

that point, and the upward current of air may catch it and carry

it upward. But the larger part of the water in a waterspout is

probably cloud, formed by the condensation of the water vapor in

the air, and not by the uplift of water from the sea.
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Foehn winds, chinook winds, etc. W'lien warm, moist air is

forced up over mountains, it precipitates some of its moisture.

The precipitation sets free heat, so that tlie rising air is cooled much

less than it would be otherwise. Beyond the crest of the mountains

it descends, and is warmed in the process. It is warmed much

more (oft^en twice as much) in the tlescent than it was cooled in the

ascent. It may, therefore, descend as a hot wind. Such -winds are

known as ]oehn winds in Switzerland, and as chinook winds in the

United States, especially just east of the Rocky Mountains. The
same process takes place in other regions.

These winds may be beneficial or harmful. Thus the chinook

winds temper the rigorous winters of certain parts of the north-

western states and the Canadian provinces east of the mountains.

They frequently evaporate a foot or more of snow in a few^ hours.

For this reason they are sometimes called " Snow^-eaters." These

winds make winter grazing possible over large areas. In the prov-

ince of Alberta the chinook has been declared to be "the grand

characteristic of the climate as a w^hole, that on which the weather

hinges." These winds sometimes develop with great suddenness.

At Fort Assiniboine, Montana, on January 19, 1892, the tempera-

ture rose 43° F. (from -5.5° to 37.5°), in fifteen minutes, under the

influence of the chinook wind. In other cases the temperature has

been known to rise 80° in six or eight hours.

The chinook winds of summer are sometimes so hot and drying

iv3 to wither vegetation, and occasionally to destroy crops com-

pletely.



CHAPTER XVIII

CLIMATE

Something has been said concerning climate in preceding chap-

ters, but the subject will be summarized here, and studied in con-

nection with the zones of the earth.

Definition. Climate is the average succession of weather condi-

tions for a long period of time. The average weather of a place

for ten years would give some idea of its climate; but the average

weather for twenty years would be better, and the average for 50

or 100 years would be better still. The distinction between climate

and weather is correctly recognized by such expressions as these:

The winter climate of Chicago is cold and windy; but the winter

weather of Chicago in 1905-6 was mild.

The Elements of Climate

The principal elements of climate are temperature, moisture,

and wind.

Temperature as an element of climate. In speaking of the

climate of a region, account is taken not only of (1) the average

temperature of the year and (2) the average temperature of the

several seasons, but also of (3) the temperature of exceptional sea-

sons, and (4) the extremes of temperature during the season.

Sensible temperature, or the temperature as it feels to us, and abso-

lute temperature, as shown by a thermometer, are also to be taken

into account. Moist air of a given temperature seems much warmer

than dry air of the same temperature when the temperature is

high, and much colder when the temperature is low. Sunstroke is

much more common where the relative humidity is high than where

it is low. Sunstrokes are rare, for example, in the arid west, even

with temperatures much aljove those of Chicago or New York.

Sudden changes of temperature are also less harmful where the

308
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relative humidity is low than where it is high. Air of a given tem-

perature seems cooler when in motion than when quiet.

Moisture as an element of climate. Climate takes account of

(1) the average amount of yearly precipitation, (2) the variations

of precipitation from year to year, (3) its average distribution

through the year and departures from this average, (4) the propor-

tions which fall as rain and snow respect i\-ely, (5) relative and (6)

alisolute humidity (p. 255) even when there is no precipitation,

and (7) cloudiness.

Uniform and variable climate. If the range of temperature is

small, the distribution of precipitation somewhat equal, the winds

nearly constant in direction and strength, tlie climate is uniform.

If, on the other hand, the variations of these cUmatic elements are

great, either in one year or in successive years, the climate is vari-

able. The climate of the middle and northern latitudes of the

United States is variable because (1) the annual range of tem-

perature is great, (2) because the range varies from year to year,

(3) because two summers or two winters may have very different

temperatures, (4) because changes of temperature may be very

sudden, and (5) because the amount and distribution of rainfall and

snowfall vary much from year to year, and from season to season.

A variable climate varies in different ways. (1) A region which

is always dry during one season of the year and wet during another

has a climate which is variable irithin the year ivith reference to

precipitation; the climate of such a region may, however, be very

nearly the same from year to year. (2) A region which is hot at

one time of the 3'ear and cold at another is variable tcithin the year

ivith respect to tertiperature. In such regions, too, one ^^inter or sum-

mer may be much cooler or warmer than the next, giving a variation

from year to year rather than from season to season. (3) In some

regions the winds shift regularl}- from season to season, as where mon-

sooas blow. The climates of such places are variable within the

year xcith respect to winds, and this makes them variable also with

respect to other elements of climate. The climates of such regions

may be unifomi from year to year.

The climate of a region may vary in other ways also. Thus

some summers or some winters may be much warmer or much drier
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than others. The meaning cf "variable cHmate" is therefore

itself variable.

Classification of Climates

As in the case of many other topics, climates may l^e classified

in various ways, and. each classification helps to emphasize some

important point. One classification has alread}' been suggested,

namely, uniform and variable.

Another classification has reference primarily to the amount

of heat received from the sun. On this basis the earth is subdi-

vided into climatic zones, the borders of which are parallels. These

climatic zones may be said to represent solar climate, but the climate

which insolation alone would give is much mochfied by other fac-

tors, as we have seen.

The effect of land and water on temjoerature has already been

noted. It is so important that climates are also classified as oceanic

and continental. Continental climates, in turn, may be subdivided

on the basis of (1) distance from the sea, (2) height above the sea,

and (3) topographic relations. The controlling element in most of

these classifications is temperature.

Climatic Zones

The climatic zones commonly recognized are (1) the torrid zone,

the center of which is the equator, (2) the temperate zones, which

occupy the extra-tropical latitudes, and (3) the frigid zones, which

lie about the poles. Better names for these zones are the tropical,

the intermediate, and the polar zones ^ respectively, and these terms

will be used hereafter. The limits of these zones are defined

(1) by latitude, (2) by the direction of the winds, or (3) by tem-

perature.

Zones defined by latitude. Defined by latitude, the tropical

(or torrid) zones lie between the tropics (233'<2° N. and 233^2° S.),

the two polar zones extend from the poles to the Arctic and Ant-

arctic circles respectively (90° N. to 66i^° N., and 90° S. to 663-^° S.),

and the two intermediate zones lie between the tropical zones and

the polar zones on either hand (233^° N. to 663^° N., and 23)^2° S.

to 663 L>° S.).

'Ward. Bull. Am. Ceog. Soc, vol. xxxviii, 19J;).
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./"'^''•^H TEMPERATE ZO«^

liiOPIC OF CAI

According to tliis classification, the tropical zones are the zones (I)

wliere the sun is vertical at some time during the year, (2) where
variations in the length of (Uiy and night are least, (3) where the

annual insolation is- greatest, (4) where the range of annual insola-

tion is least, and consequently (5) where the annual range of tem-

perature is least.

The intermediate (temperate) zoyies are the zones (1) wliere the

sun's rays are never vertical, (2) wliere the days and nights are

very unequal, but where the sun

is never above or ])elow th'e hori-

zon for 24 hours together, (-o)

where the amount of insolation is

less than below the tropics, and

(4) its annual range greater.

The polar zones are the zones

(1) where the days and nights are

sometimes more than 24 hours

long. They ai-e the zones (2) of

least annual insolation, and (3)

of greatest range of insolation in

the course of the year.

According to this definition

of the zones, each of tlie tropical zones is about 23} 2° wide, each

of the intemiediate zones about 43°, and each of the polar zones

about 231 2°.

This classification is simple, l:)ut the limits of the zones do not

always separate one .sort of climate from another. Thus the climate

of the belts where the trade-winds blow is much the same eveiy-

where; but the trades extend beyond the tropics.

Zones defined by winds. ^ If climatic zones be defined by the

direction of prevailing winds, the tropical (or trade-wind) zones

are the zones where the trade-winds blow. They extend somewhat

beyond the tropics, even to latitudes of 30° or 35° on the eastern

sides of the oceans. The intermediate zones lie poleward from the

trade-^\dnd zones, and are characterized l)y prevailing westerly

winds and varial)le climate, l)ut the}' have no definite poleward

^ Davis, Elementary Meteorology.

Fit ;. 259.— Diagram showing the
zones, as defined by latitude.
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boundaries. If definite poleward boundaries must be assigned,

they might l^e placed at the polar circles, though the westerlies

appear to prevail beyond them.

This definition of zones is less definite and simple than the pre-

ceding, but if it lea^-es the zones with rather vague boundaries, it

is because Nature has left them so.

Zones defined by isotherms. If the zones be defined on the

basis of temperature, the dividing-lines between zones are iso-

160' Ib0° 120' 60° 40* 0* • O* SO* i20*

Fig. 260.— Zones defined by temperature, in degi-ees Fahrenheit. (Supan )

therms. One division which has been suggested makes the annual

isotherms of 68° the equator-ward limits of the intermediate zones,

while their polar limits are the isotherms of 50° for the warmest

month (Fig. 260). On tlie whole, this seems a fairly satisfactory

basis for the definition of clinuitic zones.

Suhdivisions of the Zones

Each climatic zone has at least two principal su])divisions, a

continental and an oceanic. The oceanic climate of any zone pre-

vails where there are extensive areas of water, and the continental

climate prevails elsewhere.
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Oceanic climates.^ Oceanic climates are less varialjle than

sontinental climates. Between the latitudes of 0° and 40°, the

daily range of temperature is only 2° to 3° over the sea. It is

far more on land. The annual

range of temperature over tiio

sea is also much less than that

on land. This is illustrated by

Fig. 261, which shows the yearly

variation on the island of Ma-
deira (curve M, about 13° F.)

and at Bagdad (curve Bd, more

than 40° F.), in Asia Minor, both

in rather low latitudes (al)out

33°). The former represents a

marine climate, the latter a con-

tinental climate. In higher lat-

itudes, the differences are still

greater, as shown by the curves

V and A^. The former represents

the marine climate of Valentia,

on the southwest coast of Ire-

land (lat. about 52°, tempera-

ture range about 14° F.), and

the latter the continental cli-

mate of eastern Siberia, some-

what farther north (range more

than 90° F.).

