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1. Few natural phenomena have been so well recorded since the birth of civilization as
floods.

2. Whether or not we accept the story of the Deluge as set forth in the Old Testament,
we cannot overlook similar legends in the folklore of other people the world over.

3. In some river valleys floods have been turned to economic advantage, for example
in Egypt, where for perhaps 5,000 years they have been the life stream of the
inhabitants of the Nile Valley, yet where even today their magnitude cannot be foretold
until moisture-laden air masses blowing from the South Atlantic across Africa hit the
headwaters of Ethiopia.

4. On the other hand, while Egypt has turned to the waters of Nile for subsistence,
floods have been the scourge of India, China, and other countries of the Far East in
which an estimated 500,000,000 people live and grow their rice, wheat, millet, and corn
on flood plains where they are subject to inundation and death.

5. We justifiably speak of our flood-control plan for the lower Mississippi Valley for as
being “enormous in content and effect”, projecting as it does by levees, floodways, and
other engineering features some 25,000,000 people who live in relative security with a
population density of perhaps 80 per square mile.

6. But if our entire population of 160,000,000 were moved onto the alluvial flood
plains and deltas of China’s main rivers until they reached a density of between 1,000
and 3,000 inhabitants per square mile, we would have some idea of the problems which
have confronted China since the first recorded flood on the Yellow River, often called
“China’s Sorrow”, 2,297 years before Christ.

7. Their flood plains and deltas, resulting from centuries of erosion and deposition, are

the very essence of their agricultural economy.

8. Reliable records of floods are available for the Seine River in France from 1649; the

maximum flood was in 1658.

9. We have records for the Danube since the year 1000, with a maximum in 1501 and
the second greatest in 1787.
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10. Even in birthplace of scientific hydraulics, the Po Valley in Italy, those who were
carrying in their farming and other occupations secure in their trust that human
ingenuity had solved the problem of living safely on the flood plains were driven from
their ruined homes and farms during the flood of November 1951.

11. Of the flood-control works on which those in the Po Valley put their trust, John R.
Freeman, one of the ablest hydraulic engineers then living, said in 1930 that he knew
“of no more ambitions, courageous, and carefully planned project of river regulation
going on anywhere in the world, than that in progress on the Po, nor any which rests on
a more painstaking preliminary study of the river itself.

12. Yet during November 1951, following excessive precipitation and high tides, dikes
and levees were overtopped and undermined, rampaging flood waters isolated many
thousands of people, over 100 lives were lost, 30,000 cattle drowned, and damage equal
to one fourth of Italy’s annual budget was incurred.

13. With centuries of European and Asiatic history as a background and with billions
of dollars and the best technical minds at our disposal, what can we make of the past
and future history of floods in the United States?

14. If man’s notion instead of nature controlled our rivers, rain and melting snow
would, at all times, soak into the ground, where as soil moisture they would satisfy all
plant growth, or as ground water would furnish a constant unfailing supply of water to

sustain a uniform stream flow.

15. Such ideal conditions actually exist in some rivers at all times and fortunately in

most river basins for the greater part of the time.

16. For example in parts of the lavacovered portions of the Pacific Northwest and
northern California and in the sand-hill areas of the Great Plains the soil is so porous
that virtually all precipitation is absorbed, surface runoff is practically unknown, and

stream flow is maintained with remarkable uniformity.

17. Whenever more rain falls or snow melts than the soil can absorb or retain, a flood

begins and streams become sluiceways to return excess water to the sea.
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18. The first physical evidence of a flood is usually in the form of water running over
the surface of the ground, collecting in tiny rills, and eventually flowing into the stream
channels.

19. The surface or direct runoff makes up the initial or land phase of the flood.

20. It is during the land phase that rain, rejected by the soil, becomes runoff and
generates the flood.

21. The land phase of the flood may last but a few hours; when the sun shines again
the farmer knows the worst is over, while the townpeople downstream may still face an
impending danger.

22. The channel phase of the flood follows the land phase closely and starts when the
surface runoff enters the stream channels.

23. The river levels rise to carry off the surface runoff generated during the land
phase.

24. Ordinarily, when speaking of floods we mean the channel phase, since this phase
is the most spectacular and on the whole the most destructive, although this statement
may be disputed by the upstream farmer.

25. During the channel phase the waters rejected from the land pour down steeply
sloped headwaters, scour channels, engulf bridges, wash away culverts, transport silt,

clean out debris, and debouch their sediment-laden waters into main channels.

26. Depending on the flow from the tributaries, the flood waters of the main channel
gradually rise, overflow onto the flood plains ( which have been formed by sediment
deposits of the past major floods), inundate and deposit debris, and, depending on
velocities, wash away homes, factories, railroads, highways, and all the works that busy
mankind has crowded against the river.

27. During a flood the river valley functions as a natural reservoir.
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28. At the beginning of the flood the flood from the hillsides and runnels into the
channels exceeds the overflow, and the stage rises to accommodate the increase.

29. As the flood wave passes downstream, it gradually diminishes in height and
increases in length and duration. '

30. The total elapsed time for a flood wave to be discharged ranges from a few hours or
days on the smaller streams to several weeks on major river systems like the
Mississippi and the Columbia.

31. But all the records we have show us that since earliest settlement, floods have
been common throughout the United States, and that they follow the seasons with

unfailing regularity .

32. Owing to our position on the Northern Hemisphere and because of the rotation of
the earth, masses of air pass from west to east across the United States in more or less

regular succession, bringing with them cold dry air from the north.

33. During the late summer and autumn, tropical hurricanes having their source in
the Gulf and the Caribbean Sea invade the South Atlantic coast, penetrate varying
distances, and sweep northward to pass into the Atlantic off the coast of New England,

or dissipate their energy overland.

34. Sporadically during the summer, thunderstorms or cloudbursts are associated
with small convectional cells in warm, moist air, sometimes intermingled with larger

air-mass movements.

35. All these masses of air contain moisture in varying degrees depending on their

sources.

36. When a warm, humid air mass is forced upward either by striking a colder air
mass or in rising to pass over a mountain range, it is cooled and moisture condenses

and falls as rain or snow.
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87. Thus we can expect with reasonable certainty that during winter and early spring
states bordering on the Pacific Ocean and most of the southwestern and southeastern
states will be subject to floods associated with rain resulting from cooling of the warm,
humid southern Pacific and Gulf air masses.

38. During these same seasons snow will accumulate in the mountain areas of the
West and in the northern half of the country, only to melt in the spring and contribute
flood runoff to the Columbia, and other major rivers having their headwaters in the
northern states.

39. We can also expect, perhaps half a dozen times a year during the summer and
early autumn, that a West Indian hurricane (to be duly christened by the Weather
Bureau) will attack the southern Atlantic seaboard, and its torrential rainfall will
cause floods in the Gulf and Atlantic coast states, in addition to hurricane waves and
high tides.

40. Hundreds of floods, small and great, occur annually in the United States and will

continue to occur.

41. From time to time meteorologic and hydrologic conditions will combine to produce

superfloods of unprecedented magnitude.

42. We have every reason to believe that in most rivers past floods may not be an
accurate measure of ultimate flood potentialities.

43. Floods have not increased either in magnitude or in frequency during this century

and a half, why is it that they now constitute a “menace to our national welfare”?

44. These conditions are evidence of a growing and prosperous nation, but at the same
time a nation not fully aware that there is no absolute assurance that future floods will
not exceed the capabilities of our most comprehensive control measures, that our
annual flood losses will not continue to increase, and that people who occupy flood

plains will not do so at considerable risk, both of person and of property.
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45. It is inevitable that some future Congress or Congresses will recognize that a
sound approach to floods must be broader than a flood protection alone, and they will
find it is in the national interest that the following be done.

46. States, river communities, and conservation districts should foster wise use of

valley lands and discourage obstruction of rivers and their flood plains.

47. River communities should encourage organization of well-trained, alert rescue

squads.

