Failure of a levee in Monroe County, lllinois, resulting in flooding of farmland during the great floods of the Mississippi River
in 1993 (james A. Finley/AP/Wide World Photos)

he great Mississippi River floods of 1993 remind us

just how vulnerable we are to catastrophic flooding in
the United States. Shown above is the failure of a levee in
Monroe County, Illinois, which resulted in flooding of farm-
land. This certainly was not an isolated incident of levee
failure, as nearly 80 percent of the private levees along the
Mississippi River and its tributaries succumbed to the flood
waters. The levees were responsible for providing a false
sense of security for the people living and farming behind
them. The flood cost more than $10 billion in property
damages and has led to an evaluation of how in the future
we should deal with flood hazards in the Mississippi River
Valley. Some communities will move to higher ground,
avoiding the flood hazard altogether. This is the environ-
mentally correct adjustment. In the meantime, the Missis-
sippi River continued to roll along, again flooding some
communities in 1995.
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5.1 River Processes

For more than 200 years, Americans have lived and worked
on floodplains, enticed to do so by the rich alluvial (stream-
deposited) soil, abundant water supply, ease of waste dis-
posal, and proximity to the commerce that developed along
rivers. Of course, building houses, industry, public build-
ings, and farms on a floodplain invites disaster, but flood-
plain residents have refused to recognize the natural
floodway of the river for what it is: part of the natural river
system. The floodplain is the flat surface adjacent to the
river channel, periodically inundated by floodwater and in
fact produced by the process of flooding (see Figure 5.1d).
As a result of not recognizing the floodplain and its rela-
tion to the river, flood control and drainage of wetlands (in-
cluding floodplains) became prime concerns. It is not an
oversimplification to say that as the pioneers moved west
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LEARNING OBJECTIVES

['looding is a natural process that becomes a hazard when

jeople choose to live or work on floodplains. The main
learning objectives of the chapter are:

o T gain a general appreciation for river processes.

o To understand the nature and extent of the flood haz-
ard and the difference between upstream and down-
streant floods.

o o understand the effects of urbanization on flooding in
small drainage basins.

o To be aware of the major preventive and adjustment
measures for flooding and which ones are environmen-
tally preferable.

o To know what potential adverse envivonmental effects of
channelization are and how they might be minimized.

they had a rather set procedure for modifying the land: First
clear the land by cutting and burning the trees, then mod-
ify the natural drainage. From that history came two paral-
lel trends: an accelerating program to control floods,
matched by an even greater growth of flood damages (1).
In this chapter we will consider flooding as a natural aspect
of river processes and examine the successes and failures of
traditional methods of flood control. We will see that newer
approaches, while acknowledging that people will continue
to live on floodplains, attempt to work with the natural river
processes rather than against them.

Streams and Rivers

Streams and rivers are part of the hydrologic cycle, which
transports water by evaporation from the earth’s surface
(mostly the oceans) to the atmosphere and back again. Some
of the water that falls on the land as rain or snow is absorbed;
the rest drains, or runs off, following a course determined
by the local topography. This runoff finds its way to
streams, which may merge to form a larger stream or a river.
Streams and rivers differ only in size (streams are small
rivers), and geologists commonly use the word stream for
any body of water that flows in a channel. The region (area,
in km?) drained by a single river or river system is called a
drainage basin, or watershed (Figure 5.1a).

A stream’s slope, or gradient, is its vertical drop per unit of
horizontal distance, which can be expressed as meters per kilo-
meter, degrees, or more commonly in hydrology as meters
per meter (the units cancel). For example, a slope angle of 0.5°
(see Figure S.1e) is a slope of about 0.009 (m/m) or 9 m per
km (9 m in 1000 m). In general, the slope is steepest at high-
er elevations and is much reduced as the stream approaches its
base level (the theoretical lowest level to which a river may
erode), commonly the ocean (a river may have a temporary
base level, such as a lake). The result of rivers flowing down-
hill to their base level is that they have longitudinal profiles (that
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is, a graph of river elevation vs. distance downstream) like the
one shown in Figure 5.1e. This profile is generally concave,
like the front of a skateboard. A stream usually has steeper and
higher valley sides at high elevations (near its headwaters,
where the stream starts; Figure 5.1b) than near its base level
(Figure 5.1¢). This results because at higher elevations the
strearn has eroded a deeper valley in the hilly or mountainous
terrain often found there. Increased erosion results in part be-
cause a steeper channel slope produces higher stream power
that can cause a river to transport more sediment and erode its
channel deeper than a channel with a low channel slope. “Total
stream power is the product of the volume per unit time of
water flowing by a point (discharge), the water surface slope
(water surface slope is approximately equivalent to channel
slope), and the unit weight of water, which is a constant.