The humidity of the oceanic

climate is greater than that of

continental climates. This re-

sults in more cloudiness, and
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and the greater amount of moisture on such coasts, affect both

plant and animal life. These effects go beyond the mere facts of

life and death of the animals and plants, and even beyond the ques-

tion of their thrift. It affects the cjuality of their seeds, tubers, etc.

For example, wheat grown in marine climate has less nutrition than

wheat grown in a continental climate. Potatoes grown in the arid

West, where the necessary (but no unnecessary) water is supplied

by irrigation, are more valuable for food than those grown in moister

climates.

Continental climates. In contrast with marine climates, con-

tinental climates have greater annual and daily ranges of tempera-

ture. In high latitudes the skies are clearer, and the winters colder;

in low latitudes the winters are warmer than over the sea. The

humidity is less, the rainfall is less, and the rain less frequent in

the interiors of the continents than over the sea; l)ut the amount

and distribution of rain is influenced liy topography, winds, etc.

The air over continents is drier and dustier than that over the

sea.

A desert climate is an extreme sort of continental climate.

Here the daily range of temperature is great. Winds are high by

day, a/ud the air dusty, often so dusty as to make travel difficult.

The nights are calmer and cooler. The drjaiess is hostile to plants,

and therefore to animals.

The littoral (coastal) climate on the windward side of the conti-

nent is very like the oceanic climate of the same latitude. In the

zones of westerly winds, therefore, west coasts have oceanic cli-

mates, and east coasts have continental climates. In the zone of

trade-winds the east coasts have oceanic climates.

The climate of the littoral zones is sometimes influenced by

monsoon winds. So important are these winds that it is proper

to speak of a monsoon climate. Monsoons are generally on shore

in summer, and so give summer rains if the lands are high.

Mountain and 'plateau climates differ from other continental

climates because of (1) the greater insolation and radiation which

go with increase of altitude, (2) the less absolute humidity, (3) the

lower temperature, and (4) the greater frecjuency of precipitation,

especially in mountains, up to certain altitudes
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Climatic effect of forests. Forests have some influence on

continental climates. They lower the summer temi^erature l)y

increasing the radiating and evaporating surfaces, and by increasing

the cloudiness. They increase the relative humidity of the air, 1)ut

it seems to be uncertain whether they have much effect on pre-

cipitation. In any case, they tend to hold back the water after it

falls (that is, they retard the immediate run-off, p. 30), and to retard

the melting of snow, so that their general effect on the moisture of

the region is much the same as it would be if the precipitation were

increased. Forests also afford protection against winds.

The Climates of the Several Zones

The Tropical Zones

The first characteristic of the climate of these zones is its liigh

temperature, with the oceanic climate more uniform and less warm
than the continental. The prevailing winds are easterly,—-north-

easterly in the northern tropical zone, and southeasterly in the

southern,— with a zone of calms (the doldrums) between. Many
lauds in the path of the trade-winds, as the Sahara and part

of Australia, are desert; but where these winds ])low over moun-

tains or plateaus, they yield moisture to them, especialh' to their

windward sides or l)ortlers (p. 279). The abundant rainfall on the

east slope of the Andes, on the taljleland of Brazil, and on the

higher parts of the Hawaiian Islands, are illustrations. Even in

the Sahara, there are mountains which occasion rain enough to su]>

port forests, but the streams from the mountains soon disappear in

the desert.

Monsoon winds are strong in places in the tropical zone, and

locally give rain to regions which woukl otherwise be dry. Since

monsoons generally blow from sea to land during the warm season,

the monsoon rains generally fall at that time.

The tropical zone does not depend entirely on winds for its rain-

fall. Hainfall and cloudiness increase toward the center of the

zone, wliile the strength of the mnds decreases. In the doldrums,

the rising air of the convection currents carries up abundant mois-

ture, wliich, on cooling, is condensed and precipitated, gi^'ing daily
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(afternoon )raius. In this belt flonrish the forests of the Amazon
and of middle Africa.

Along the coasts of tropical lands, the temperature is modified

by the daily sea-breezes, as well as by the monsoons.

The range of temperature in the tropical deserts is considerable.

The average annual temperature of the Sahara is al)out 80° F. The
temperature of the warmest month averages about 90° F., and thtit;

of the coldest about 70° F.; the average annual range is therefoit

relatively slight. But the yearly extremes of temperature are iar

greater, for the temperature sometimes reaches 120° F,, and some

times drops to 50°. Great as this range (70°) is, it is far less than

that of most inland places in the intermediate zones, where extreme

ranges of 120° are not uncommon.

Climate of Intermediate Zones

The average temperature of the intermediate zones is lower

than that of the tropical zone, their annual range of temperature is

greater, and their daily range, on the average, less.

These zones receive from the sun less heat per square mile than

lower latitudes, where the rays are more nearly vertical. This

explains their lower average temperature. The range of tempera-

ture from season to season is greater than in the tropical zone,

because of (1) the greater inequality of day and night, and (2) the

greater range in the angle of the sun's rays, and therefore greater

variation in their heating power. In latitude 45°, for example,

there are, at the maximum (summer solstice), about 153/2 hours of

svmshine (and heating) and S^o hours of night (and cooling), wliile

at a minimum (winter solstice) there are but 8} o hours of sun-

shine, with 153^^ hours of night. Not only this, but when the days

are longest, the sun's rays are most nearly vertical, so that the heat

received in an hour is greatest when the days are longest, and least

when they are shortest (Fig. 2V.\). The result is that the summers,

even in the latitude of 45°, may be yery hot, while the winters are

very cold. The summer heat, at its maximum, is not less than that

of the tropical zone; and the winter cold, at its severest, is frigid.

The annual range is greater in the higher latitudos of this zone than

in the lower.
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These great extremes of annual temperature, and the sudden

;hanges of temperature and of humitUty which accompany the

passage of cyclones and anticyclones, make the term "temperate"

singularly inappropriate for the intermediate zones.

The climates of the northern and southern intermediate zones

are very unlike. The difference is due chiefly to the greater extent

of land in the northern henisphere. The climate of most of the

southern zone is oceanic, while the climate of much of the northern

zone is continental.

Compared with the corresponding zone of the northern hemi-

sphere, the cool summers are one of the striking features of the

intermediate zone of the southern hemisphere. Clou(Uness and

humi(Uty prevail, except in the lee of mountains. These charac-

teristics of the climate are not favorable for agriculture, and the

lands of the southern hemisphere in latitudes corresponcUng to those

of London and New York, are usually unproductive. This is be-

cause of the cool summers, rather than because of cold winters.

Westerly ^^•inds prevail in the intermediate latitudes (p. 274),

and many features of the climate in these zones are determined by

them. The effect of these winds on the climate of the United

States has already been outlined (p. 279). Where they blow over

land wliich is warmer than the sea (lowlands in summer), they are

dry winds, because they take up moisture; but when they blow over

land which has a temperature lower than their own (most lands in

winter, and mountains at most times), some of their moisture is

condensed, and rain (or snow) falls. The windward slopes of high

mountains in these zones are therefore well supplied with moisture,

while plains to the lee of such mountains are generally dry. The prin-

ciples of this explanation may be applied to other lands in this zone.

Middle latitudes do not depend entirely on the Avesterly winds

for their rainfall. Cyclones often furnish moisture (p. 287) where

the westerly winds would bring none. Thus east of the 9Sth

meridian in the United States the rainfall is generally enough for

farming, though not supplied by winds from the Pacific.

The cyclone and the anticyclone are important factors in the

temperature, as well as the precipitation, of the intermediate zones.

They give us our greatest annual extremes of heat (during cyclones
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in summer) and cold (during anticyclones in winter). They are

also the cause of the sudden changes of weather, and so are an

element of the variable climate of these zones.

The prevailing westerly winds tend to carry the oceanic climate

over onto the western borders of the continents. Hence the mild

climate of the western coasts of both North America and Europe.

On both these coasts the range of temperature, like that of the

tropical zone, is relatively low. Blowing over the cooler land, the

oceanic winds give abundant moisture, and often much cloudiness

and fog, especially in the higher latitudes in winter.

The continental interiors of the intermediate zones have much
greater ranges of temperature than the western coasts, and the

ranges become greater with increasing distance from the ocean,

and with increasing latitude. In Siberia, for example, in high lati-

tudes and far from a w'estern coast, are found the greatest annual

ranges of temperature known.

The climates of the eastern borders of the continents are unlike

those of the western borders. On the former, continental rather

than oceanic climates prevail. The differences are made clear if

the climate of Vancouver is contrasted with that of Labrador, and

that of England with that of Kamtchatka, on opposite sides of a

continent (see Figs. 217 and 218).

Questions. 1. How would the climate of North America be affected if

the mountains of the west were shifted eastward (1) to the central part of the

continent? (2) To the eastern border of the continent?

2. What would have been the effect on the climate of central Europe if

there had been a high mountain range along the west coast of Europe?

3. What would have been the effect on the climate of South America if

the Andes Mountains had been on the cast side of the continent instead of

the west?

Climate of the Polar Zones

The distribution of the sun's heat is more unequal in the frigid

zones than in lower latitudes (p. 229). At the poles there is half

a year of continuous night and half a year of continuous day. Be-

tween the poles and the polar circles, the inequality of heat distri-

bution is less than at the poles, but still great.

Though the seasonal range of insolation is greater here than in
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lower latitudes, the annual range of temperature is often less than

in some other places. This is because a large part of the surface is

covered with snow or ice, and the heat received from the sim can-

not bring the temperature of the surface a])Ove 32° F., so long as

the snow and ice renuiin. Where these conditions exist, the sum-

mer temperature of the air is raised l)ut little aljove the freezing-

point.

Precipitation in the polar zones is not usually heavy, and much
of it falls as snow. Where the surface is continually covered with

snow or ice, the precipitation is generall}" heaviest in sunmier.

The winds are then more heavily laden with moisture, and l)lowing

over the siu-face of snow and ice, the air is cooled to the dew-point

(p. 257) or below. Because of the low temperature of winter, the

air of that season contains but little water vapor, and so gives but

little snow.