48. Flood-forecasting services should be recognized as an essential part of flood
management and be appropriately supported.

49. The collection and dissemination of information concerning flood damage should
be systematized and coordinated.

50. In order to foster local adjustments and to shift some of the burden of taxation for
flood protection from those who receive no direct benefit, our policy should be modified
to require those who receive direct benefits from flood-control projects to share
equitably in the costs.

51. Citizens should be encouraged to establish local districts or other types of
administrative bodies for the purpose of meeting local problems on a local basis.

52. An equitable system of flood insurance should be developed to discourage misuse
of flood-hazard lands.

53. We should adopt only such programs and practices for flood protection as are

demonstrated to be measurable, effective, and economically sound.

54. The flood plain is the lowland that borders a river, usually dry but subject to
flooding.

55. It is built of alluvium, of sediments carried, deposited, and reworked by the river.
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56. The stream ordinarily uses only part of its valley bottom, inviting man to invade
its flood plain.

57. Early civilization grew up largely on these alluvial border lands.

58. Rough estimates indicate that there are about 50,000,000 acres of laud in the
United States known to be below flood levels.

59. Though only 2.5 per cent of the whole land area, these 50,000,000 acres probably
bear a larger ratio to the total land value.

60. Of the population on flood-hazard lands, little is known, since census figures are
not set up on that basis.

61. Many small communities are entirely on the flood plains, and large parts of some

major cities are so exposed.

62. The Mississippi was warded off by levees early in the history of the city and it has
not been flooded since 1849.

63. Nevertheless, it has not been free from worry; every large flood on the lower river
has threatened the dikes and endangered the city.

64. An estimate of the number of people living in exposed positions and of the relative
importance of the flood plain can be derived from some figures of the number of people
forced out of their homes by major floods.

65. During the flood of July 1951 on the Kansas and lower Missouri rivers, for
example, about 500,000 people were reported to have evacuated their homes.

66. During the flood of January 1937 in the Ohio Valley, there were about 1,500,000
people directly subjected to flooding.

67. By putting together such figures as these, supplemented by estimates where
direct information is lacking, it is calculated that there are about 10 million people

subject to the flood hazard, roughly 6.5 per cent of the population.
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68. The population density on the flood plain is thus over twice the national average.

69. Why do rivers not course downstream in confined rock-bound channels, as they do
in youthful terrain.

70. In mountainous headwater streams the flood plains may be absent; the work of
rivers in youthful terrain is spent in establishing grade.

71. The higher velocities created by the confined channel are dissipated in turbulence

in downward erosion.

72. Rivers would continue to flow in rock-bound channels throughout their length and
history, were it not for the effect of curvature.

73. Any irregularity in the terrain tends to deflect a stream from its straight course,
directing its current against one valley side and then the other; this products the
sinuous courses that characterize nearly all rivers, with ultimate developments as

meanders.

74. The breadth of the meander belt depends on the flood discharges that a valley is
called upon to carry.

75. Thus there is a physical limit to the width of valley that a given stream can carve

out.

76. As the valley plain grows wider, the meanders impinge less and less frequently
against the bedrock of the valley sides.

77. The development of open, wide-floored valleys of gentle slope naturally goes on
most rapidly in weak rocks, and so in a region of alternately weak and resistant rock
outcrops the valleys in the weaker rock belts are wide and comparatively flat, while the
stream crossings of transverse resistant formations are through narrow steep valleys

sometimes called “water gaps”.
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78. The widening of the valley bottom is a consequence of the irregularities in terrain
that give rise to a sinuous course in areas underlaid with the weak rocks.

79. To do this in one channel can be accomplished only with certain ratios of width,
depth, and velocity, as described by Leopold and Maddock.

80. If the channel is too wide for its depth, the velocity will be insufficient to carry the
sediment.

81. The normal river tends toward equilibrium, which requires that the stream
normally occupy only a part of the valley bottom through which it meanders.

82. The remainder of the valley bottom contains the flood-plain deposits, which are
excavated at the outside of the bends and redeposited at the inside of the bends.

83. The process of borrowing and lending of sediments causes the meanders to
migrate and the river to shift its position in the valley.

84. The valley sediments provide the flexible environment within which the river
channel is self-formed to discharge its varying load of water and sediment.

85. The flood plain along a river reach denotes a condition of harmony between
sediment load, water, and slope.

86. On the lower Missouri River the Corps of Engineers has outlined a meander belt

that averages over a mile in width.

87. From early maps and other sources it concludes that under natural conditions the
Missouri River erodes and deposits an average of 9,100 acres of valley bottoms per year.

88. At this rate all the land in the meander belt would erode once in seventy years, the
total acreage remaining substantially constant, with avulsion in one place being

compensated by accretion elsewhere in the meander belt.
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89. Floods pour over the banks, abandoning the meandered channel of the stream and
following the general line of the valley.
90. River bars are scoured out and new ones formed, and meander loops are cut.

91. Yet major relocations of the channel that occur during mighty floods probably
represent the culmination of a long process.

92. Despite their great load and their great potential for reworking the valley
sediments, extreme floods occur so rarely that they take little part in determining the
height of the flood plain or size of the channel.

93. Because rivers widen as they deepen, there is a flood hazard associated with every
stream.

94. The valley width depends on the hardness of the rocks and the discharge of the

river.

95. Within its valley the river normally occupies a main channel properly adjusted in
terms of width and depth to carry its ordinary load of water and sediments.

96. Fig. 2 shows a schematic cross section of a river valley, including the main
channel, the flood plain, and a terrace.

97. When the rive is low, it occupies only a part of its bed, leaving many bars and low
islands exposed. The banks of the flood plain stand high above the river and there is a

sandy beach on one side or the other as stream swings across its bed in short meanders.
98. During ordinary high water, the highest stage reached nearly every year, the
river occupies all its bed, drowning out the short out the short within-channel
meanders, and the channel is said to be bank-full.

99. This level is generally marked by the lower limits of the vegetation.

100. Less frequently about once in two or three years, the river goes over its banks and

invades low places on its flood plain, with a tendency to overflow across low

meander necks of the main channel.
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101. Backwater from the tributaries may also inundate low places on the flood plain
along the valley edges.

102. This is the lowest stage that deserves to be called a flood.

103. Higher stages, occurring with decreasing frequency, flood increasing areas of the
flood plain, but only once in a century or longer is there a flood that submerges all the
alluvial deposits on the valley bottom.

104. These frequencies are descriptive of graded rivers generally, where the banks
represent the alluvial flood plain, but the frequency of flooding may be much greater in

low swales in the alluvium, for example in an abandoned channel.

105. Terrace lands have many of the advantages of the more modern flood plain,
combined with the advantages of relative freedom from flooding.

106. In many valleys the simple mapping of terrace and flood-plain boundaries may
afford opportunity for the prediction of the acteristics of the flooding and for recognition
of most points of possible danger in floods.

107. There are many locally important deviations, for example streams that now

occupy valleys carved in the geologic past by larger streams.

108. There are many such valleys in the eastern United States, notably those that
were occupied by large stream in a preglacial stage or during the melting stage of the

glaciers.

109. At the other extreme are those river reaches that are trenched below the

surrounding terrain.

110. Hazards here are also small because either the river has left the old flood plain as
a terrace, or the flood plain is eroded out and there are no bottom lands to occupy.

111. The Delaware River southward from Port Jervis to Trenton is a good example of

a trenched river that offer little flood hazard, since there is little or no flood plain, and

farms and towns are in relatively high terraces.
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112. In the Northeast, for example, the upland topography is generally so rugged that
the railroads, highways, and towns must necessarily follow the valleys. There are no

other places available.

113. Only in the occasional intervals between rock gaps are wide valley bottoms to be
found.

114. Much of the settlement in the West, notably in Utah and in the southern
California, has been upon alluvial fans and debris .cones dumped at the foot of steep
mountains in the immediate background.