Sediments in Rivers

The total quantity of sediment carried in a river, called its
total load, includes the bed load, the suspended load, and
the dissolved load. The bed load moves along the bottom
of the channel by bouncing, rolling, or skipping. The bed
load of most rivers (usually sand and gravel) is a relatively
small component (less than 10%) of the total load. The sus-
pended load (usually silt and clay) is carried above the
stream bed by the turbulence of the flowing water. It is often
the largest part (about 90%) of the total load, and makes
rivers look muddy. The dissolved load is carried in chem-
ical solution and is derived from chemical weathering of
rocks in the drainage basin. It is the dissolved load that may
make stream water taste salty (if the dissolved load contains
large amounts of sodium and chloride), and may make the
stream water hard (if the dissolved load contains high con-
centrations of calcium and magnesium). The most common
constituents of the dissolved load are bicarbonate (HCO5")
and sulfate (SO,7) ions and ions of calcium (Ca*™*), sodium
(Na*), and magnesium (Mg"). An ion is an atom or group of



100 PART 2 Hazardous Earth Processes

T
& || < River valley >
8
— 2
o3
K] £ River channel
=
Distance across valley —>
T . (b} Cross section across
2 e P »-‘ river valley near
oS headwater
c o
hct) [% /
23 River channel /
85 iver channe + Drainage
Distance across valley —> ” » “+— basin boundary
(c) Cross section across Coastal plain
river valley near
base level B
Ocean 0  100km
' ' L |
icodpiain
(a) Map [plan view)
Slope =%‘?km =0.009
m

Tan o = Side opposite

side adjacent

y Slope angle = o,
0.009km
/

Tkm 7
~ — - Tan o = 2:099 — 0,009
River channel A / .\(‘6‘, 1
\‘qe}(\gi\d;\ The angle o whose tan
d) Floodplain & o . - &
9 P &/_,_g@g Profile of Fox R. is 0.009 is 0.5°.

/ fromAto B

That is, channel
slope = tangent of
the slope angle (o).

Elevation {above sea level)

Distance {downstream) —

(e) Longitudinal profile

A FIGURE 5.1 Idealized diagram showing drainage basin (a); cross section of valley near headwater (b); near

base level (c); floodplain (d); and longitudinal profile (e).

atoms (molecule) with a positive or negative charge result-
ing from a gain or loss of electrons. Typically, the above five
atoms and molecules comprise more than 90 percent of a
river’s dissolved load. It is the suspended load and the bed
load of streams that, when deposited in undesirable locadons,
produce the sediment pollution discussed in Chapter 3.

River Velocity, Erosion,
and Sediment Deposits

Rivers are the basic transportation system of the part of the
rock cycle involving erosion and deposition of sediments,
and they are a primary erosion agent in the sculpture of our
landscape. The velocity of a river varies along its course and
affects both erosion and deposition of sediment.

The mean or average water velocity at any point along
a river is defined as the ratio of the discharge (volume of

water passing that point in a given time) to cross-sectional
area of flow of the channel. That is, to calculate the average
velocity of the water in a river you divide the total discharge
by the cross-sectional area of flow. This relationship: V' =
Q/A4, or Q=VxA,or Q=VxWxD, where Q is discharge
(m® per second, m*/s, often abbreviated as cms), ¥ is mean
velocity of flow (m per second, m/s), A is cross-sectional area
of flow (m?), W is stream width in meters (m), and D is depth
of flow in meters (m). The equation Q =Wx D x Vis known
as the continuity equation and is one of the most important
relationships in understanding flow of water in rivers. We
assume that if there are no additions or deletions of flow
along a given length of river, then discharge is constant. It
follows then that with constant discharge, if the cross-sec-
tional area of flow decreases, then velocity must increase.
This explains why a river that flows through a narrow, steep
section or reach of channel has a higher velocity of flow than
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where it spreads out with larger cross-sectional area of
n.,“- Jownstream. A section of river being observed or
ied is called a reach. A factor that allows the velocity to
increase in the narrow reach of channel with reduced
cross-sectional area of flow is the steeper channel slope
often found there. It has been shown that average veloci-
ty of flow of water in a river is proportional to the prod-
st of the depth of flow and the slope or gradient of flow.
Now we can see why slope is related to stream power (de-
fined earlier as proportional to the product of discharge
and slope). We would expect that the power of a river is re-
lated to velocity of flow and thus channel slope. If dis-
charge is constant along a reach of river, then stream power
is directly proportional to slope. Narrow reaches of a river
with steep channel and water slope will have higher stream
power than wide reaches with lower slope (assuming again
discharge is constant).