Rainfall and Agriculture

The amount of rain which is necessary for agriculture varies

(1) with the crops to be raised, (2) with the temperature of the

regions, and (3) with the distribution of the precipitation through

the year. The higher the temperature the more the rainfall nec-

essary for growing plants. A few inches of rain in temperate lati-

tudes would be enough for crops, if it fell just when the growing

crops needed it. With the existing irregularit}' of rainfall, the

amount should not be less than 20 inches per year in middle lati-

tudes to make crops at all sure. Even more than this is necessary

in the lower latitudes of the intermediate zone. Of this amount,

much should fall in the season when crops are growing.

In the cultivation of semi-arid land, care should be taken in

the selection of the crops to be raised.

Hann calls attention to the fact that in Jamaica and the Barba-

does the sugar crop can be calculated with approximate accuracy

from the amount of precipitation. In South Australia, land wliich

has 8 to 10 inches of rain will support 8 or 9 sheep to the scjuare

mile. In New South Wales, 4 inches more of rainfall will allow

the land to support 96 sheep per square mile; an increase of 7

inches more (20 inches in all) will allow an equal area of land to

support 640 sheep. In Argentina, with 34 inches of precipitation,
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land will maintain 2,630 sheep per square mile.^ These figures do

not take account of differences of soil.

Climate and life. The distribution of life is controlled very

largely by climate. The dry deserts of low latitudes, the deserts

in the lee of lofty mountains, and the snow deserts of polar regions

are essentially climatic. Where rainfall is adec^uate and where

(temperature favors, life abounds wherever there is a proper soil;

and even the accumulation of a proper soil is influenced by climate.

The best soil is worthless where water is wanting, or where the tem-

perature is too lov.' for plant* life.

Of Australia it has been said: "Land without rain is worth

nothing; and land in an Australian climate, with less than 10 inches

a year, is worth next to nothing. Rain-water, without land, if the

water can be stored in a reservoir and sent along a canal, is worth

a great deal." ^

It has been pointed out on earlier pages that great progress

has been made in the last few years in learning how to cultivate

land wliich has scanty rainfall in such a way that it becomes pro-

ductive, even where it cannot be irrigated. These results have

nowhere been more successful than in eastern Colorado and western

Nebraska.

From the human point of view, winds are an important element

of climate. Calms are enervating and winds stimulating. Winds

are of great importance to health where population is dense, for

they blow away the dust and other impurities which tend to gather

about cities.

Changes of Climate

Within historic time. The records of climate, covering as much
as a century for some parts of our country, afford little basis for

the popular notion, especially among elderly people, that the climate

is changing. One reason for this rather common idea is that there

seems to be a tendency to exaggerate the striking features of ex-

ceptional seasons. The winters of heavy snow, or of intense cold,

are the winters wliich are best remembered. Another reason for the

notion that climate is changing is that people change their place

' Wills, cited by Hann.
"^ Wills, cited by Hann.
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of resideiioe, and compare the climate of the phice where they once

Uved, perhaps New York, with that of the phice wliere they now

live, perhaps Iowa.

Variations in rainfall, temperature, etc., do occur in short periods.

Thus there seems to be a faintly marked weather cycle of al)out

eleven years, corresponding to tiie sun-spot cycle. A longer cycle

of aliout thirty-five years is indicated for iMU'ope, where records

have been kept longer than in our own coiuitry. Within this

cycle there may ])e said to be two fo(;al periods of a few years each,

one when the rainfall is above the average, and the temperature

below, and the other when the rainfall is below the average and

the temperature above. The reason for this cycle is not yet known.

Variations of this sort afTect the movements of glaciers. This

has been observed especially in connection with the glaciers of the

Alps. They advance after (commonly some years after) peiiods

of years of heavy precipitation and low temperature, and retreat

after periods of years of light precipitation and high temper-

ature.

Certain historic facts have been thought to show changes of

climate in some places since the beginning of the historic period.

Thus regions once populous are now too arid to support a large

population. This is the case in southwestern Asia and northern

Africa, where there are ruins of aqueducts and irrigating canals in

places where there are now no adec^uate sources of water.

In pre-historic time. There is abundant evidence of great

changes of climate in the course of the earth's history. There have

been at least three (probably more) periods, widely separated in

time, when there were glaciers where glaciers do not now exist.

During some of these periods there were extensive glaciers in low

latitudes, even in regions which now have tropical and subtropical

climates (India, Australia, South Africa, and South America).

Warm climates, on the otlier hand, have persisted for long

periods in polar regions, even down to relati^'ely recent times. Thus

Greenland enjoyed a warm climate not long (geologically) before

the development of its present ice-sheet, as shown Ijy the remains

of plants, such as magnolias, which once grew there. It seems

probable that the climate of the present time is cooler, and has a
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greater range of temperature, than has been common throughout

the hirger part of the earth's history.

Repeated changes in humidity seem to be as clearly indicated

as changes in temperature. Regions which have moist climates

now (e. g., New York and Ohio) have been arid at times in the past,

and regions which are arid now (e. g., Arizona) have enjoyed moist

climates at times in the past. The former aridity in the first case

is shown by salt and gypsum deposits, and the humidity in the

latter case is known by conclusive evidence of luxuriant plant life

in regions which are now nearly desert,. There are, for example,

extensive "petrified forests" in Arizona (Fig. 3, PI. XLVII, p. 273),

where many petrified logs are found, buried in the clay and sand

which were deposited here after the trees grew.

From what is now known of the climates of the past, it seems

clear that causes have long been in operation which bring about

variations both in temperature and humidity. These causes have

been thought to be (1) geographic, and due to the changes in the

relations of land and water, or to changes in the topography of the

land; (2) astronomic, due to changes in the shape of the earth's

orbit, etc.; and (3) atmospheric, due to changes in the constitution

of the atmosphere. Still other causes have been conjectured. As

the facts concerning these changes are studied, they seem to be

pointing to the third of these lines of explanation as the most

probable. It cannot be said, however, that final conclusions have

been reached.



PART IV

THE OCEAN

CHAPTPJi XIX

The Ocean as a \\'ii()Le

The oceans lie in the fi;reat depressions in the earth's surface

(p. ;?). These depressions are railed Ixisins, l:)ut they have little

resemblance to the homely vessel which bears this name. If

with a string four feet long as a radius, we draw on the blackboard

an arc three feet long, it will represent about an eighth of a circle.

This may he taken to represent the width of tlie Atlantic Ocean

between the United States and Europe. If the top of the chalk

line stands for the surface of the ocean, another line representing

the bottom of the ocean could not well l)e drawn below it with a

common crayon, without exaggerating the depth of the water.

Fig. 262 may help to give us some conception of the real shape of

an ocean l)asin, which is, in general, convex upward.

The sea-level. The surface of the sea is very different from

that of the land. The latter is uneven, while the former is essen-

tially even. We speak of the surface of the sea as if it were level,

but it is in reality a curved surface, and its curvature is nearly that

of a sphere, somewhat flattened at the polos.

What the physical geography of the sea includes. The physi-

cal geography of the sea includes many things. Among them are

(1) the distribution of its waters, (2) its depth at all points, (3)

the topography of its bottom, (4) the composition of its water,

(5) its color, (6) its temperature at the surface and beneath it, (7)

its movements, (S) its life, and (9) the material of its bottom.

The ph}'sical geography of the sea has become known in various

ways. The composition of its waters is known b}- chemical analysis,

323
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Some of its movements, such as waves, may be

seen and studied from the shore, but others, such

as the currents (streams in the ocean), are less

readily seen.

The most that is known of the depth of the

ocean, its temperature, its life, and the material

and topography of its bottom, has become known

through exploring expeditions which have been

sent out from time to time to study these things.

The expeditions which have done most have been

fitted out by governments in some cases, and by

societies or individuals in others.

Distribution of the ocean waters. The distri-

bution of the ocean water has been outlined in a

general way in connection with the land (p. 4).

The ocean encircles the earth in latitude 60° S.,

and the waters south of latitude 40° S. are some-

times called the Southern Ocean. From it the

Atlantic, the Pacific, and the Indian oceans extend

northward. In the northern hemisphere the land

makes an almost complete circuit in latitude 60° to

70°, whence it extends southward in two great

arms. North of latitude 70° or so, lies the Arctic

Ocean.

Depth. The average depth of the oceans is

about two and one-half miles, or between 12,000

and 13,000 feet. The Pacific is the deepest ocean,

and its greatest known depth of ocean water is

nearly six miles, a trifle more than the height of the

highest mountain above the sea. There are many
places where the depth of the ocean exceeds four

miles, aiul the area of very deep water is much
greater than the area of very high land. The

areas which are far ])elow the average depth of

the ocean are often known as deeps.

The greatest depth of water known, 31,614 feet,

is in the Northern Pacific, near the Ladrone Islands.
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Another area of almost equal depth (o0,9.']() f(H't) is the Aldrioh Deep

northeast of New Zealand. The Tuscarora Ueop, nearly 28,000

feet, is east of Japan.

The greatest depth of water in the Atlantic is noilh of Porto

Rico in the Blake Deep (27,366 feet). This deep, like those of the

Pacific, is long and narrow, has steep slopes, and is parallel to the

great ridge of which Porto Rico is a part. In few other places in

the Atlantic does the depth reach 20,000 feet. The Indian Ocean

is not known to have depths much exceeding 20,000 feet, and the

deepest known place in the Soutliern Ocean is still less.

The depth of the ocean is known l)y soundingfi. Soundings are

made from ships, by reeling out a heavy metallic weight held b}' a

fine steel wire. The weight is so fastened to the line as to ])e set

free when it reaches the bottom, for it is much simpler to leave it

at the bottom than to draw it up again. A sounding of 3,000

fathoms may be made in about an hour. (Why not use a rope,

instead of a wire, in sounding?)

Volume. The volume of water in the oceans is nearly fifteen

times the volume of land above sea. If all the material of the land

were carried to the sea and deposited in its basin, it would raise

the level of the water about 650 feet. If the surface of the litho-

sphere were brought to a common level by planing down all ele-

vations and l)uilding up the deep parts of the ocean basins, the

ocean water would cover the whole of the earth to a depth of about

9,000 feet, or nearly two miles.