115. The streams that bring the material from the mountains during the desert
cloudbursts shift their courses from time to time, adding to the flood hazards of such
lands.

116. Itis not surprising then when the downhill streets become filled with torrents of

water and overpowering mudflows.

117. These lands are better drained, less liable to have early frosts, and free from flood
hazards, except possibly from local cloudbursts.

118. On the coastal plain and piedmont along the southeastern seaboards the towns,
rail lines, and highways tend to favor the high ground between streams.

119. Ridge roads, following the broad drainage divides, have few flood problems and
approach streams only to cross them at right angles.

120. The relation of terrain to floods as an aspect of human geography has hardly
been studied, at least not nearly so extensively as river hydraulics and hydrology.

121. The geology of rivers has been reported for the most part in general descriptive
terms; lacking are the quantitative studies that can provide the practical information

needed if we are to accomplish a satisfactory adjustment between man and river.

122. A rainstorm is an essential part of the hydrologic cycle, returning to the land the
water that the rivers carried to the sea.
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123. There are transient rivers of vapor in the blanket of air enfolding the earth,
feeding the rivers of water on the surface of the earth.

124. At any one time the atmosphere holds only a little water.

125. If all the moisture in the atmosphere were suddenly precipitated there would be
only enough to produce an average depth of about 1 inch of water.

126. The answer is in the storm mechanism, which brings about a rapid convergence
of vast air masses heavily burdened with moisture.

127. Storms in the temperate zone have their ultimate origin in the imbalance
between the polar and the tropical air masses.

128. The earth is a heat engine, warm in the equatorial zones, cold at the poles.

129. A simple exchange of air, which would maintain a steady climate everywhere, is
broken up by the rotation of the earth and the uneven distribution of land and ocean.

130. Land cools and heats more readily than the oceans, which act as great reservoirs

of heat as well as of water.

131. Thermal instability between north and south, between land and ocean, makes
the atmospheric changes which we call weather.

132. Most of the rainfall in the United States results from the forced lifting of large
masses of tropical maritime air which have invaded the continent.

133. The moist air is cooled at the higher levels to temperatures so low that it can no

longer hold its original concentration of water vapor.

134. Where the cold air is pushing southward the front is steep, and warm air is

forced to rise abruptly, producing intense rains over small areas.

135. Floods on large river systems, such as the Ohio River, are usually produced by

periods of persistent warm, rainy weather.
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136. Occasionally the regular progression of waves along the polar front is
interrupted and the front becomes stagnant over one watershed.

137. Rainfall then persists in an area for several days, and enough water may

accumulate in a single watershed to flood even its largest stream.

138. The main axis of the rainfall in that month coincided with that of the drainage

basin.

139. From the analysis of many hundreds of isohyetal maps, hydrologists have
resolved certain basic relationships between depth, area, and duration of rainstorms,
shown on Fig.3.

140. Storms of long duration are usually spread over wide areas, whereas those of

short duration tend to cover only small areas.

141. For small-area storms the greater amount is concentrated in one to three hours,

whereas in large-area storms the amount tend to be more uniform during the storm.

142. If a 12-hour storm covered only 10 square miles, we might expect about 35 per
cent of the rain to fall within 1 hour, and nearly 60per cent within a 3-hour period.

143. These relationships, of course, apply only to the average; each storm may show

considerable individuality.

144. Of the kinds of storms that produce enough rainfall to cause floods the most
spectacular is the thunderstorm.

145. Although thunderstorms occur nearly everywhere, they are most common in the
warm regions of the globe, during the warm seasons of the year and the warm part of
the day.

146. Of short duration, rarely covering more than 200 square miles, the thunderstorm
occurs as a local cell of turbulent lifting within an overheated moist air mass that
probably had its origin over the tropical waters of the Gulf of Mexico or the Atlantic
south of the thirtieth parallel.
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147. In the beginning there is the bulging cumulus cloud, produced by the vective
updraft that extends perhaps as high as 40,000 feet.

148. As the updraft causes the cloud to grow in height, air flows in through the sides
of the cloud and mixes with the updraft.

149. With continued upward flow, the air expands and cools below the dew point, and
free water is released which in time exceeds the amount that can be supported by the
updraft ; rain starts to fall.

150. As vapor changes to liquid, heat is added to the air current, which tends to
regenerate the process.

151. The fine droplets are carried upward with the speed of the updraft. In this stage,
continued ascent promotes the formation of more and more droplets rather than nte
growth of existing ones.

152. Then something happens in the top of the cloud that makes the droplets grow to
the size of raindrops, which begin to fall. Caught in the strong updraft the drops are
broken into smaller drops and again carried up to higher levels where they again
coalesce and start to fall, only to be lifted up again.

153. Eventually the load of water will be too heavy and a torrential rain descends to
earth, accompanied by lightning and thunder.

154. The downdraft develops at the expense of the updraft, and soon the maximum
downdraft speed is attained, the updraft is completely cut off, and the cell enters its

final or dissipating stage.

155. The hurricane or tropical cyclone originates in summer or early autumn over

warm equatorial seas where the layer of air is laden with moisture.

156. The air begins to move toward and around the central area, where heated air
begins to rise and barometer is falling, slowly at first, then more rapidly.

157. Next the entire system begins to move, whirling like a top as it goes forward.
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158. First the rotary motion of the winds counterclockwise about the center, becoming

more violent as the hurricane develops, often exceeding speeds of 100 miles per hour.

1569. Second the forward motion of the whole storm, usually at 10 to 15 miles per hour
while the hurricane is in the tropics, but often gaining in speed as it moves north.

160. Tropical cyclones occur in different parts of the world under different names.

161. Hurricanes are a major threat to ships and ports, and are important flood-

producers along the Gulf and southern Atlantic coasts.

162. In a hurricane, rains near the right-hand front sector of the storm are excessive

and continuous.

163. Not uncommonly, the total amount of rain producer during the passage of a

hurricane exceeds 20 inches.
164. When a hurricane moves inland, it is likely to die out because it is cut off from
the source of moisture and because of the friction encountered by the winds, though

much rain may fall before the storm is wholly dissipated.

165. Hurricanes account for a considerable part of the rainfall of late summer in
Florida.

166. Although the winds can be very devastating, it has been found that water gives
the most trouble.

167. Georgia and the Carolinas are highly vulnerable to hurricanes.

168. The record-high floods of mid-August 1940 in the southeastern states were
produced by the worst hurricane in that region since that of August 1893.

169. The storm followed a roughly semicircular path that reached as far inland as the

Appalachian Mountains. Rainfall averaged 10 inches over areas of about 35,000

square miles and resulted in record floods on small and large streams.
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170. Hwurricanes that pass along the Atlantic coast ordinarily tend to bear
northeasterly after passing Cape Hatteras, N.C., skirting the western side of the
“Bermuda high”, which takes them out to sea.

171. But occasionally, when its eastward course is blocked by a high-pressure area

over the ocean, a hurricanes may move into New England.
172. As a matter of record, hurricanes are not rare in New England.

173. Since the first recorded New England hurricane, that of August 1635, there have
been five to ten hurricanes per century, with one that is especially fierce and
widespread in each century and a half.

174. The hurricane of September 1938, one of the most violent to reach that region,
slipped into a low-pressure trough that guided the hurricane at an average speed of 55
miles per hour straight across New England into Quebec in about 6 hours.

1756. Very few of these were recorded on standard rain gages. Many torrential
rainfalls have occurred for which the only evidence is the destruction wrought by the

downpour.

176. Since there is only one gage per 300 square miles on the average, only a small
chance existed that one of these extraordinary storms would center over an official rain

gage.

177. The United States experience keeps pace with the world-wide maximum for
periods up to 24 hours. For longer periods the continental United States has nothing
to match the rainfall of 102 inches in 4 days, recorded at Cherrapunji, India, one of the

rainiest spots in the world.