In general, a faster-flowing river has the possibility to
erode its banks more than a slower-moving one. Further-
more, the faster water flows, the greater the stream power
tends to be, and the larger and heavier the sediment parti-
cles it can move. The largest and heaviest particles—boul-
ders and gravel—are deposited in river environments at
locations where stream power during relatively high flows,
when these larger particles are being transported, is rela-
tively low. Sand and silt tend to be deposited at relatively
low flows in the lower-gradient, slow-moving reaches where
stream power is even lower. Where streams flow from
mountains onto plains, they may form fan-shaped deposits
known as alluvial fans (Figure 5.2). Where a river flows
into the ocean or other body of still water, it may deposit
sediments that form a delta, a triangular land mass extend-
ing into the sea (Figure 5.3). The reasons deposition occurs
in a specific area of a river channel or on alluvial fans or
deltas are complex, related to changes in the river environ-
ment beyond the scope of our discussion here.

st d

A FIGURE 5.2 Alluvial fan along the western foot of the Black Moun-
tains, Death Valley. Note the road along the base of the fan. The white
materials are salt deposits in Death Valley (Michael Collier)
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A FIGURE 5.3 Delta of the Mississippi River. In this false color
image, red is vegetation and sediment-laden waters are white or light
blue, while deeper water with less suspended sediment is a darker blue.
The system of distributary channels in the delta in the far right of the
photograph looks something like a “bird's foot” and, in fact, the Missis-
sippi River delta is an example of a bird's-foot delta. The distributary
channels carry sediment out into the Gulf of Mexico and, because wave
action is not strong in the gulf, the river dominates the delta system
(Landsat image by U.S. Geological Survey; courtesy of John S. Shelton)

The largest particle (particle diameter in mm or cm) a
river may transport is called its competency; while the total
load the river carries in a given period of time (units might
be kg per second, kg/s) is its capacity.

Effect of Land-Use Changes

Streams and rivers are open systems that generally main-
tain a rough dynamic equilibrium, or steady-state, between
the work done (sediment transported by the stream) and
the load imposed (sediment delivered to the stream from
tributaries and hill slopes) (1). The stream tends to have a
slope and cross-sectional shape that provide just the veloc-
ity of flow (and stream power) necessary to do the work of
moving the sediment load (2). An increase or decrease in
the amount of water or sediment the stream receives usual-
ly brings about changes in the channel’s slope or cross-sec-
tional shape, effectively changing the velocity of the water.
The change of velocity may, in turn, increase or decrease
the amount of sediment carried in the system. Thus, land-
use changes that affect the volume of sediment or of water
in a stream may set into motion a series of events resulting
in a new dynamic equilibrium.

Consider, for example, a land-use change from forest
to agricultural row crops. This change will cause increased
soil erosion and an increase in the load supplied to the
stream. At first the stream will be unable to transport the en-
tire load and will deposit more sediment, increasing the
slope of the channel, which will in turn increase the veloc-
ity of water (and also stream power) and allow the stream to
move more sediment. The slope (assuming base level is
fixed) will continue to increase by deposition in the channel
until the velocity (and stream power) increases sufficiently
to carry the new load. The notion that deposition of sedi-
ment increases channel slope may be counterintuitive to
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A FIGURE 5.4 lIdealized diagram illustrating that deposition in a
stream channel results in an increase in channel gradient

you (see Figure 5.4 for further explanation of this principle).
A new dynamic equilibrium may be reached, provided the
rate of sediment increase levels out and the channel slope
and shape can adjust before another land-use change occurs.
Now suppose the reverse situation occurs—that is,
farmland is converted to forest. The sediment load to the
stream from the land will decrease (forest lands have lower
soil erosion rates than do agricultural lands), less sediment
will be deposited in the stream channel, and erosion of the
channel will eventually lower the slope, which in turn will
lower the velocity of the water. The predominance of ero-
sion over deposition will continue until an equilibrium be-
tween the load imposed and work done is achieved again.
The sequence of change just described is occurring in
parts of the Piedmont of the southeastern United States.
There, land that was forest in the early history of the coun-
try was cleared for farming, producing accelerated soil ero-
sion and subsequent deposition of sediment in the stream
(Figure 5.5). The land is now reverting to pine forests, and
this, in conjunction with soil-conservation measures, has re-