Topography of the bottom. The larger part of the sea's bottom

is nearly flat, and is therefore ver}' unlike the land. The surface

of the land is made rough in various ways, but especially by run-

ning water; but rivers do not flow on the bottom of the sea, and

the difTerenco l)etween the topography of the sea bottom and that

of the land is due largely to their absence from the sea bottom.

In spite of the general flatness of the sea bottom, its relief is

not less than that of the land. The irregularities of its bottom

are of several types. These are (1) volcanic cones, often built up

from the bottom of the deep sea to the surface of the water, and

even far above it (p. 167); (2) steep slopes or scarps, such as those

where the continental platforms slope down to the deep sea basins,
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and such as those about some of the iDronounced deeps; (3) vallei/-

like depressions, especially on the continental shelves; (4) great

ridges somewhat like the mountain ridges of the land; and (5)

broad, 'plateau-like swells, much above their surroundings, and

over which the water is not ver}^ deep.

1. Volcanic cones are more numerous in the Pacific Ocean than

elsewhere, and more numerous in its deeper western part than in

its shallower eastern part. They seem to rise abruptly, but their

slopes are much less steep than they seem. The upper parts of

volcanic islands rarely have a slope of more than 30°, and their

lower parts rarely more than 6° to 10°. Below the sea the slope

is still gentler, rarely more than 3°, or 1 mile in 20 (Fig. 263).

2. Though the. slopes of the bottom at the edges of the conti-

nental .shelves and above the deeps are steep, as slopes in the ocean

Fig. 263.—Diagram illustrating a slope corresponding to 1 : 20.

bottom go, they are much less steep than many slopes on land.

A slope of 1 mile in 8 is rare, and a slope of 1 mile in 20 (Fig. 263)

can hardly he said to be common. Such a slope would make a steep

railway grade.

3. On many continental shelves there are valleys which are

much like river valleys. Many of them are continuations of valleys

on land. Thus the Hudson, the Delaware, the Susquehanna, the

St. Lawrence, and other valleys are continued out under the sea.

Submerged valleys are commonly thought to have been formed

by rivers when the areas where they occur were land.

4. Examples of mountain-like swells are furnished by Cuba and

the adjacent islands, which are really the crests of a great mountain

system rising from deep water.

5. An example of the plateau type of elevation is the Dolphin

Ridge of the Atlantic (Fig. 264). This broad, low swell extends

to latitude 40° S., and (hvides the basin of the Atlantic into two

troughs, the one to the east and the other to the west, where the

water is much deeper than over the ridge itself. In the Southerri

Pacific, many volcanic islands rise from submerged plateaus.
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From the foregoing it will be seen that great irregularities are

found on the sea bottom as on the land, but that the many small

unevennesses of the land, especially those made by running water

wind, glaciers, etc., do not appear on the ocean's bed, except in

very shallow water.

Composition op Sea-water

One hundred pounds of sea-water contains nearly three and

one-half (3.44) pounds of dissolved mineral matter. Of this, salt

makes up more than three-fourths (nearly 78%), but many other

substances occiu' in very small quantities. These mineral matters

in the sea-water make it a little heavier than fresh water. If all

the salts of the sea were taken out of solution and laid down as a

layer of solid matter on the ocean bottom, they would make a layer

about 175 feet thick.

Sources of mineral matter. Mineral matter dissolved in water

is being carried to the sea by rivers all the time. Rivers have

brought the sea most of its mineral matter, though some of it may
have been dissolved from the rocks beneath the sea, or about its

shores. The mineral matter carried in solution to the sea by rivers

in a year would make nearly half a cubic mile.

The minerals which are most plentiful in the sea are not those

which are most common in the rocks of the land. Those minerals

of the land which are most easily dissolved get into rivers, and

thence to the sea, in greater quantity than those wliich are less

soluble. But some of the minerals in the sea-water, such as salt,

do not exist in the common rocks of the land. They are made by

the union of a sul)stance in the rocks, with a gas in the air or water.

Granite, for example, has no salt, but it contains sodium, which is

one of the elements of salt. When the sodium unites with chlorine

(a gas), the result is salt. It takes much granite to yield a little salt.

Withdrawal of mineral matter from the sea. Of the mineral

matters carried to the sea by rivers, calcium carbonate, the sub-

stance of which most shells are made, is most important. The

amount of this substance in river water is nearly as great as that

of all others. Common salt is present in river water, but its amount



THE OCEAN 329

is so small that it cannot be tasted; 3'et the amount of salt in the

sea-water is more than 200 times that of calcium carbonate. The

reason is that calcium carbonate is ])eing taken out of the water all

the time by animals which live there, to make shells, coral, etc.,

while most of the salt carried to the sea stays in the water, and this

seems to have been true for millions and millions of years.

Gases in sea-water. Tiie sea-water contains dissolved gases

also. The most abundant are those of the air, namely nitrogen,

0X3^gen, and carbon dioxide. The amount of oxygen dissoh'ed

in the ocean is rather more than ^1 o
of that in the air; the amount

of nitrogen about j^^ that of the air, while the amount of carbonic

acid gas in the sea is 18 times that in the air.

Much of the gas in the ocean was dissolvetl from the atmos-

phere. After being taken into solution at the surface, the gases

are distributed through the whole ocean, parti}' by the movements

of the water, and partly in other ways.

The oxygen of the water is being used all the time by the ani-

mals which live in the sea, and its supply is being renewed all the

time by solution from the air. Animals and plants do not use the

nitrogen dissolved in the water, and the same nitrogen probably

stays there from year to year and from age to age. The carljon

dioxide is being used all the time by the plants of the sea, and

some if it is constantly escaping into the air.

Salinity, density, and movement. Some parts of the sea are

more salt than others. There are several reasoas for this: (1) The
salt is left behind when ocean water evaporates. Since evapora-

tion is more rapid in some places than in others, the water becomes

more salty where evaporation is great, as generally where the

climate is hot. (2) Where the amount of rainfall is great, the water

is freshened. (3) Where rivers enter the sea, they bring ia fresh

water. In all the above ways the saltness of the sea-water at the

top of the ocean is being changed all the time.

The more salt there is in water, the heavier it is. Ever}^ change

in its saltness changes its density, and unequal density causes

movement. When the surface water becomes more dense than

that beneath, it sinks, and the lighter water comes in over it from

all sides. When the surface water of one place becomes less dense
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(fresher) than the water about it, the hghter water spreads out on

the surface, for the same reason that oil spreads on water. Since

variations in the saltness are being produced all the time, motion

due to unequal density is constant. Movements brought about

in this way are usually very slow, and may be called cree]).

Salinity and color. The sea is generally blue or green, but its

color varies from place to place and from time to time. The blue

is deeper where the amount of salt is great. Thus inland seas, such

as the Mediterranean, which are more salty than the open ocean,

are of deeper blue. The cold and less salty waters of high latitudes

are often distinctly green. Many of the variations of color are due

to the tiny particles of solid matter in suspension in the water.

Microscopic animals and plants, and the sediment washed or blown

out from the land, or furnished l)y volcanoes beneath the sea, all

help to give the sea-water of different places its different colors.

The Temperature of the Sea

Temperature of the surface. The surface of the ocean, like

that of the land, is warmer near the equator, and cooler toward

the poles (-Fig. 216, p. 242). Nearthe equator its temperature is about

80° F.; near the poles, where not frozen, it is about 28° F. When
the temperature sinks below the latter figure, the sea-water freezes,

and the surface of the ice may become as cold as the air above it;

but the temperature of the water just beneath the ice is never

much below 28° F. The decrease of temperature toward the poles

is by no means regular, as shown by the isothermal charts. In

Fig. 216-218, for example, the isothermal lines over the ocean

are not parallel with the parallels of latitude.

In the open ocean, ocean currents make the isotherms depart

from the parallels. Some of these currents are of cold water flow-

ing into warmer water. These are cold currents. Some of them

are of warm water flowing into cooler water. These are warin

currents. A cold current turns an isotherm toward the equator,

and a warm current turns it toward the pole. Ffg. 217 shows the

effect of a warm current in the North Atlantic on the position of the

isotherms.
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There are oilier reasons why the surface water of tlie ocean

does not get colder steadily from ec|uator to poles. Rivers enter-

ing the sea are often warmer than the sea in summer, and colder

in winter. The}', therefore, help to make surface temperatures

unequal. Enclosed or partly enclosed arms of the sea in low lati-

tudes are warmer than the open ocean in the same latitude. The

highest temperatures of the sea are found iu such situations. The

surface temperature of the Red Sea is sometimes 90° or even 100° F.

Temperature and movement. Water expands on being warmed.

Warm water is therefore lighter than cold water, if both are ecpially

salt. It follows that unequal surface temperatures cause move-

ment of the surface waters. The movements due to this cause

are always slow, but since the surface temperature is kept une(iual

all the time by unequal heating, by the inflow of rivers, and by

melting ice, there must be constant though slow movement of the

surface waters, loecause of (Ufferences of temperature.

Temperature beneath the surface. The water l)ecomes cooler

with increasing depth, except where the surface is at or near the

freezing-point. Even where the surface water is warmest, the

temperature at a depth of a few hundred fathoms is below 40° F.,

and that at the bottom still colder. The following tal)le sliows the

average temperature of the sea at various depths:

Average
Depth Temperature

600 feet 60.7°

1,200 feet 50.0°

3,000 feet 40 .

1°

6,000 feet 36.5°

13,200 feet 35.2°

It is estimated that not more than one-fifth of the water of the

ocean has a temperature as high as 40° F., while its average tem-

perature is probably below 39° F. At the bottom of the deep sea

the temperature is generally below 35° F. The only parts of the

ocean bottom where the temperature is as high as 40° F. are

certain areas of shallow water, and the enclosed seas of relatively

low latitudes.

The temperature of the water below the surface is known by
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a thermometer made for this especial purpose. Its cliief peculiari-

ties are (1) that it will stand the great pressure of deep water, and

(2) that it will record the temperature of any depth.

The ice of the sea has been referred to in other connections (p.

102). The movement of floating ice is controlled partly by the

winds, and partly by the movements of the water in which the ice

floats.