178. Mt. Waialiali, Hawaii, is another rainy spot, with annual rainfall exceeding 400

inches.
179. The rainiest area in the continental United States is the western slopes of the

Olympic Mountains in the state of Washington. The heaviest annual precipitation of
record on the United States is 185 inches, measured at Oxbow, Wash., in 1931.
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180. All of the rains shown on Fig.4 produced serious floods, the short rains on small
areas, the long rains on large areas. But it must be understood that such rainfalls are
not equally likely everywhere; in certain regions intensive rains are more

characteristic than in others.

181. Rainfall intensities are usually greater in coastal areas because of the larger
amounts of moisture in the atmosphere.

182. Meteorologists also recognize a tendency for rates of rainfall to decrease
northward from about the thirtieth parallel.

183. This map shows the south-to-north decrease, the shading across the Great Plains
into the interior, and the low values in the Great Basin.

184. Snow is a vital flood hazard wherever winter snows accumulate.
185. In these areas either snow or ice is intimately associated with floods.

186. At winter’s end, snow has accumulated over wide areas, and when its melting

leads to floods large areas are affected.

187. In the West an abnormal snowpack with its promise of abundant water for
irrigation and water power has a somber aspect.

188. There is the threat of flood if rain accompanies a delayed thaw.

189. The runoff is heavy but sustained over several weeks.

190. Yet many northern and high mountainous areas have deep snow every year
without floods because the thaw begins slowly with the onset of spring and the snow

cover is fairly depleted before high temperatures occur.

191. For the previous thirty days temperatures averaged 24° F, 5° below normal ;

then on April 3 temperatures rose up into the 70's for a five-day period of clear weather.
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192. In the central Ohio and upper Mississippi and Missouri valleys where snowfall
ranges from 20 to 60 inches snow alone rarely produces floods.

193. Snow alone rarely is only a contributor to winter and spring floods, which are
primarily caused by heavy rains.

194. Surprisingly enough, condensation of warm vapor on the cold snow surface is a
major source of heat for melting of snow.

195. The ratio of the latent heats of condensation to that of melting is such that 0.1
inch of condensation will melt 0.7 inch of snow water.

196. When a major flood occurs, the statement that “the flood was intensified by the
melting of the snow cover by the heavy rain” is pretty certain to appear in the papers.
But the latent heat of melting of snow crystals is so great that the amount of melt-
water produced by rain is ordinarily trivial.

197. It is a familiar fact that if there is a deep, cold snow on the ground, streams do
not rise as rapidly after a rain as they would if the snow were shallow.

198. In general there is a marked lag between the melting of snow and the appearance

of the resulting water as runoff in the streams.

199. The melting of snow during a thaw progresses from the surface of the pack
downward, and from the bottom upward in a drainage basin.

200. Early in the melting season, melt-water freezes as it percolates downward

through the snow pack.

201. The snow structure becomes coarser, the density increases, and the spongelike

absorptive capacity decreases.
202. With the continued thaw, water begins to accumulate in the snow, either

retained by spongelike action or held up by ice layers, which seem to mark the

crusts of old snow surface.
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203. Ultimately the zone of melting reaches the ground surface and by this time rapid
melting is taking place; the snow cover holds as much capillary water as it can and is
said to be “ripe”.

204. The release of snowmelt in a drainage basin takes place along a band that moves
upward from the lowest areas along the stream channels toward the divide as the thaw
advances.

205. The rate at any time is related in a general way to the air temperature, the dew
point, and the wind; but since there is little specific information on these factors,
hydrologists have used air temperature alone to estimate rate of melting.

206. By preventing infiltration of water, frost in the ground may aggravate floods in

‘winter or early spring, but the effect is not as serious as is often supposed.
207. Moreover, infiltration is generally low at such times anyway because the
absorptive capacity is lowered by the high moisture charge that is built up during the

winter and early spring.

208. An abnormally heavy snow certainly justifies a warning of floods but rarely a
definite forecast.

209. For snows of less than 4 to 8 inches’ water equivalent the rain is the controlling
influence; for greater depth the intensity and duration of the thaw occur in critical
combination.

210. Occasionally snow, rain, and thaw occur in critical combinations.

211. There is no assurance that a breakup will be peaceable until the ice is gone and

“open water” prevails.

212. Whether a breakup will be orderly depends on the amount of ice in the stream,
the suddenness and intensity of the thaw, and the amount of water to carry the ice off.
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213. In a normal spring the breakup is preceded by a warm period that carries some
melt-water down into every crack in the ice and the once-solid ice is transformed into a
honeycomb structure of long crystals normal to the surface.

214. To the casual eye the ice looks as solid as it did in January, but actually it is
structurally weak.

215. Then as the thaw continues and the snowmelt swells the streams, the ice sheet is
broke from its banks, and that fascinating sight, the ice run, is on.

216. When the ice is of great thickness, the loosened ice may become gorged in

constrictions as at riffles, rover narrows, abrupt bends, or bridge openings.

217. The flow of the river, augmented by the runoff from snowmelt released by the
warm weather, becomes obstructed and is dammed up by the ice.

218. Once the ice becomes solidly lodged, it continues to accumulate and the river

continues to rise.

219. A return to cold weather may arrest the snowmelt runoff, and the jam may hold
firm until the next thaw.

220. The ice dam and impounded water grow until the force of the backwater is
sufficient to break the jam. The rapid release of the impounded water and ice may
then result in floods downstream.

221. The flood of April 1952 on the Missouri River in North and South Dakota was an
impressive example of what ice cover and ice jams can do with the flood flow of a large

river.
222. Toward the end of March, warm weather upstream in Montana caused the ice in

the tributaries to break up and move downstream to jam against the firm ice in the

Missouri River.
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223. About April 4 the rising river with its load of accumulated ice from the north
pressed downstream against the solid ice sheet, like a rolling dam, with occasional

interruptions in its motion caused by gorges or the stubborn resistance of the ice cover.

224. The release of the huge volume of water under and behind the ice produced a
phenomenal rise in the discharge of the Missouri.

225. In such streams the surface ice in the upper, warmer reaches melts and breaks
up first, sending down huge cakes of ice to jam upon the still solidly frozen lower

courses.

226. Another flood peculiarity is the annual ice damming of the lower reaches of the
northern-flowing Mackenzie River in Canada, which empties into the Arctic Ocean at
latitude 69° .

227. This river, some 2,500 miles long and with a watershed area of 680,000 square
miles, has its headwaters at latitude 52° , where the spring freshet begins some two

months before the mouth is clear of ice.

228. With the ice dam at the outlet, the lower valley is flooded sometimes to a height

of 50 feet above the normal summer levels.

229. There have also been floods in the northeastern United States caused by choking

of rivers during midwinter by accumulations of slush ice.

230. In the meantime the flowing water becomes fairly viscous with its suspended
load of ice crystals, causing a reduction in velocity and a corresponding increase in
stage.

231. Slush ice is deposited on its flood plain wherever velocities slacken.

232. The St. Lawrence River, which has a remarkably uniform flow owing to the

regulating effect of the Great Lakes, is sometimes raised as much as 25 feet as a

result of severe ice jams, particularly in the sections near Barnhart Island.
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233. The ice began jamming on December 16 and continued to grow until it broke on
February 12, after holding in place for fifty-eight days.

234. Before it broke, the jam had a maximum depth of 30 feet at its lower end, and a
total length of 12 miles. The backwater extended more than 100 miles up the river.

235. Where ice is of great importance, and where the breakup is an annual event, as
in Scandinavia and in Russia, considerable scientific attention is given to forecasts.

236. But in the United States, on the border between heavy winters and no winters,
conditions are so variable and the time and kind of breakup so uncertain that forecasts
are virtually useless.

237. Ice jams are difficult to prevent or anticipate. They tend to form at the same
constrictions and their recurrence can be minimized by removing the obstructions on

which the ice lodges.