P FIGURE 5.6 Upstream deposition
and downstream erosion from con-
struction of a dam and a reservoir

———— Profile prior to construction of the dam
------ Profile after construction of the dam
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A FIGURE 5.5 Accelerated sedimentation and subsequent erosion
resulting from land-use changes (natural forest to agriculture and back
to forest) at the Mauldin Millsite on the Piedmont of middle Georgia
(After S. W. Trimble, "Culturally Accelerated Sedimentation on the Middle Georgia
Piedmont,” master's thesis {Athens: University of Georgia, 1969.] Reproduced by
permission.)

duced the sediment load delivered to streams. Thus, once-
muddy streams choked with sediment are now clearing and
eroding their channels. Whether this trend continues de-
pends on future conservation measures and land use.
Consider now the effect of constructing a dam on a
stream. Considerable changes will take place both upstream
and downstream of the reservoir. Upstream, at the head of
the reservoir, the effect will be to slow down the stream,
causing deposition of sediment. Downstream, the water
coming out below the dam will have little sediment, most of
it having been trapped in the reservoir. As a result, the
stream may have the capacity to transport additional sedi-
ment, and if this happens, erosion will predominate over
deposition downstream of the dam. Slope then will decrease
until new equilibrium conditions are reached (Figure 5.6).
We will return to the topic of dams on rivers in Chapter 10.

Channel Patterns and
Floodplain Formation

The configuration of the channel in plan view (as from an
airplane) is called the channel pattern. The two main chan-
nel patterns are braided and meandering and both may be
found on the same river. Braided channels (Figure 5.7) are
characterized by numerous inchannels, gravel bars, and is-
lands that divide and reunite the channel. Formation of the
braided channel pattern, as with many other river forms,

Deposition

Erosion



Chapter 5 Rivers and Flooding 103

results from the interaction of flowing water and moving
sediment operating with geologic and climatic variables. If
the river longitudinal profile is steep and there is an abun-
dance of coarse sediment, the channel pattern is likely to be
braided. Braided channels tend to be wide and shallow com-
pared to meandering rivers. Steep slope and coarse sedi-
ment favor transport of bed-load material important in the
development of gravel bars, which form the “islands” that
divide and subdivide the flow. Braided channels tend to be
associated with steep glacial meltwater rivers with an abun-
dance of gravel or steep rivers flowing through areas being
rapidly uplifted by tectonic processes. Rapid uplift produces
steep river gradients and erosive power to produce coarse
gravel sediment.

A FIGURE 5.7 The north Saskatchewan River here has a braided Meandering channels are sinuous, containing individ-
channel pattern. Notice the numerous channel bars and islands that ual bends, called meanders (Figure 5.8a), that migrate back
subdivide the flow. (JoAn S. Shelton) and forth across the floodplain. On the outside of a bend

Explanation
I~ Bedrock E Zone of erosion T T Position of channel
" 1172073 with T, oldest
@n  Pool D Zone of deposition
Direction of
©% Riffle Direction of = ot T
©o i channel migration
0« Point bar OBL Ox bow lake

~“MS™ Meander scrool

A FIGURE 5.8 Idealized diagram of a meandering
stream and important forms and processes (a), and pho-
tograph of a meandering stream, Owens River, California
(b) (Edward A. Keller)
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» FIGURE 5.9 Well-developed pool-
riffle sequence in Sims Creek near Blow-
ing Rock, North Carolina. A deep pool is
apparent in the middle distance, and
shallow riffles can be seen in the far dis-
tance and the foreground. (Edward A.
Keller)

the water during high-flow events moves faster, causing
more bank erosion; on the inside of a curve, it moves more
slowly and sediment is deposited, forming point bars. As
this differential erosion and sediment deposit continues,
meanders migrate laterally, a process that is prominent in
constructing and maintaining some floodplains (Figure
5.8b). Overbank deposition during floods causes vertical ac-
cretion that is also important in development of floodplains.
Much of the sediment transported in rivers is periodically
stored by deposition in the channel and on the adjacent
floodplain. These areas, collectively called the riverine en-
vironment, are the natural domain of the river. Lateral mi-
gration of bends of rivers and overbank flow combine to
produce the floodplain, which is periodically inundated by
water and sediment.