The Movements of Sea-water

Causes

We have seen that differences in saltness and in temperature

make water unequal in density, and that differences in density pro-

duce a slow circulation of the waters of the sea. There are other

causes, also, which produce movement. Among them are (1) dif-

ferences of level, (2) winds, and (3) the attraction of the moon

and the sun. There are also (4) occasional causes, such as earth-

quakes and volcanic explosions, which produce sudden, and in some

cases disastrous, movements.

Movements due to the inequalities of level. The inequalities

of level which produce movement are brought about chiefly by

(1) the discharge of rivers, which raises the surface of the sea at the

point of inflow; (2) winds, which pile up the waters along the

shores against which they blow; (3) unequal rainfall, which raises

the surface most where most falls; and (4) unequal evaporation,

which lowers the surface most where it is greatest.

Inequalities of level of the surface cause movements of its

waters. The movements due to unequal rainfall and evaporation

are generally too slight to be seen or felt. Those caused by the

inflow of rivers and by the wind are greater. Thus, beyond the

mouth of a great river like the Amazon, the movement is often dis-

tinct for many miles, and waters are often piled up against a shore

by winds, to such an extent as to be readily seen. During a storm

on the coast of India in bS64, the water was raised 24 feet at Cal-

cutta, drowning 48,000 people. The raising of the surface of the

water caused most of the destruction in the storm at Galveston,

already referred to (p. 295). When the water level has been raised

along a coast by the wind, it will settle back after the wind goes
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down. Since the causes producing cliffercnc^cs of level are always

in operation, movements due to these differences are always taking

place.

Movements due to the wind. Winds produce temporary differ-

ences of level, as just noted, but they also affect the water in other

ways. They produce waves, and they drag along tlu; surface of

the water over which they blow. In some cases, this movement is

fast enough so that it may be seen or felt. This movement is

sometimes called drift.

Since winds are always blowing, the movements which they

cause are always taking place. When winds have a constant direc-

tion, as in the zone of trades, there is always movement of the sur-

face water in the same direction. A steady movement in one di-

rection will always cause a return movement, thus producing a

circulation of the sea-water.

Movements due to the sun and moon. liodies attract each

other in proportion to their masses, and inversely as the squares

of their distances. That is, a body which weighs twice as much as

another has twice the attractive force at the same distance. If one

of two bodies of the same mass (or weight) is twice as far from a

third body as the other is, their attractive forces on the third are

to each other as 1: 4.

The side of the earth towards the moon is nearer the moon than

the center of the earth is, and so is attracted by the moon
more strongly than the center. The opposite side is attracted less

strongly than the center, and these differences of attraction disturb

the waters of the earth. The attraction of the sun produces similar

effects. The resulting movements of the sea are the tides.

Movements due to occasional causes. The occasional causes

of movement (p. 332) sometimes make violent waves which last

but a short time. Illustrations of their nature and effects have

already been given in connection wdth earthquakes and volcanoes.

Faulting and landslides along shore, as well as earthquakes and

volcanoes, may cause movements of the water.
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Types of Movement

The movements which result from the foregoing causes are (1)

waves, with the undertow and shore currents which they produce,

(2) ocean currents, (3) drift, or currents which are feeble and not

well marked, (4) tides, and (5) what we may call creep.

Waves

The work of waves and their effects on coast lines have been

outlined already (p. 152). It may be added here that the waves

of the sea make much laid by deposition, and destroy more by

erosion. If nothing happened to prevent, the sea would finally

destroy all land by the continued cutting of its waves along the

shores.

Since the water in waves does not commonly move forward,

waves do not produce a general circulation of ocean water.

Currents and Drifts

There are more or less distinct streams of water, or currents, in

various parts of the ocean. This was first known by the effect of

the moving water on the course of sailing vessels. It was later

proved in various other ways, as by following the course of floating

objects set adrift for this purpose.

The l^est known currents in the ocean are at its surface, and they

extend down to depths of several hvmdred feet. Ocean currents

are not so easily seen as the currents of running water on the land,

because their waters flow through a licjuid, while rivers flow in a

channel of solid material. A slow current, which is not very dis-

tinct, is often called drift. AccorcUng to this use of the term, a

current may become a drift when it spreads out and becomes

slow.

Fig. 265 shows the general course of movement of the surface

waters of the seas. The figure represents a large part of the sur-

face water as moving. There ai-e westward movements near the

equator in both the Atlantic and the Pacific Oceans. These are

the equatorial currents or drifts. In each ocean the drift is double.

and a narrow counter-current, or drift moves eastward between
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them. The equatorial drift of the Atlantic Ocean is divided into

two parts as South America is approached, one part being turned

to the southwest, and the other to the northwest, along the border

of the continent. A part of the latter flows through the Caribbean

Sea, and into the Gulf of Mexico. From this gulf a distinct cur-

rent issues through the narrow passageway between Cuba and

Florida. This is the Gulf Stream. It is fed partly by the water

which enters the Gulf from the equatorial drift, and partly by the

water which enters the Gulf from the land. The current issuing

from the Gulf has a velocity of more than four miles per hour where

it is swiftest.

North of the narrow passageway between Florida and Cuba,

the Gulf Stream becomes wider and deeper, and as more water

moves, the rate of movement becomes slower. In the open ocean

the rate is perhaps no more than 10 to 15 miles per day. As the

current becomes slow, its boundaries become less well defined, and

it is recognized by its temperature, its color, its life, etc., more

readily than by its motion.

As it flows northward, the Gulf Stream turns to the eastward

(to the right). It crosses the Atlantic, approaching the coast of

Europe in a latitude farther north than that where it leaves the

coast of America. Here it divides and spreads out. Long before

Europe is reached, the current has ceased to be a definite stream,

and is rather a general wide-spread drift of water.

That part of the equatorial drift which is turned southward

along the coast of South America follows the coast of that conti-

nent for a time, but soon turns to the left (Fig. 265).

The equatorial drifts of the Pacific follow similar courses.

The part whi(^h turns north is known as the Japan Current. The

Indian Ocean has a south equatorial drift only, and its course

corresponds to that of the southern part of the equatorial drifts

of the other oceans. All currents moving toward the poles from

the equatorial region are warm currents.

The poleward movement of warm waters makes a return equa-

torward movement necessary. The cold waters moving toward

the eciuator arc turned to the right in the northern hemisphere

and to the left in the southern. The result is to throw them to the
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eastern coasts of the continents, wlicrc in some places they form

distinct currents.

Cause of ocean currents. It is now generally believed tiiat

the equatorial drifts are produced hy the trade-winds. Outside

the tropics the winds do not blow in one direction all the time,

and so do not produce j^ersistent currents. In regions of strong

monsoon winds, as about India, the drift of the sm-face waters

changes with the shifting winds (Figs. 233 and 235), thus showing

that steady winds are able to produce movements of the water.

If the ocean covered all the earth, the westward drift of the

equatorial waters, caused by the trade-winds, would go round and

round the earth. But the continents prevent tiiis, and where the

waters of the equatorial drift reach their shores, they are turned

from their westerly course to the north or south.

After the moving waters pass out of the zone of the trade-winds,

their course is directed chiefiy (1) by the shores, (2) by the pre-

vailing winds, and (3) by the rotation of the earth. Their courses

are therefore given them partly by the causes which viake them,

and partly by other causes which direct them.

Climatic effects of ocean currents. The ocean current itself does

not warm or cool the land, but the air over a warm ocean current is

heated by the water, and may then be carried over to the land.

In middle latitudes, for example, the westerly winds carry the air

warmed by the warm currents over to the coasts of the continents

lying east of them. This n: akes the coasts on the east sides of the

oceans, in the intemiediate zones, wanner in winter than they

would be otherwise, and gives them, at the same time, plenty

of moisture. The winter temperature of the west coast of north-

ern Europe (Fig. 217) is less severe than it would be but for the Gulf

Stream. The warm current in the North Pacific lessens the cold of

A\dnter along the northern part of the west coast of North America.

Similar results would be found in the southern hemisphere, if there

were land so situated as to feel the effects of the warm currents in

the southern oceans.

Warm currents often give rise to fogs both at sea and on land.

When the wind blows over a warm current, such as the Gulf Stream,

it takes up a goodly supply of moisture. If it then blows over
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colder water, it is cooled, and some of its moisture is condensed,

producing a fog. Fogs are common along the leeward side of the

Gulf Stream, where the adjacent land or water is much cooler

than the current itself. Fogs also occur wherever warm, moist air

blows to cooler land. Fogs are more abundant about Newfound-

land than farther south, because the difference in the temperature

of the Gulf Stream and its surroundings is greater here than it is

farther south.

Gradational effects of ocean currents. Currents have little

effect on the ocean bottom, and almost none on coasts, because they

rarely touch either. Where the water is shallow, however, as be-

tween Florida and Cuba, the Gulf Stream scours its bottom, some-

what as a great river might. Since ocean currents do little erofUng,

they carry but little sediment. The water of warm currents

carries multitudes of plants and animals, many of which are very

small, and these organisms, or their hard parts, such as shells, are

scattered far and wide over the bottom of the ocean.

Historical suggestions. The currents of the Atlantic played

an important part in the early history of America. The currents

southwest from the Arctic made the early discovery of North

America probable, after Iceland had been colonized l^y the North-

men. The south equatorial current carried the Portuguese, bound

for India, in 1500, to the shores of South America.

Ocean currents were formerly of great importance in ocean

travel, but since steamships have taken the place of sailing-vessels

to a great extent, ocean currents are of less importance than for-

merly in directing the courses of ocean vessels.

Tides

Along most coasts, the ocean water rises and falls twice every

day, or, more exactly, every 24 hours and 52 minutes. The rise

and fall of the water are the tides. The tide rises for about six

hours, when it is high, and then falls for al)out six hours, when it is

low. The rise and fall amount to several feet in most places. In

bays wliich open l)r()adly to the sea, ])ut which are narrow at their

heads, the range is sometimes 20 or 30 feet, and in rare cases, as in

the Bay of Fundy, even 50 feet or more.
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In many harbors, especially where the water is shallow, the

rise and fall have an important effect on navigation. Vessels

coming to such harbors at low tide must often wait until high

tide ])efore entering. Where the tide rmis in among islands, or

passes through narrow straits, it often causes distinct currents, or

tidnl races. They are sometimes so strong as to interfere with boats,

especially small ones.