238. When still in their critical formative stages, they are readily dispersed by
dynamiting or use of Thermit charges.

239. Ice-jam floods in the United States seldom cause loss of life.

240. Backwater stages above gorges increase slowly, affording everyone ample
opportunity to move out of the threatened district.

241. Flood stages below increase sharply when the jam finally gives way, but those
below can be altered in advance.

242. The generation of a flood in a drainage basin may be visualized as a progression

from one stage to another during the runoff cycle.

243. Fig.7 shows the sequence of events in a idealized cross section of a river valley in

a humid climate during the runoff cycle.

244. The story begins with the calm before the storm.
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245. The rivers are low, being fed only by slow seepage (B) from the ground water.
246. Fair weather is depleting the water on the land.

247. The drainage (B) from the ground water into the streams lowers the water table
from X to Xu.

248. When the water table drops below the channel, the stream dries up.

249. The gradual lowering of the water table restores the underground storage
capacity.

250. Transpiration by plants (T) and direct evaporation (E) deplete soil water, and

also restore the storage capacity.
251. Fig.7B shows the various hydrologic phenomena on the idealized cross section
soon after the start of the rainfall (P) assumed in this illustration to be uniform and

initially of light intensity.

252. A part(V) of the rain is intercepted by vegetation, and a small part of the rain (C)

falls directly on the streams and becomes an immediate increment to stream flow.

253. A part (D) wets the ground and is caught in the small depressions and puddles on

the surface.

254. If the ground is frozen at a low moisture content the general effect of the frost
will be to increase the infiltration capacity.

255. As the rainfall (P) continues and increases in intensity, the vegetation is
thoroughly wetted and all the rain reaches the ground (V).

256. Surface depressions overflow and additional rain becomes runoff or infiltrates (I)

into the soil in all previous areas.

257. Rates of infiltration vary greatly, principally in relation to the amount of water
already stored in the soil.
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258. As between different soils, there is considerable evidence that heavily vegetated
land absorbs water more readily than bare soil.

259. When the rainfall rates exceed the infiltration rates, there is active surface
runoff (O).

260. The surface runoff may or may not reach stream channels depending on the
infiltration capacity of the ground over which it must flow.

261. During the rain there is a general increase in the soil moisture (S). As the field
capacity of the soil is reached, first in the shallower areas in the valleys, “wet-weather
seeps’ discharge into the rills and ultimately into the streams.

262. With continued rainfall and recharge to ground water, the table rises and base
flow into the streams increases.

263. The runnels, creeks, and brooks now rise rapidly as they actively receive
drainage from all three sources: surface runoff, wet-weather seeps (or subsurface storm

flow), and from the ground water as base flow.

264. Surface flow and wet-weather seeps run off from the land in surges that rise and
fall in close response to bursts of rainfall.

265. These sources make up the greater part of the flood.
266. In the latter phases of a major flood all natural storage facilities of the basin are
filled and the rate of drainage into the streams approaches and may almost equal the

rate of rainfall.

267. The streams are at their peak and the channel storage will soon drain as the

flood passes downstream.

268. Fair weather has returned, and evaporation (E) and transpiration (T) are again
drying the wet vegetation, surface pools, and soil moisture.
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269. Infiltration from the pools into the soil (I) is still active and the excess water in
the soil is percolating to the water table (R).

270. The cycle then returns to the first stage to begin anew the restoration of the
storage capacity of the Iand, nature’s flood control.

271. The first stage is as critical as the third; if it is short, the storage capacity is low
and the runoff cycle moves rapidly into the third and active stage of the flood.

272. As a stream descends and is joined by tributaries it collects the drainage from a
steadily increasing catchment area, and the size of drainage or catchment area is one of

the most important characteristics of a stream.

273. The progress of a flood downstream on the Savannah River is shown by
hydrographs on Fig.8A.

274. The diagram shows the build-up of the flood wave.

275. Note the three-day period required for the flood to move from the headwaters to
the lower stream; note also the spreading-out of the flood wave and the severalfold
increases in discharge as the flood wave moves downstream.

276. Fig.8B shows the hydrograph of discharge upstream on the Chatooga River and
downstream at Clyo in terms of the discharge in cubic feet per square mile of drainage
area.

277. Comparisons of diagrams A and B of Fig.8 shows clearly that although the
discharge increased in a downstream direction, the increase fell far short of that
attributable to drainage area.

278. The reduction reflects the attenuating action of the channel system.

279. Large volumes are spread over the flood plain with each increment in stage.

280. Water going into storage in the valley bottom serves to check the increase in
discharge.
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281. Such enormous volumes pose substantial questions in attempts to control floods

on large rivers by means of storage reservoirs.

282. The time required for water to gather and flow from the drainage basin is nearly
as important as the drainage area.

283. This time determines whether the runoff is sharply concentrated in a high but

short peak or is spread over a long period.

284. For a given draimage basin the lag is a fairly stable characteristic. It may be
somewhat longer for a storm that centers in the upper basin than for a storm in the
lower part, but in general the range in a given watershed is comparatively limited.

285. The lag increases with the size of the drainage basin, approximately as shown on
Fig.9.

286. As between different watersheds of equal size, there may be as much as a
threefold variation in the lag, depending on whether the streams are sluggish (long lag)
or flashy (short lag).

287. The effects of channel storage can be expressed in terms of the lag of the
watershed and the storm duration.

288. During a long storm there is opportunity for the discharge to build up toward
equilibrium with the net rate of rainfall.

289. Therefore we find two opposing influences exercised by storm duration, one
tending to increase the flood peak and the other to decrease it.

290. Analysis of many different combinations of basin lag and storm duration

indicates that for a given watershed the critical storm has an effective duration equal to

the basin lag.
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291. This flood began with an invasion of warm, moist air moving upslope from the
Gulf of Mexico into a trough between two huge domes of cold air that blocked its usual
eastward course. These domes caused the warm, moist air to converge as if flowing

through a mountain pass.

292. The upslope motion of the moist tongue caused it to cool and to drop the load of
water that it had absorbed from the Gulf of Mexico.

293. The eddies in the air created by the sharp convergences occurred just over the
central part of the Muskingum basin during the night of August 6-7, 1935.

294. The 12-hour storm averaged 7.5 inches over 1,500 square miles, and 5 inches

over 5,000 square ,miles.

295. Very few records of the time-distribution of the rainfall are available, but
fragmentary evidence indicates that about 40 per cent fell in 3 hours, and 65 per cent in
6 hours.

296. The peak rate of runoff was 19,700 cubic feet per second, equivalent to 0.1 inch

per hour from its drainage area.

297. The volume of runoff was equal to 3.0 inches, compared with 6.3 inches of rainfall.

The remaining 3.3 inches was retained as soil moisture and ground water.

298. Since the storm lasted about 12 hours, the rate of infiltration averaged about 0.3
inch per hour, and only rainfall in excess of that rate was effective in producing flood

runoff,

299. Apparently the channel system was acting like a reservoir, accumulating inflow

faster than it was discharging it.
300. Since this is a low value, we can judge that the storm of August 1935, although it

produced the record maximum on Sugar Creek, was not really a critical storm for this
watershed.
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301. For example let us consider an 18-hour storm of about the same frequency of
recurrence as that of August 1935 on this 310-square-mile basin.

302. Flood characteristics vary over the country. The chief influence is climate,
which in the United States varies from the superhumid rain-forests on the Olympic
Peninsula and higher Appalachians.

303. The channel and the flood plain too are in part climatic factors, adjusted to carry
off the rainfall in excess of that needed to recharge soil moisture during the storm.

304. Whether the streams of a region are flashy or sluggish depends chiefly on such
physiographic factors as the steepness of the land, the amount of channel storage, and
the permeability and capacity of the ground-water aquifers (water-bearing beds or
strata).

305. The flood characteristics in each region may be explained in terms of climatic
and, to a lesser degree, physiographic factors.

306. The northeastern United States is a region of generally uniform annual
distribution of precipitation, which in the winter may fall as rain or snow.