Meandering channels often contain a series of regular-
ly spaced pools and riffles (Figure 5.9). Straight channels, a
relatively rare channel pattern, may also contain pools and
riffles. Pools are deep areas produced by scour (erosion) at
high flow and characterized at low flow by relatively deep,
slow movement of water. Pools are places in which to take
a summer swim. Riffles are shallow areas produced by de-
positional processes (fill) at high flow and characterized at
low flow by relatively shallow, fast-moving water. We there-
fore conclude that pools scour (erode) at high flow and fill
with sediment at low flow, whereas riffles fill at high flow
and scour at low flow (Figure 5.10). Also, notice that while
the velocity of a pool is lower than the riffle at low discharge,
at high flow the velocity of water through the pool exceeds
that of the riffle. This change in velocity may happen in part
because the basic shape of a pool and adjacent point bar is
like a triangle, whereas that of the riffle is more like a rec-
tangle (Figure 5.11). At low flow the cross-sectional area of
flow of a pool may exceed that of an adjacent riffle, and
therefore by the continuity equation Q = 4 x V, the mean
velocity of the pool is less than that of the riffle (3). At high

flow a change has occurred, and the geometry of the pool
and riffle is such that the cross-sectional area of flow of the
pool is now less than that of an adjacent riffle. Therefore, by
the continuity equation the mean velocity of flow in the
pool now exceeds that of the riffle. This is the condition at
discharges exceeding the threshold shown on Figure 5.10).
It is this pattern of velocity and associated scour and fill that
maintains pools and riffles. A pool-riffle sequence is repeated
approximately every five to seven times the channel width.

Observation of many streams suggest that those with
well-developed pools and riffles tend to have considerable
gravel in the streambed and a relatively low slope (less than
about 0.015; remember: slope has no units). Streams with
finer bed material or steep slopes tend to lack regularly
spaced pools and riffles. The reason for this is poorly un-
derstood. We do know that pools and riffles have impor-
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A FIGURE 5.11 Idealized diagram of a stream channel showing form
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tant environmental significance. This results in part because
the alternation of deep, slow-moving water with shallow,
fast-moving water in pools and riffles produces a variable
physical environment and increased biologic diversity.

5.2 Flooding

The natural process of overbank flow is termed flooding.
Most river flooding is a function of the total amount and
distribution of precipitation in the drainage basin, the rate
at which precipitation infiltrates the rock or soil, and the
topography. However, some floods result from rapid melt-
ing of ice and snow in the spring or, on rare occasions, from
the failure of a dam. Finally, land use can greatly affect flood-
ing in small drainage basins.

The channel discharge (cubic meters per second, m*/s
or cms) at the point where water overflows the channel is
called the flood discharge and is used as an indication of the
magnitude of the flood (see A Closer Look: Magnitude and Fre-
quency of Floods). The magnitude of a flood may or may not
coincide with the extent of property damage. The term
flood stage frequently connotes that the elevation of the
water surface has reached a high-water condition likely to
cause damage to personal property. This definition is based
on human perception of the event, so the elevation that is
considered flood stage depends on human use of the flood-
plain (4).

The longer flow records are collected, the more accu-
rate the prediction of floods is likely to be. However, de-
signing structures for a 10-year, 25-year, 50-year, or even
100-year flood, or in fact any flow below possible maximum,
is a calculated risk because predicting such floods is based on
probability. In the long term, a 25-year flood happens on
the average of once every 25 years, but two 25-year floods
could occur in any given year as could two 100-year floods
(5)! As long as we continue to build dams, highways, bridges,
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homes, and other structures on flood-prone areas, we can
expect continued loss of lives and property.

Upstream and Downstream Floods

It is useful to distinguish between upstream and downstream
floods (Figure 5.12). Upstream floods occur in the upper
parts of drainage areas and are generally produced by in-
tense rainfall of short duration over a relatively small area.
These floods may not cause severe flooding in the larger
streams they join downstream, although they can be quite
severe locally. For example, a high-magnitude upstream
flood occurred in the Front Range of Colorado in the sum-
mer of 1976, when violent flash floods, nourished by a com-
plex system of thunderstorms delivering up to 25 cm of rain,
swept through several canyons west of Loveland. This brief
local flood killed 139 people and inflicted more than
$35 million in damages to highways, roads, bridges, homes,
and small businesses. Most of the damage and loss of life
occurred in the Big Thompson Canyon, where hundreds
of residents, campers, and tourists were caught with little
or no warning. Although the storm and flood were rare
events (several times the magnitude of the 100-year flood),
comparable floods have occurred in the past and others can
be expected in the future for similar canyons along the Front
Range (8-10).