Tides are not felt in small lakes, and are feeble in large lakes,

enclosed seas, and in all bodies of water connected with the open

sea by a narrow passageway, such as the Mediterranean Sea and

the Gulf of Mexico. Thus at Galveston, Texas, the range of the

tide is less than one foot.

The tide sometimes runs up a broad open river. As it ad^'ances

up the channel, its front may become a steep, wall-like wave called

a bore. The l^ore is felt, for example, in the Severn River of Eng-

land, in the Seine of France, in the Tsien-Tang-Kiang of Cliina, etc.

In the last-named river the waves are sometimes 25 feet high, and

disastrous to navigation. High tides are felt, though not as bores,

up the Hudson River to Tro}-, where the range of the tide is more

than two feet. Tides are felt up the estuary of the St. Lawrence

283 miles, nearly to Montreal.

The periodicity and the cause of tides. The moon rises and sets

twenty-four hours and fifty-two minutes later each day than it

did the day before. The time between two high tides or between

two low tides is half this period. It appears to have been this

fact which suggested that the tides were caused by the moon. It

is at least two thousand years since the moon was first thought to

be the cause of the tides, but it is only about two hundred years

since Newton explained how the moon produces this result.

The law of attraction between bodies has already been stated

(p. 333). Without attempting to give a full explanation of the

tides, some of the principles involved may be understood.

The earth and the moon attract each other, and would fall

together but for the centrifugal force due to their motions. This

centrifugal force may be illustrated as follows: At the center of

the earth, and at the center of the moon, the attraction between

these bodies is exactly balanced by the centrifugal force due to
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their revolutions. The result is that neither falls toward the other.

But on the side of the earth nearest the moon the attraction is

stronger than at the center of the earth, and is greater than the

centrifugal tendency. The attraction of the moon cherefore tends to

make the earth bulge up on the side nearest the moon. On the oppo-

site side of the earth the attraction is weaker than at the center,

and is less than the centrifugal force. Here, too, the earth tends to

bulge out. The solid part of the earth is so rigid that it does not

rise enough to be felt or seen. But the waters of the ocean move

Fig. 266.—Diagram to show the tendency of the moon to raise the water on
the side of the earth next to the moon, and on the opposite side at the
same time, forming two liigh tides. M = moon, and E = earth.

easily, and rise a little, and the rise takes place on opposite sides

of the earth at the same time. This makes the high tides. Be-

tween the high tides the water sinks a little, making the low tides.

If a weight is attached to a string and whirled, the weight

tends to fly away in a straight line. It is prevented from

doing so by the string which holds it in its circular jjath. The

tendency to fly awa^^ is what is called centrifugal force.

If all the earth were covered with ocean water, its surface would

have two great tidal bulges, or waves (Fig. 266), at the same time.

The highest part of one would be a point directly under the moon,

and the highest point of the other would be opposite the first.

Each wave would cover half the earth, and the borders of the two

would meet in a great circle, where the surface of the water

would be lowest. The rotation of the earth makes the tides appear

to move about the earth.

If the moon were not revolving about the earth, high tide at

any place should come every 12 hours. But the moon moves for-

ward in its orbit about the earth, so that it takes 24 hours and 52

minutes for a given place to have the same relation to the moon
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that it had the day before. This makes tlie period Ix^twoeii suc-

cessive high tides 12 hours and 26 minutes.

The movements of the tides are not so simple as the outUne a])Ove

would imply. Many things interfere. The continents stop the

advance of the ti(hd waves, and they travel more slowly in shallow

than in deep water. Since tides are retarded most near continents

and islands, their advance is here most irregular.

Fig. 2G7. — Diagram to s'.iow why it takes nearly 25 hours for a given place to

come twice into the same relation 1 o the moon. The earth rotates in 24
hours, and at the end of that period, a point, as a, has made the circuit.

But the moon, which was at ^Ii at the beginning, has advanced to M^, so

that a must move on to a' , before it has the same relation to the moon
that it had the day before.

Solar tides. The sun also attracts the earth, and tends to

cause tides. If there were no moon we should still have tides pro-

duced by the sun. Though the sun is ver}^ much farther from the

earth (about 93,000,000 miles) than the moon is; yet because of

its great size it attracts the earth much more strongly than the

moon does. But the tides produced by the sun are less than half

as high as those produced by the moon. The reason is that the dif-

ference between the attraction of the sun (1) for the center, and (2) for

the side of the earth nearest it or farthest from it, is much less

than the difference between the attractions of the moon for the

same points. The tides which are actually felt on the earth are

the result of the influence of the moon and the sun; but since the

moon's tides are much the stronger, the sun's tides merely modify

them. The sun strengthens the tides when sun and moon work

together, and weakens them when they work against each other.

Spring tides and neap tides. When the sun and the moon stand

in the relation to each other and to the earth shown in Fig. 268
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{new moon), each tends to make high tides at ^4 and at B. When
the relations are those shown in Fig. 269 (full moon), the result is

the same. At these times, and each occurs once a month, the

— .1

Fig- 268.— Diagi-am to show the relative positions of the earth, moon, and
sun, at the time of new moon ( = spring tide).

high tides are higher and the low tides lower than at other times.

The tides of such times are called spring tides. Spring tides have

no relation to the spring season.

Fig. 269. -Diagram to show the relative positions of the earth, moon, and
sun, at the time of full moon ( = spring tide).

When the earth, moon, and sun have the relative positions

shown in Fig. 270, and this occurs twice each month, the tidal

influences of the sun and the moon are opposed to each other, and

Fig. 270.— Diagram showing the tendency of the sun and moon to produce
tides on oi)))osite parts of the eartli at the time of the quaih'ature, that is

at a tim(> half-way between new moon and full moon, or half-way between
full moon and new moon.

the result is that the high tides are not so high, or the low tides so

low, as under other conditions. The tides of such times are known
as neap tides.
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Effects of tides on shores. Since tides commonly rise in a series

of waves, they affect shores much as wind waves do. Tides also

produce currents (ixices) among islands, and through straits, and

these currents are sometimes effective agents of erosion. Tidal

SC0U7' often keeps waterways (thorofares) open through tidal marshes

which the tide enters from bays. Illustrations are found on

the coast of New Jersey (Fig. 100). TitUd scour also sometimes

maintains deep waterways in ])ays, to the great advantage of

navigation.

The Life of the Sea

Animals and plants abound at and near the surface of the sea,

and at the bottom where the water is shallow. If a bucket of

water be dipped up from the surface of the ocean almost anywhere,

it will be found to contain hundreds or even thousands of minute

plants and animals, though most of them are too small to be seen

without a microscope. Living things are present, but not in great

numljers, at the bottom of the deep sea; but in the water between

the uppermost 100 fathoms and the bottom, animals and plants are

nearly absent. It has been estimated that the life of the sea ex-

ceeds that of the land, square mile for sciuare mile, but probably

there is no one level in the sea where life is so abundant as on the

fertile parts of the land.

The distriliution of plants in the sea is somewhat different

from the distribution of animals. Plants are plentiful at the sur-

face nearly everywhere, and at the bottom, down to the depth of

about 50 fathoms. The}' occur sparingly down to depths of about

200 fathoms; but below some such depth they are al;)sent, perhaps

because of the darkness. Animals abound down to greater depths

than plants. They are also found, though not in great abundance,

over the whole of the ocean's bed.

The temperature and the depth of the water influence the dis-

tribution of the different kinds of plants and animals in the sea.

The clearness of the water, its saltness, and its quietness or rough-
ness also affect tlie life.

The ways in which most of these factors influence the distribu-

tion of life will be readil}' understood. The depth of the watei
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affects the distribution of those plants and animals which live on

the bottom; but it has little effect on those which float or swim

near the surface. The most important influence of depth appears

to be in connection with the light, and with oxygen. Animals can-

not see much at a depth of more than 50 fathoms or so, though a

little light penetrates to greater depths. In the great body of the

ocean, darkness reigns, and green plants, which depend directly on

sunlight, cannot live in darkness. At the bottom of the deep sea

the water is not stirred, and any oxygen it contains must pass down
from the surface after being dissolved there. As it is used up by

the animals at the bottom, the supply is renewed very slowly,

chiefly by diffusion from above.

The pressure of the water at the bottom of the ocean is very

great, but the animals living there can stand it because their

bodies are full of liquids under the same pressure, and these great

pressures within their bodies balance the great pressures without.

If an animal from the bottom of the deep sea were brought suddenly

to the surface it would explode, because the pressure without is

greatly decreased, while the pressure within remains great. Ani-

mals raised from the deep sea sometimes explode at the surface,

even when the raising is slow.

Some of the deep-sea animals are very unlike those of shallow

water. Some are blind, but some have eyes, and this means, prob-

ably, that they see. Since sunlight cannot reach down so far, it has

been thought that the phosphorescence of the animals themselves

may supply the light.

Some animals, such as the polyps which make coral, live only in

warm regions where the water is shallow and clear, with neither

excess nor shortage of salt. Others, such as narwhals, seals, etc.,

are found only in cold waters. Still others are found in both warm

and cold waters.

The life of the sea is in strong contrast in many ways with that

of the land. Thus most plants with which we are familiar on land

are fixed in position, while many of the plants of the sea float.

Most animals on the land are free to move about, while many of

those in the sea, such as coral polyps, barnacles, etc., are fixed

tlirough most of their lives. Many which are not fixed move
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about but little, either lyinji, on the l)ottoni or ])UiT()\ving into it.

Some, on the other hand, as many of those in the surface waters

{pelagic life) , appear to l)e moving always.

All the great groups of animal life are represented in the sea-

water. Even warm-blooded nuuumals (whales, seals, walruses,

etc.) abound in the frigid waters, among icebergs and ice-floes.

Some of these animals, like the seals and walruses, do not spend all

their time in the water, but frec[uently crawl up on the ice. From

this highest class of animals (mammals) down to the lowest, all

important groups are represented in the sea, though no birds spend

all their time in the water. The varieties of plant life are many,

]_)ut the forms we are most familiar with on land, are wanting.

Not only are there many varieties of marine plants and animals,

but the largest modern animals (ivhales) are in the sea. Many
of the sea j^lants, too, are of great size. Some seaweeds are six

inches in diameter, and some have a length greater than that of

the tallest trees. They are, however, not so bulky as large trees,

and the amount of solid matter which the largest seaweed con-

tains is far less than that of the largest tree. This would be seen

if the large seaweeds were allowed to dry.