307. Snow does not remain long, and maximum depths average 2 to 4 feet. The snow,
though shallow, reaches a high water-density of 20 to 30 per cent, constituting a

potential source of flood runoff.

308. Analyses indicate that most major floods of record in the Northeast have been

associated with melting snow, with runoff near 10 to 15 inches.
309. The ice breakup aggravates flood conditions during winter and spring freshets.
310. Flood runoff produced by these storms seldom exceeds 8 to 10 inches but is

sharply concentrated, so that peak discharges equal and in local areas may exceed

those of the more general winter floods of greater volume.
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311. These summer storms also embrace smaller areas, and the resultant floods are
usually severe in local areas, particularly in the smaller creeks situated under the eye
of the rainstorm.

312. The southeastern part of the country is a humid region with fairly uniform
seasonal distribution of rainfall.

313. This region receives greater rainfall than the Northeast, but snow is rare.

314. On the other hand, the region experiences some of the greatest rainstorms
recorded in the United States.

315. The smaller streams are dry except during intensive cloudbursts. Only the
larger streams originating in the Rocky Mountains are perennial.

316. Only in the northern Great Plains, that is, in the Missouri basin, is there enough
snow to be an important contributor to flood runoff. Elsewhere a lot of snow blows
through, but little stays.

317. Snow is nevertheless an important factor in the floods on the rivers that head in
the Rocky Mountains; these rivers reach high stages during their course through the
Plains each winter and spring.

318. Of five days’ duration, the greater part of the rain fell in one day.

319. High runoff occurred during the flood because the soil had already absorbed

several inches of rain during the preceding weeks.

320. The Pacific climate (winter precipitation) reaches eastward at high attitudes,
while the Plain type (summer rain) extends westward at low levels.

321. Above that level, temperatures during the spring and early summer are close to

freezing, and snow thaws so slowly that it seldom produces floods.
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322. A gradual rise in temperature or a warm, early thaw can release the water so
slowly that dangerous flood stages do not occur. But a delayed thaw, with nearly the
full snowpack remaining in the mountains until late spring, will prouce the highest
river stages in the valleys below.

323. Records of outstanding floods show that the runoff from the combination of rain
and snow may range from 15 to 30 inches during a single flood, which is an
approximate measure of the probable maximum flood runoff on the United States, but
the runoff occurs over periods as long as several weeks and so is of low intensity.

324. Maximum rates of runoff, although comparable to those in New England for
drainage areas of equivalent size, are only about half the United States’ enveloping
graph, shown on Fig.20, which appears later in this chapter.

325. They occur generally in the summer, either along the mountain fronts where
moisture-laden air is rapidly lifted, or on the valley floors when moist air is lifted by

convection on hot days.

326. When the air mass enters the country it is forced to rise during its northerly or

northwesterly progress over the plateau and mountains.

327. The short, local convective thunderstorms are usually scattered over wide areas
for several days with broad intervening regions left unwet. They are most likely to
occur in localities where there is a sharp break in topography and along the steep
windward slopes of high mountain ranges, although thunderstorms in flat areas far

removed from mountains or canyons are not uncommon.

328. Records show that most thunderstorms take place between noon and midnight,
probably caused by local convection from heating of the lower layers of the air.

329. The highest intensity is usually at the beginning of the storm and many conclude

with several hours of relatively gentle rain.
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330. The resulting runoff when expressed in inches over the drainage basin is small,
rarely exceeding half an inch, but the discharge rates are relatively high because the

runoff is sharply concentrated in not more than an hour of two.

331. Cloudburst floods do considerable damage to towns built where mountain
canyons debouch on alluvial fans, and damage is increased by the large freight of debris
carried by the cloudburst.

332. Some of the more heavily loaded floods, known as mudflows, slip down the

canyons and spew out over the fan like huge sheets of wet mortar or concrete.

333. The rivers most prone to flooding are those flowing over flat, glacial lake beds,
where the banks are low and wide and the excessive rate of runoff will rapidly flood

outward.

334. Floods can and do occur in almost all seasons, but they are more apt to take place

in some than in others.

335. The two chief factors controlling the seasonal occurrence of floods are (1) the
presence of marked rainy seasons and (2) the seasonal change in temperature as
regulated by latitude or altitude.

336. Temperature operates first in controlling the accumulation of precipitation as
snow and its subsequent thaw, and second in controlling the rate of evaporation of soil

water and hence the storage capacity of the ground.

337. Because of this influence of temperature, winter and spring are the dominant

flood seasons.

338. In the cool seasons the ground dries slowly, freezing ground may impede

infiltration, and the absorptive capacity of the ground is at a minimum.
339. Conditions are therefore favorable for a large runoff from a downpour of rain.

340. Since the thaw reaches its climax with the onset of the warm season, floods peak

earlier in the south and later in the north.
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341. The south-to north progression of flood seasons may also be noted in the East,
where peaks normally occur in January, February, and March in the Gulf States, and
in April and May in Quebec.

342. Superposed on the general north-and-south gradations are the local variations in
seasonal high water caused by the large differences in altitude in the West.

343. The valley streams attain their seasonal high stages some months earlier than
the snow-fed streams that reach high up in the mountains.

344. Late summer and autumn appear to be seasons of few floods on large streams.

345. This period is also marked by the hurricane floods in the Southeast and Gulf

region.

346. But elsewhere in the country, summer floods and the “pumpkin” floods of
autumn occur sporadically, whenever an intensive rainstorm follows a wet spell. The

area affected is generally small compared with that of a winter storm.
347. Large rivers show very marked seasonal characteristics.

348. The Ohio peaks characteristically from January through April. In its middle

and lower reaches the Missouri River has two peaks.

349. It is also fed by the middle and lower tributaries which normally peak in June,

during the rainy season on the Plains.

350. In winter, January is dominant, but strangely the midwinter month of February
shows little flood damage. April ranks as the month with the highest flood losses. In

summer, June and July are the leading months.

351. Dominant seasonal characteristics are important in dealing with floods. It is
possible, for example, to profit by the lesser frequency of floods in certain seasons, by
borrowing flood-storage capacity for productive use, in scheduling farming operations
and construction work on dams and bridges, and in ordering flood-plain occupancy in

accord with the seasonal regimen.
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352. From the earliest times history records much evidence of the importance of
rivers in human progress and experience, but rarely does it contain references to river

behavior that have quantitative scientific significance.

353. As a matter of historical interest, two of the three highest floods of record
occurred at the fort in 1762 and 1763; the latter was not exceeded for 173 years.

354. By this method, incomplete flood-stage records have been pieced out for several
rivers in New England and along the Atlantic seaboard, extending well back into the
colonial period.

355. These discharges were generally based on measurements of velocity by means of
surface floats.

356. But the art of measuring the rate and volume of natural streams has been

developed essentially within the last seventy-five or eighty years.

357. The crops of the Nile Valley are dependent on flooding each summer, and the
height of the flooding has determined the extent of the lands that could be tilled in any

year, and therefore the seasons of plenty and famine.
358. But the most useful data are the records at the Roda gage at Cairo, where
readings of the highest stages in each year are reasonably complete from A.D. 622

except for portions of the sixteenth and seventeenth centuries.

359. Flood stage is defined as that level at which the river either causes or threatens

damage.

360. These diagrams demonstrate how essential it is to have long records if
conclusions about floods are to be reached safely.

361. The Ohio River records seem to show a progressive increase in river stages
beginning about 1850.

362. With this century-long record, one would appear safe in concluding that floods

are now worse than ever.
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363. The fragmentary record for the preceding 100 years shows rather definitely that
the 1850-1870 period experienced rather little flood activity and that major floods
occurred back in 1760-1800.

364. Floods are compared on the basis of their frequency of recurrence.

365. We speak of a 10-year flood, or a 100-year flood, meaning in each case a flood of
such magnitude that it cccurs once in 10 years, or 100 years, on the average.