It is the large downstream floods, such as the 1993
Mississippi River floods and the 1997 Red River, North
Dakota floods, that usually make television and newspaper
headlines. The Mississippi flood is discussed at the end of
the chapter. The Red River flood inundated the city of
Grand Forks, North Dakota, initiating the evacuation of
50,000 people, causing a fire that burned part of the city
center, and inflicting more than $1 billion in damage.
Downstream floods cover a wide area and are usually pro-
duced by storms of long duration that saturate the soil and
produce increased runoff. Flooding on small tributary basins
may be limited, but the contribution of increased runoff
from thousands of tributary basins may cause a large flood
downstream. A flood of this kind is characterized by the
downstream migration of an ever-increasing flood wave with
large rise and fall of discharge (11). Figure 5.13a shows the
257-km downstream migration of a flood crest on the Chat-
tooga—Savannah River system. It illustrates that a progres-
sively longer time is necessary for the rise and fall of water
as the flood wave proceeds downstream, and shows dra-
matically the tremendous increase in discharge from low-
flow conditions to more than 1700 m*/s in 5 days (12).
Figure 5.13b also illustrates the same flood in terms of dis-
charge per unit area, eliminating the effect of downstream
increase in discharge. This better illustrates the shape and
form (sharpness of peaking) of the flood wave as it moves
downstream (12).

A few upstream floods of very high magnitude have
been caused directly by structural failure. For example, the
most destructive flood in West Virginia’s history was caused
by the failure of a coal-waste dam on the middle fork of Buf-
falo Creek (13).
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P FIGURE 5.12 Idealized diagram Upstream flood
comparing upstream flood (a) to
downstream flood (b). Upstream
floods generally cover relatively small
areas and are caused by intense local
storms, whereas downstream floods
cover wide areas and are caused by
regional storms or spring runoff.
(Modified after U.S. Department of Agricul-
ture drawing.)
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A FIGURE 5.13 Downstream movement of a flood wave on the Savannah River, South Carolina and Georgia.
The distance from Clayton to Clyo is 257 km. (a) Volume of water passing Clayton, Calhoun Falls, and Clyo.

(b) Volume of water per unit area at the same points. (After William G. Hoyt and Walter B. Langbein, Floods

|© copyright 1955 by Princeton University Press|, Fig. 8, p. 39. Reprinied by permission of Princeton University Press.)
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5.3 Development and Flooding

Human use of land in the urban environment has increased
both the magnitude and frequency of floods in small
drainage basins of a few square kilometers. The rate of in-
crease is a function of the percentage of the land that is cov-
ered with roofs, pavement, and cement (referred to as
jmpervious cover) and the percentage of area served by
storm sewers. Storm sewers are important because they

[o 8
1

N

N

—_
bW

Ratio of overbank flows

Percentage sewered 20 40 50 80 100
Percentage impervious 20 40 50 60 60

None Measure of urbanization ~ Complete

A FIGURE 5.14 Relationship between the ratio of overbank flows
(after urbanization to before urbanization) and measure of urbaniza-
tion. This figure shows that as the degree of urbanization increases, the
number of overbank flows per year also increases (From L. B Leopold,

U S. Geological Survey Circular 554, 1968)
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A FIGURE 5.15 Graph showing the variation of flood frequency with
percentage of impervious area. The mean annual flood is the average
(over a period of years) of the largest flow that occurs each year. The
mean annual flood in a natural river basin with no urbanization has a
recurrence interval of 2.33 years. Note that the smaller floods with re-
Currence intervals of just a few years are much more affected by urban-
1zation than are the larger floods. The 50-year flood is little affected by
the amount of area that is rendered impervious. (From L A Martens,
U.S. Geological Survey Water Supply Paper 1591C, 1968)
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allow urban runoff from impervious surfaces to reach stream
channels quickly. Therefore, impervious cover and storm
sewers are collectively a measure of the degree of urbaniza-
tion. The graph in Figure 5.14 shows that an urban area
with 40 percent impervious surface and 40 percent of its
area served by storm sewers can expect to have about three
times as many overbank flows (floods) as before urbaniza-
tion. This ratio holds for floods of small and intermediate
frequency, but as the size of the drainage basin increases,
floods of high magnitude with frequencies of 50 years or so
are not much affected by urbanization (Figure 5.15).
Floods are a function of rainfall-runoff relations, and
urbanization causes a tremendous number of changes in
these relations (see Case History: Las Vegas, Nevada). One
study showed that urban runoff from the larger storms is
nearly five times preurban runoff (5). Estimates of discharge
for different recurrence intervals at different degrees of ur-
banization are shown in Figure 5.16. The estimates dra-
matically indicate the tremendous increase of runoff with
increasing impervious areas and storm sewer coverage.
The increase of runoff with urbanization occurs be-
cause less water infiltrates the ground, as suggested by the
significant reduction in time between the majority of rain-
fall and the flood peak (lag-time) for urban versus rural
conditions (Figure 5.17). Short lag-times, referred to as
flashy discharge, are characterized by rapid rise and fall of
floodwaters. Because little water infiltrates the soil, the low
water or dry season flow in urban streams, sustained by
groundwater seepage into the channel, is greatly reduced.
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A FIGURE 5.16 Flood frequency curve for a 2.6 km? (one-square-
mile) basin in various states of urbanization. Note: 100-60 means basin
is 100 percent sewered and 60 percent of surface area is impervious.
Dashed line shows increase in mean annual flood with increasing ur-
banization. (After L. B. Leopold, U.S. Geological Survey Circular 554, 1968)
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looding is intimately related to the amount and intensity