The life of the sea is important in many ways. Many of the

animals, such as fish, oysters, clams, crabs, lobsters, etc., are used

for food. The total value of food products derived from the sea

is probably not less than $500,000,000 per year. Other animals

furnish other articles of commerce. For example, the seal furnishes

fur and oil; the whale, oil and whalebone; the hide of the walrus

makes exceptionally strong leather. Coral and sponges, the pro-

ducts of animal life, are also articles of commerce.

Many of the animals of the sea have shells or other hard parts.

These hard parts accumulate on the bottom of the sea when the

animals are thi'ough with them, and this is one source of the sedi-

ments of the sea bottom. If the shells, etc., get together in great

beds without much mud, sand, etc., they may in time be cemented

together, forming solid rock, called limestone. Most of the lime-

stone now found on land was formed in this way beneath the sea,

when the sea covered parts of the present continents. The animals

wliich make the heavier shells (or other secretions of calcium car-
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bonate) live chiefly in shallow water, and the seas in which the

limestones of the land were formed were generally, if not always,

shallow.

Coral reefs. Coral reefs are of so much interest and importance

that they deserve a special word. The little animals (called

polyps) wliich secrete the coral live (1) where the water is 120 feet

or less in depth, (2) where the temperature never falls below about

68° F., (3) where the water has the saltness of normal sea-water,

(4) where the water is nearly free from sediment, and (5) where it

is subject to some movement by the wind. Where these conditions

exist, polyps thrive and make reefs, and the reefs may become

islands. Polyps flourish about many tropical islands, and along

some continental coasts, as along the eastern coast of Australia.

They also flourish in some places far from islands or continents,

where there is shallow water of the right temperature.

Fig. 271.— Diagi'am of a fringing reef. Fig. 272.— Diagram of a barrier reef.

Figs. 271 and 272 show coral reefs. Those which are far enough

from the land to leave a somewhat wide and deep belt of water

(lagoon) inside, are barrier reefs; those close to the land are fringing

reefs. It seems probaljle that fringing reefs sometimes become

barrier reefs by the sinking of the island or coast where they occur.

Where this is the case, the sinking should not go on faster than

the polyps build up the reef, that is, but a few inches a century.

Barrier reefs arise in other ways also. Coral reefs are usually

interrupted where fresh water descends from the land, so that a

reef rarely surrounds an island completely, and is rarely continuous

for great stretches along any coast.

A barrier reef about a small island may become an island or

afo/Z (Fig. 27.3) by subsidence. Choral islands may also arise by the

growth of reefs on volcanic cones or other islands which do not

rise to the surface of the water.
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The polyps do not l)uilil the reef or the atoll a1)0ve water;

but when they lui\"e l)uilt it up to water-level, the waves may iMiild

\t higher, much as they convert santl reefs into land. Once land

Fig. 273.— An atoll. (From Dana's Corals and Coral Islands, by permis,sion of

Dodd, Mead & Co.)

appears, the ^^^nd may make it higher l)y piling up coral sand.

The growth of vegetation ma}^ help along the building, both Ijy its

own growth and l)y helping the lodgment of wind-l:)lown sediment.

"^i'^lT-'i^Vittf"-^*^
-"-

.-<^':":::r

Fig. 274.— Living polyjis and their secretions of coral.

Coral islands and reefs would always remain low if it were not

tor diastrophism. There are, indeed, no very high coral islands,

but there are coral reefs far aljove sea-level along various coasts.
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Either the land where such reefs occur lias risen greatly, or the

sea-level has been depressed. There are very ancient coral reefs

(now limestone) in the interior of continents, as, for example, in

eastern Wisconsin, showing that a warm sea once covered this

region.

The materials of the sea bottom are gravel, sand, mud, shells,

coral, etc., and ooze. Gravel is found chiefly along the borders of

the land, out to depths of a few fathoms, or at most a few score of

fathoms. Gravel and bowlders, carried out by icebergs, are occa-

sionally found- at great depths, and far from land. Sand, too, is

found chiefly in shallow water, though it extends out to depths

greater than those reached by gravel. Mud is much more wide-

spread.

Dredging. The sediment on the bottom of the sea may be

brought up to the surface. Various sorts of apparatus are used for

this purpose. The cup lead is shown in Fig. 275. B is a hollow

inverted cone. Above the cone is a sliding disc, D, a little larger

than the base of the cone. Tlois apparatus is let down, and the

cone sinks into the soft sediment and is filled with it. On being

raised, the disc shuts down on the cup and holds its contents in.

Fig. 276 shows a dredge. The dredge is let down, and the flar-

ing strip of metal E is dragged along the bottom, and turns the

sediment of the bottom into the sack. Swabs are attached below

to entangle small animals missed by the dredge.

By the use of dredges it is known that most of the bottom of

the sea is covered with soft sediment. This sediment has come

from many sources. Some of it was carried to the sea by rivers,

some of it was worn from the shores by the waves, some of it was

blown from the land, some of it is made up of the shells, etc., of

the organisms which live in the water, and some of it is com-

posed of fine debris thrown out from volcanoes beneath the sea.

A little cosmic ("shooting-star") dust is also present.

The sediments of the sea bottom are to be looked upon as rock in

the making, for all sediments in the sea may become solid rock by

being cemented together. This process is now taking place at

many points in the bottom of ihe sea. In some it takes place as

fast as the sediments gather.
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Ooze is the name applied to those soft materials of the sea l)ottoni

composed largely of the shells and other hard secretions of tiny

organisms which live in the water. Many of these organisms live

near the surface of the water, and their shells, etc., sink when they

ig. 275. Fig. 276.

Fig. 275.—The cup load. (Challenger Report.)
Fig. 276.— The tlredge. (Challenger Report.)

die. Oozes are named from the animals antl plants which contril)-

ute most to them. Thus foraminiferal ooze is the ooze in which

shells of tiny animals called joraminijcra are abundant, and

diatom ooze is ooze in which tests of minute plants, called diatoms,

abound. Foraminiferal ooze is much like soft chalk.

Below the depth of about 2,200 fathoms, the ocean bottom is

covered with red clay. The particles of the clay came from many
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sources. Some of them were thrown out from volcanoes, some

were blown out from the land, some were probably derived from

the shells, etc., of marine life, and still others came from meteors.

On the lands there is rock {conglomerate) composed of cemented

gravel, rock (sandstone) composed of cemented sand, rock (shale)

composed of cemented mud, and rock (limestone) composed of

material derived from shells, corals, etc. None of these seem to be

deep-sea oozes cemented together, and none correspond to the red

clay of the very deep sea. In the lands, therefore, there are rocks

corresponding to all the sediments now making in the shallow

water of the sea, but none corresponding to those of the very deep

waters. This suggests (1) that most lands have been, at some time,

beneath the sea, and (2) that, so far as ?ww known, no 'part of the -pres-

ent continents was ever at the bottom of the deep ocean.

Relation of the Sea to the Rest of the Earth

The ocean is of great importance to the rest of the earth, in

ways which have been pointed out already. By way of summary
they may be brought together here.

1. Waves change the coast-lines; they wear away the land in

some places and build new land in others. On the whole, destruc-

tion exceeds building, so far as the land is concerned. The ocean

therefore tends to extend itself at the expense of the land.

2. Oceans modify the climate of the land, affecting both tem-

perature and precipitation. The effect on temperature comes

from the fact that water is heated and cooled more slowly than

land is. The air over the sea, therefore, has a lesser range of tem-

perature than that over the land, and blowing to the land tends

to carry the temperature of the sea over to it. Winds from the

ocean make the lands to which they blow less cold in winter and

less hot in summer than they would be if there were no ocean.

The climatic effect of the sea on the land is felt most on the west

sides of the continents in the zones of westerly winds, and on the

east sides of the continents in the zones of easterly (trade) winds.

The cold currents of the sea have much less effect than warm ones

on the climate of the land, because they lie along the east sides of
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the continents, so far as they stay at the surface, and in the lati-

tudes where they occur, tlie winds l)lovv fn^ni them to the sea, ratlier

than to land.

3. The ocean is the great source of the water for rain and snow,

and its precipitation from tlie air furnishes the conditions necessary

for life on the land.

4. Through its effect on rainfall, snowfall, ar^d temperature,

the ocean has an important effect on the erosion of the land.

The total amount of rainfall for the earth is not accurately known.

If it is as much as forty inches per year on the average, for the

whole earth, and if all this were derived directly from the ocean,

an amount equal to all the water in the ocean would be evaporated

in about 3,000 years. Since most of the water evaporated from

the ocean falls again into the sea as rain, or runs to it in rivers, or

comes out beneath it as springs, the amount of the ocean water does

not grow less, so far as we know.

5. The ocean yields a large amount of food-stuff every year,

and a large amount of other material useful to man. Thousands

of people are constantly employed in getting these useful things

from the ocean.

6. The oceans play an imporant part in the commerce of the

world, by serving as a great highway.