366. This does not mean that the floods occur evenly spaced at 10- or 100-year
intervals.

367. Two or more floods of 100 year magnitude can and sometimes do happen in close

succession.

368. A recent experience involves the group of four floods.

369. A century or more may elapse without a 100-year flood.

370. In a very long history, say 1,000 years, there would be ten 100- floods.

371. Another way of looking at it, preferred by some hydrologists, is to define a 100-

year flood as one which has a 1-in-100 chance of occurring in any given year.

372. The question of the frequency of recurrence is raised immediately after every

major flood.
373. The Republican River had not exceeded that flood in fifty years of record. Yetin
May 1935 the Republican River basin was visited by a storm which produced a flood

peak at Wakefield estimated at 180,000 cubic feet per second.

374. Such unexpected floods have happened many times in the past, and will continue
to happen in the future.

375. It would be a mistake to jump up the conclusion that bigger and bigger floods are
being recorded, that floods are steadily increasing in magnitude.
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376. The upper curve is about five times the lower curve. This is no evidence that
flood conditions are changing.

377. The occurrence of greater floods in the record is according to the laws of
probability.

378. One of the more controversial aspects of flood-frequency estimation concerns the
question whether there is a maximum possible flood on a given stream or whether any
flood is possible but the larger the flood the smaller the probability of its occurrence.

379. An eminent hydrologist, the late R.E. Horton, once stated that “flood magnitudes
always continue to increase as the recurrence interval increases, but they increase
toward a definite limit and not toward infinity.”

380. The hydrometeorologic approach, brought to a fine art under the late Merrill
Bernard, seeks to answer such questions as: Could this storm, which occurred here as

recorded, have been greater in intensity, duration, and extent?

381. Very often after a major flood the observation is made that if the storm had
centered just so many miles to the west or south, the resulting flood would have been

substantially greater than it was.
382. Indeed the transposition of a storm to a nearby but more critical position is an
advantageous procedure in showing how much bigger the biggest flood in the record

might have been under a worse, yet possible, combination of events.

383. When a storm is transposed, adjustment must be made for the differences in

hydrometeorologic conditions between the original and the new location.

384. For example a northward or inland shift may necessitate a decrease in

precipitation to allow for the decrease in moisture charge of the atmosphere.

385. Otherwise, storm transposition is valid only within a region that is

meteorologically homogeneous.
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386. A storm that straddles a divide might produce a greater flood if it centered
directly over a single basin.

387. Not only can a flood be increased by theoretical transposition of a storm, but
change in shape or orientation of the isohyetal pattern may also have a critical effect.

388. A storm with a long elliptical pattern that crosses a basin at right angles would
produce a much larger flood if its isohyetal pattern coincided more nearly with the
shape of the basin.

389. Furthermore, the characteristic elongated patterns of rainfall occurring along
major storm tracks cannot be altered in shape or orientation.

390. Some basins like the Ohio have shapes that conform roughly to the isohyetal
patterns of major storms, a factor that increases flooding in the Ohio River.

391. Meteorologic studies show that the amount of rainfall depends, in part, on the
amount of precipitable water in the atmosphere at the time.

392. Such analyses sometimes lead to the interesting result that a lesser storm
adjusted for moisture charge exceeds the adjusted value of the maximum storm on
record.

393. Snow adds a further complexity.

394. The synchronization of storm movement with downstream progress of the flood

wave will result in greater floods than where the storm moves upstream.
395. In the former event the storm tends continuously to “feed” the flood, whereas in
the latter the runoff from the early part of the storm has left the basin even before the

storm reaches the upper part.

396. The problem is not ended with a calculation of the maximum meteorologic
factors.
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397. A preliminary rainy spell that leaves the soil in a sodden condition is an essential

factor in generating the maximum flood.

398. Therefore, in translating the maximum storm into theoretical flood runoff, it is
necessary to use the lowest rates of infiltration that appear in the record for the given

season.

399. The designation “maximum” cannot mean that such floods can be approached but

never exceeded.

400. Of course, the new experience laid a firmer basis for calculations, but it suggests
as well that the results of the hydrometeorological analyses are limited by the available

record, and for that reason the term “probable maximum storm” is now used.

401. Great Salt Lake is the remnant of ancient Lake Bonneville, a body of fresh water
that compared in size to one of the present Great Lakes.

402. The wave-cut terrace with its bars, spits, and deltas has remained generally
undisturbed and is well preserved, although floods of the 1930’s cut deeply into some
previously undisturbed sands and gravels of the deltas and terraces and deposited
debris and sediment on the bottom of the old lake.

403. An estimate of the frequency of floods may be from a gaging-station record by the
following procedure.

404. The first step is to number the annual peaks (either stage or discharge) in order
of magnitude beginning with the highest as number 1.

405. The recurrence interval of each flood is computed by the simple formula N+1/m,

where N is the number of years in the record and m is the order number.

406. The data are usually plotted on graph paper with a time-scale based on statistical
theories of largest values, but since the analysis is entirely empirical, the kind of time-
scale is of no great importance. Nearly any scale that compresses the upper end and

expands the lower end will be satisfactory.
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407. A line fitted to the plotted points by inspection will enable one to estimate the
recurrence interval of a flood of specified magnitude, provided it is well within the
range of the observed data.

408. The temptation to extrapolate a flood-frequency graph cannot be encouraged.

409. The linear distance from 25 to 200 years may seem very short on graph paper,
but it is a gap loaded with danger.

410. But we can compute the chance that an observed flood is likely to recur in

various recurrence intervals.

411. We compute that there is a 50 per cent chance that the highest flood in a 25-year
record might be the highest in a 12-year period or 52-year period.

412. On streams where there are no gaging stations, estimates of flood discharge
become more troublesome and uncertain. The estimates of ungaged streams must be

based on extensions of whatever records of floods are available in the general region.

413. Points are shown for the mean annual flood only as a test of the validity of the
graph.

414. The slope of the graph shows that flood discharge of a given frequency varies as
the 0.8 power of the drainage area.

415. Itisa rule of fairly general validity that the discharge does not increase as fast as

the drainage area.
416. The study of flood frequencies enables us to judge fairly dependably from

available records the frequency of floods of say twenty-five-year or even fifty-year

magnitude.
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417. Observation of the stages and discharge during floods on the United States is a
part of a continuing governmental river-measurement program. This function is a
special task of the U.S. Geological Survey, which maintains in cooperation with states
and municipalities over 6,000 river -measurement stations on the principal streams
and their tributaries.

418. Owing to the erratic occurrence of floods, the maintenance of continuous and
routine observations is essential if one is to be on the job and ready when a flood occurs.

419 The other operation at a river-measurement station using the current meter to
determine the relation of stage to discharge, called the “stage-discharge relation”

420. A gage-height record may be obtained either by periodic (such as twice-daily, or
daily) readings of a gage or by an automatic water-stage recorder furnishing a
continuous graphic record.

421. Gages read periodically by an observer differ in their construction; some, known
as staff gages, consist of a graduated scale attached to a bridge pier or along the bank in
such a position that the height of the water can be read directly on the scale

422. Other types of nonrecording gages consist of weights suspended by wire or chain
and lowered from a bridge until the bottom of the weight touches the river surface.

423. Recording gages are generally enclosed within a shelter built over a stilling well.

424. The stilling well is built along the river bank and is connected with the river
itself by a pipe so that the water surface in the well is the same as that outside.

425. The recording instrument consists of two elements: (1) the clockwork which
moves the recording paper at a constant rate (commonly 2.4 inches per day) and (2) the
float and float cable designed to move a pen (or pencil) across the chart, the motion

being proportional to the raising or lowering of the float.

426. The translation of the record of stage into one of discharge is done by means of
the stage-discharge relation.
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427. At some point along a stream a given rate of flow is closely associated with a
given stage, and at such a point a fixed stage-discharge relation may be said to exist.

428. This relation is determined by using the current meter to measure the rate of

flow at a number of different river stages.
429. In this graphical form the relation is termed the “rating curve”.