of precipitation and runoff. Catastrophic floods reported
on television and in newspapers often are produced by in-
frequent, large, intense storms. Smaller floods or flows may
be produced by less intense storms, which occur more fre-
quently. All flow events that can be measured or estimated
from stream-gauging stations (Figure 5.A) can be arranged in

Continuous recording gauge | |
measures elevation of water :
in meters (stage).

Magnitude and Frequency of Floods

order of their magnitude of discharge, generally measured in
cubic meters per second (m%/s).The list of flows so arranged
can be plotted on a discharge-frequency curve (Figure 5.B) by
deriving the recurrence interval R for each flow from the

relationship

R=(N+1)+M

Field measurement of
discharge in cubic
meters/second (cms)

at various stages.
Discharge (@) is calculated
as the product of mean
velocity of the water (V)
measured with a current

meter and cross-sectional
area of flow (A) : Q= VA
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A FIGURE 5.A Field data (a) consist of a continuous recording of the water level (stage), which is used to
produce a stage-time graph (b). Field measurements at various flows also produce a stage-discharge graph (c)
Then graphs (b) and (c) are combined to produce the final hydrograph (d)

This effectively concentrates any pollutants present and
generally lowers the aesthetic amenities of the stream (7).
Relationships between land use and flooding for small
drainage basins may be quite complex. One study con-
cludes that not all types of urbanization increase all runoff
and flood events (14). When row crops such as corn and
soybeans are replaced by low-density residential develop-
ment, the predicted runoff and flood peaks for low-mag-
nitude events with recurrence intervals of 2 to 4 years
increase, as expected. For events with recurrence intervals
exceeding 4 years, however, the predicted runoff and flood
peaks for the agricultural land may exceed that for resi-

dential development. As row crops are replaced by paved
areas and grass, the runoff from the paved areas is greater,
but the grass produces less runoff than the agricultural
land. Therefore, the effect of the land-use change on
runoff and flooding depends on the nature and extent of
urbanization and in particular on the proportion of paved
and grass-covered areas.

Urbanization is not the only type of development that
can increase flooding. Some flash floods have occurred be-
cause bridges built across small streams caused temporary
debris dams to form (see Case History: Flash Floods in East-
ern Obio).
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where R is a recurrence interval in years, N is the number of

cars of record, and M is the rank of the individual flow in the
array (6). The highest flow for 9 years of data for the stream
shown in Figure 5.B (about 280 m/s) has a rank M equal to |
(7). The recurrence interval of this flood is

R=(N+1)+M=@+1)+1=10

which means that a flood with a magnitude equal to or ex-
ceeding 280 m*/s can be expected about every 10 years; we call
this a 10-year flood.The probability of the |0-year flood hap-
pening in any one year is | + 10 or 0.1 (10%).The probability
of the 100-year flood occurring in any year is 1 + 100 = 0.01
or | percent. Studies of many streams and rivers show that
channels are formed and maintained by bank-full discharge
with a recurrence interval of 1.5 to 2 years (about 30 m*/s on
Figure 5.B).Therefore, we can expect a stream to emerge from
its banks and cover part of the floodplain with water and sed-
iment once every year or so.
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A FIGURE 5.17 Generalized hydrographs. Hydrograph (a) shows the
typical lag between the time when most of the rainfall occurs and the
time when the stream floods. Hydrograph (b) shows the decrease in
lag-time because of urbanization. (After L. B Leopold, U.S. Geological Sur-
vey Circular 554, 1968)
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A FIGURE 5.B Example of a discharge frequency curve. Each cir-
cle represents a flow event with recurrence interval plotted on proba-
bility paper. (After L. B. Leopold, U.S. Geological Survey Circular 554, 1968)

5.4 The Nature and Extent
of Flood Hazards

Flooding is one of the most universally experienced natur-
al hazards. In the United States the lives lost to river flood-
ing number about 100 per year, with property damage of
about $4 billion annually. The loss of life is low compared
to loss in preindustrial societies that lack monitoring and
warning systems and effective disaster relief. Although
preindustrial societies with dense populations on floodplains
lose many more lives to flooding, they have less property
damage than do industrial societies (3,4). Table 5.1 lists some
severe floods that have occurred in the United States in the
past 60 years.