Oceans were formerly great obstacles to quick communication

between the continents separated by them; but during the last

half century several cables have been laid connecting Europe and
America, so that all the important news of one continent is known
in the others almost as soon as it is at home. The work of laying

cables across the Pacific has already been begun.
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Ice-packs, 102
Ice-sheet of Europe, 131
Ice-sheet of North America, 129, 130
Igneous phenomena not volcanic, 178
Immediate run-oft', 30
Inclination of axis, 212
Insolation, 227
and air movements, 272

Interior plains, 6, 9
Interlaken, 146
Intermediate zones, 310, 311

climate of, 316
Intermittent lakes, 146
Intermittent streams, 52
Intrusions of lava, 179
Irrigation, 90
Isobaric gradient, 267
Isobaric maps, 264



356 INDEX

Isobaric surfaces, 264
Isobars, 263, 284
Isobars and parallels, 268
and temperature, 268
course of, 267, 268

Isobars, relation to land and water,

268
Isogonic lines, 202
Isothermal charts, 240, 242, 243, 245
Isotherms, 240, 286

courses of, 244

Jetties, 58

Karnes, 126, 128
Krakatoa, 19, 164

Laccolith, 179
Lacustrine plain, 147
Lag of seasons, 236
Lake Agassiz, 136
Lake Algonquin, 138
Lake basins, origin of, 150

shape of, 145

Lake Bonneville, 149, 150
Lake Chicago, 138

Lake cliffs, 154

Lake Erie, 144

Lake Huron, 144

Lake Iroquois, 138

Lake Maumee, 138

Lake Michigan, 144

Lake Ontario, 144

Lake Pepin, 99
Lake Superior, 144

Lake Titicaca, 145

Lakes, 143

Lakes along Red River of Louisiana,

100
Lakes, changes taking place in, 146

climatic effects of, 148

conditions necessary for, 146

distribution of, 143

extinct, 147
glacial, 134
intermittent, 146
oxbow, 88
river, 99
salt, 149
value of, 148
volume of, 145

Land and water, unequal heating of,

233
Land breezes, 249, 274
Land degradation, rate of, 73

Land hemisphere, 4

Landslide, 43
Lateral moraines. 111, 121, 122, 124
Latitude, 207, 208
Lava, 160, 170

intrusions of, 179
plateaus of the Northwest, 178
scoriaceous, 170

Levees, natural, 86
Life of sea, 343
Limestone, 350
Limestone sinks, 40
Lithosphere, 3
Littoral climate, 314
Littoral currents, 153
Load of rivers, 56, 58
Loess, 20, 21
Longitude, 207, 208
and time, 209

Louisville tornado, 306
Lows, 284

Magnetic declination, 202
Magnetic meridians, 202
Malaspina glacier, 113
Mammoth Cave, 38
Mantle rock, 16

Marysville buttes, 177
Materials of land, 16

Mature topography, 73
Mature valley, 72
Meandering, 65
Meanders, flood-plain, 87
Mechanical work of ground-water, 42
Medial moraines. 111, 121

Medicinal springs, 34
Meridian of Greenwich, 209
Mesa, 80
Meteoric dust, 19
Mineral matter of sea, 40, 328
Mineral springs, 34
Mississippi River, delta of, 94, 158

sediment of, 54
Moisture and climate, 309
Moisture of the air, 251
Monadnocks, 79
Monsoon climate, 314
Monsoons, 249, 274, 275, 315
Mont Pelee, 165
Moraine, ground, 122, 127

lateral. 111, 121, 122, 124
medial, 111, 121
terminal. 111, 122, 124, 127

Motions of earth, 206
Mt. Hood, 174
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Mt. Orizaba, 174
Mt. Ranier, 174, 177
Mt. .Shasta, 174
Mountain breezes, 250
Mountains, 5, 11

habitability of, 13

Mountains in history, 1.3

Mountains, origin of, 13

Movement of cyclones, 293
Movement of glaciers, 108
Movements of sea-water, 332

Narrows, 78
Narrows of liaraboo River, 79
Natural britlges, 77
Natural levees, 86
Neap tides, 342
Niagara Falls, 76, 77
Nile, delta of, 96
Nimbus clouds, 258, 259
Nipissing Lakes, 139
Nitrogen of air, 221, 222
North America, ice-sheet of, 130, 132

North Magnetic Pole, 202
Northers, 294

Ocean, 323
Ocean basins, 3
Ocean currents, 334
Ocean ciu-rents and drifts, 44, 334
Ocean currents, cause of, 337

climatic effects of, 337
Ocean, depth of, 324
Oceanic climate, 310, 312, 313
Old topogi-aphy, 73
Old valley, 72
Ooze, 349
Orbit of earth, 206
Outwash plain, 126, 127
Oxbow lakes, 88
Oxygen of air, 221, 222

Palisade Ridge, 114, 180
Parallels, 207
Parry Island, 174
Permanent streams, 52, 69
Petrified wocd, 42
"Petrified forests," 322
Physiography and geography, 1

Physiography and geology, 1

Physiography defined, 1

Piedmont alluvial plain, 85
Piedmont glaciers, 106, 113
Piedmont Plateau, 11

Piracy, 67

Piracy of streams, 82
Plains, 5

alluvial, 85
coastal, 6
habitability of, 9
interior, 6, 9
lacustrine, 147
origin of, 10
outwash, 126, 127

Planetary winds. 274
Planets, 216
Plants in the sea, 343
Plateaus, 5, 10

habitability of, 11

origin of, 11

Polar circles, 216
Polar zones, 311

climate of, 318
Ponding of streams, 82
Precipitation, 29, 253, 259, 277
amount of, 253
for the world, 280

Prevailing winds, 274

Races, tidal, 343
Radiation, 230
Rain, 259
Rainbows, 303
Rainfall, 277
and agriculture, 319
distribution of, 260, 278
in zone of trades, 278
in zones of westerlies, 279

Rain-making, 261
Rain-water, fate of, 29
Range of temperature, daily, 248

seasonal, 248
Rapids, 76, 77
Ravines, 52
Red clay, 349
Red River lakes, 100
Reefs, 155
Rejuvenation of streams, 82
Relative humidity, 255
Relief and relief features of land, 3

of sea bottom, 325
Revolution of earth, 206
Rise of coast lands, 182
River lakes, 99
River s.ystem, 72
Rivers antl rainfall, 51
Rivers and valleys, 59
Rivers, erosion by, 53, 57

ice in, 102
load of, 56
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Rivers— continued
sources of, 50
work of, 49

Rock, 17
Rock basins, 133
Rock-breaking due to expansion and

contraction, 26
Rock, classes of solid, 17
Rock fiour, 119
Rock, mantle, 16
Rock terraces, 79
Rock waste, 16
Rocks, stratified, 17

unstratified, 17

Rotation of earth, 206
Running water, 49

deposition by, 83
Run-off, 30

St. Louis tornado, 305
Salinity of sea, 329

and color, 330
and density, 329

Salt, 40
Salt lakes, 149
Salt of the sea, 328
Salton Sea, 96
Sand, blown by wind, 21
Sandstone, 350
Saturation, 255
Scoriaceous lava, 170
Sea breezes, 249, 274
Sea cliffs, 154
Sea, ice of, 102, 332
Sea level, 323

changes of, 185
Sea, life of, 343
Sea of Tiberias, 145
Sea, temperature of, 330
Sea water, composition, 328

gases in, 329
movements of, 332

Seasonal range of temperature, 248
Seasons, 233

change of, 235
in high latitudes, 236
lag of, 236

Sediment, how carried by rivers, 50,
58

Seepage, 33
S(>nsible temperature, 308
Shale, 350
Shore currents, 153, 155, 334
Shore lines affected by glaciers, 159
Shores, topographic features of, 152

"Shooting stars," 19, 348
Sinking of coastal lands, 183
Sirocco, 294
Slumping, 42
Snow, 102, 259
Snow and ice, work of, 101
Snow-fields, 102. 103
Snowflakes, 257
Snow-line, 103
Soil, 16
Solar climate, 310
Solar system, 216
Solar tides, 341
Solution by gi-oimd-water^ 38
Soufriere, 165
Sounding, 325
South Magnetic Pole, 202
Spit, 156
Spring, 233
Spring tides, 342
vSprings, 33, 35
Stalactites, 39
Stalagmites, 39
Standard time, 210
Storms, 285

prediction of, 301
Stratified drift, 140
Stratified rocks, 17

Stratus clouds, 258, 259
Streams, accidents to, 80

piracy of, 82
ponding of, 82
rejuvenation of, 82

Strise, glacial, 119
Stromboli, 161

Submerged valleys, 184, 326
Subsoil, 17
Summer, 233, 234
Sun, distance from earth, 206
Surf, 153

Talus, 28
Temperate zones, 310
Temperature and altitude, 238

and climate, 308
anil movement of r-ir, 249
of air, 220
of sea, 330
of sea affects movement, 331

Terminal moraines, 111, 122, 124, 127
Terrace of the Columbia River, 98
Terraces, alluvial, 98

rock, 79
wave-cut, 1.54

Terrestrial magnetism, 202
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Thermal maps, 240
Tlierinomcter, 226
Tliuiuler-squall, o02
Tluiiuler-storms, 301

shape of, 303
Tibet 11

Tides, 333, 334, 338
Topographic features of shores, lo2

Topogra])hic map, 6

Topograjihy of ocean bottom, 32.j

Tornadoes, 285, 304
Torrid zone, 310
Tracie-winds, 274
Transportation of sediment, 59
Tributaries, growth of, 71

Tropic of Cancer, 216
Troi)ic of Capricorn, 216
Tropical cyclones, 295
Tropical zones, 311

climate of, 315
Tuscarora Deep, 325
Typhoons, 296

Undertow, 152, 153, 334
I'niform climate, 309
Unstratified rocks, 17

Valley breezes, 250
Valley flats, 62
Valley glaciers, 105
Valley systems, 72
Valley trains, 126
Valleys, 52

courses of, 68
deepening of, 59
drowning of, 80
lengthening of, 65
mature, 72
old, 72
submerged, 184
widening of, 61
young, 72

Veins, 41
Vernal equinox, 213
Vesuvius, 162
Volcanic ashes, 170

cinders, 170
cones, 175, 176, 325

Volcanic— contirmed
dust, 19

eruption of Krakatoa, 19
necks, 177

Volcanoes, 16, 160
distribution of, 171
Hawaiian, 167
number of, 171
topographic effects of, 173

Vulcanism, causes of, 180

Warm currents of ocean, 330
Water gaps, 78
Water hemisphere, 4
Water surface, 31
Water table, 31
Water vapor, 29, 221, 251
amount of, 255
circulation of, 252
condensation of, 257
in the air, 224

Waterfall, 76
Waterspouts, 306
Wave-cut terrace, 154
Waves, 152, 334

deposition by, 155
erosion by, 153

Weather Bureau, 284
Weather maps, 283
Weather predictions, 296, 299
Weathering, 25,;28, 44
Wedge work of ice, 26
Wells, artesian, 32, 36
Westerly winds, 274
Whirlwinds. 303
Wind, abrasion by, 24

velocity of, 277
work of, 18

Wind-gap, 83
Winds, 267, 285

causes of, 272
Winter, 233, 234

Yellowstone Lake, 145
Young valley, 72
Youth of valleys, 72
Youthful topography, 72
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