430. The action of flowing water, particularly during floods, and the action of ice on
the river bed and sides change the hydraulic properties of the river channel and
produce corresponding changes in this relation, and frequent measurements are made

at each gaging station to detect shifts in the rating.

431. In most rivers the low-water portion of the rating (low-water control) is affected
by local changes in the bed, but the high water portions generally remain fixed.

432. At high water the river fills the whole channel and flood plain over a
considerable reach, whose general configuration and dimensions are not seriously

affected by any except the most extraordinary floods.

433. When the discharge measurements disclose that a shift has occurred, a new

rating curve is determined.

434. Measurements of discharge are made by the current meter, of which the earliest
applications go back to 1790.

435. The rotation of the meter is due to the difference in pressure of the moving water
on opposite sides of the cups, and the cups rotate at a rate proportional to the velocity of
the water.

436. It is rugged, easily dismantled for cleaning, will maintain its calibration under
rough treatment accorded it by floods, and can be used in turbid water without damage

from silt.

437. The discharge of a stream is equal to the product of its cross-sectional area and

its mean velocity.

41



4 3 8.

439.

440.

441.

442.

443.

444.

445.

446.

447.

i, BB T—EMRCREZAET I LIZL o TiThbh b,

BKBRIZB VT, WEHEI—TAVTRY T, BIEIIHBRERREEICL
DRI BEDENDHITI,

BKREDRUERMITZRINE ORBEE ET D,

FEAEDNERTENIE., KUBREZDDTRFEIZLETTE0, HFFENRP
2 ¢ DT ETRIKAMZIZE Y BFL ZARZRBKIIKDboTLEI>DTH B,

EbIZ, KEBELRPKOBEIIERLEVHEER TV I 0, HFENH
KEFIZI EV D20 e bdhy, HEXAMELLBFLLLLTH, Btk
BE—7 HDBRFE. OHZFRLHENIBERDLZEBL TWDDIZ, i
W2 LEE LA EBTE R,

THORBIZEBIZ L > TIXTEN BB, —HBRAKBROESRIZBWTIL, &
He., BNREZEESEIEELOHSVMMELERTVWS, XHRTHIE. i
NiTHAE T OEANCH - THET BE1V TH A9,

EROEBIZL T, ==V /OFEXIPHRLERNT, WMORELE LT
HTRED B2 5,

HL, BKIEBLCEHBCENESBL2EMORBERELT. Z0IME
OBEA,. THRE, KEARZHUETEMI. FHIEERDDZLNT
% 60

KBEOFRMHZHOETERD L IHEREBREN B,

) LIEFREOMEIIREN 2 bOTIIRL, BWRROBRL LTHIENT
w3,

42



438. This is done by sounding the depth at measured intervals across the stream.

439. At flood stages the meter is suspended from a cable, and the measurement is
made from a bridge or a car on a specially erected cableway.

440. A flood provides conditions of measurement that tax the ingenuity of the

engineer.

441. Most of the smaller streams rise and fall so rapidly that the flood may be over
before the engineer can get to the gaging station.

442, A road washout during extreme floods may prevent the engineer from reaching
the station at all; and even if he should arrive at the opportune moment, when the flood
is at its peak, the swollen stream may be carrying so much floating debris that a

current meter would be torn away.

443. The downstream flow of a stream is checked by friction. During steady flow in a
uniform channel there is a balance between the force of gravity and the retarding force
of friction; otherwise the flow would tend to accelerate in accordance with the law of

freely falling bodies.

444. By experiment and practice, the Manning velocity formula has been found to be
the most practical and simplest relationship.

445. 1If, soon after a flood has passed, the engineer can survey a suitable reach to
determine the width, transverse area, mean depth, and the slope of the waver surface,

he can estimate its mean velocity.

446. The friction or roughness coefficients corresponding to the condition of the
channel are selected.

447. Values of these coefficients are not critical and are now quite well established as
a result of long experience.
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448. With the value of the mean velocity computed, the discharge follows simply as
the product of that value times the transverse area of the stream.

449. In the “contracted opening” method the reach is so short that friction is negligible
and the law of freely falling bodies is used.

450. We know from Galileo and Newton that in the absence of friction a body falls at a
speed that is proportional to the square root of the height of fall.

451. Success in using the method depends on finding a section where the flood is
substantially contracted, resulting in a considerable fall in water level from the
upstream to downstream sides of the contracted section.

452. The essential measurements are its length and the “static head” on the crest, i.e.
the difference in level of the water in the pool above the crest of the dam and the crest

level.

453. The reliability of results obtained by this method depends on the uniformity of
the dam, its height above the stream bed, and the freshness and clarity of the high-

water marks.

454. Where a dam meets the necessary conditions, it provides probably the most
dependable indirect determination of flood discharge, but there are relatively few

suitable dams, and the method is now rarely used.

455. The key to dependable use of indirect method is promptness in surveying the
channels after the flood, while high-water marks are still fresh.

456. For short period after each flood, high-water marks are plainly distinguishable
by wash lines on grass and brush, by straw and other fine flotsam lines on the ground,

and by stains on trees and buildings.

457. Before they are obliterated these floodmarks are fixed by surveys or referenced
by semipermanent markers until final surveys can be made.
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458. A further consideration in use of the indirect methods is proper selection of sites
not only where flood-marks are clear, but where hydraulic conditions most closely

approximate the theoretical considerations involved in the formulas used.

459. These methods, once severely challenged by those unfamiliar with their
principles and field application, have earned increased confidence in their reliability

through repeated verifications.

460. It has been customary for hydrologists to examine new discharge records in
terms of their drainage areas.

461. Itis a striking fact that many of the greatest flood discharges occurred in East-
Central Texas. Tropical storms originating in the West Indies and bearing westward
sufficiently to strike in land through Texas include some of the most energetic storm

centers.

462. The graph appears to rise sharply at the lower end to flatten at its upper end,
approaching the greatest discharge ever observed in the United States, 2,160,000 cubic
feet per second on the Mississippi River at Arkansas City, Ark., in February 1937.

463. The streams of 1 square mile must be counted in the many thousands.

464. Accordingly, the enveloping graph may be viewed as representing something like
the 1,000-year flood on the low end, and something between a 50-year and 100-year
flood for the larger streams.

465. There is another reason for the bending of the enveloping graph.

466. For the small areas the floods are full-basin floods --- the intense storms center
over the whole basin and every rivulet carries and delivers its burden of the water.
But a storm covering the whole of the basin of a major river, like the Mississippi, is
extremely unlikely, and therefore the maximum flood is limited to that produced by

only one or two major tributaries or branches at a time.

467. Sketched on Fig.20 is the graph of the limit of flood experience known as of 1890.
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468. In the sixty years since then, the upper limit of our knowledge on floods has been
pushed up about tenfold for very small drainage basins, and about threefold for large
streams.

469. For this reason the hydrologists of the Geological Survey make it a practice to
explore each local flood for high-water marks.

470. Increasing use has been made of these indirect methods of flood-discharge
determination, and as a result our ‘knowledge of the flood potentialities of small

streams has expanded greatly

471 More points will be recorded to cluster in the enveloping graph, but few will
pierce it

472. For example consider a drainage basin of 150 square miles, which may have a lag
as short as 6 hours.

473. The large number along the Balcones Front of the Edwards Plateau in Texas
marks that area as one of high flood potentiality.

474. Although generalizations are risky, it seems possible to outline in a rough way
the regional variations in flood-discharge potentialities.

475. Many factors, regional and local, establish the flood potentialities of a stream.

476. Fig.24 expresses only the broad regional characteristics, and does not attempt to
define the local features that make one stream flashy and another relatively sluggish.

477. They are not larger than losses from fire and but a fraction of the losses caused
by insects and rodents on the farm.

478. Averages can be misleading.

479. Moreover, the full load of a flood is borne by comparatively few communities. It
directly affects people’s lives and welfare.
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