Factors that control the damage caused by floods include:

Land use on the floodplain.

b Magnitude (depth and velocity of the water and fre-
quency of flooding).

Rate of rise and duration of flooding.
# Season (for example: crops on floodplain).
P Sediment load deposited.

Effectiveness of forecasting, warning, and emergency
systems.

The effects of flooding may be primary—that is, di-
rectly caused by the flood—or secondary, caused by dis-
ruption and malfunction of services and systems attributable
to the flood (15). Primary effects include injury and loss of
life, along with damage caused by swift currents, debris, and
sediment to farms, homes, buildings, railroads, bridges,
roads, and communication systems. Erosion and deposition
of sediment in the rural and urban landscape can also in-
volve a loss of considerable soil and vegetation. Secondary
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I NN 3 A LasVegas, Nevada

LasVegas. Nevada, has a flooding problem that dates back to
the early 1900s when people began developing the area.
The city is surrounded by mountains that drain to alluvial fans
with channels known as washes (Figure 5.C). The largest of
these is the Las Vegas Wash, which drains from the northwest
through LasVegas to Lake Mead on the Colorado River. Other
washes join the Las Vegas Wash in the city; one of these, the
Flamingo Wash, has a notorious flood history. Flash floods in the
Las Vegas area generally occur in July and August in response
to high-magnitude thunderstorm activity, and damage from
flooding is severe where major developments have obstruct-
ed the natural washes.

Rapid development unfortunately coincided with increased
thunderstorm activity from 1975 through the mid-1980s. A
flood that came down the Flamingo Wash in July 1975 caused
particular concern. At Caesar’s Palace (a prominent casino),
hundreds of cars in a parking lot, which covered part of the
Flamingo Wash, were damaged, many of them moved down-
stream by floodwaters. Damage to vehicles and from lateral
bank erosion along the wash was reported to be as high as
$5 million. Following the flood, the Flamingo Wash was rout-
ed by way of a tunnel beneath Caesar’s Palace.Where the tun-
nel emerges, the wash flows at the surface again and often
down city streets! Flooding again occurred in 1983 and 1984
in the months of July and August. In particular, eight major
storms from July through September 1984 resulted in tens of
millions of dollars of damage in Clark County, Nevada.

Las Vegas is located in a basin at the foot of alluvial fan sur-
faces. In many instances, alluvial fans are very porous and sur-

» FIGURE 5.C Aerial view of the Las
Vegas, Nevada, area. The city is in a nat-
ural basin and many structures have
been built across natural drainage chan-
nels (washes). Arrows show the direc-
tion of flow into the urban area and out
to Lake Mead. (Courtesy of Map and 1mage
Library, University of California)

face runoff infiltrates rapidly. In the Las Vegas area, however,
the calcium-carbonate-rich soil horizons (K horizon, see Chap-
ter 3) cement alluvial deposits together and retard surface in-
filtration of water. As a result, the Las Vegas area is more
susceptible to flood hazard than otherwise might be expect-
ed. Nonetheless, whenever urban development is built direct-
ly across active washes, trouble can be expected.

Clark County, Nevada, has developed a plan to address the
flood hazard in Las Vegas. It is designed to protect the area
from the 100-year peak flow resulting from a 3-hour thun-
derstorm and includes:

« Construction of channels, pipelines, and culverts to convey
floodwaters away from developed areas.

» Construction of storm-water retention basins that will re-
lease the flow over a longer period of time.

Because there has been so much development on the
washes in Las Vegas, it seems unlikely that any plan will com-
pletely alleviate the flood problem.That would require com-
pletely routing floodwaters around or safely through all the
existing development. But even this precaution would not
free the Las Vegas area from flood hazard resulting from the
larger storms that will occasionally occur. Implementation of
a flood-management plan, along with land-use planning that
discourages development on natural washes, will certainly
help alleviate the community’s flood problems. However, it is
a gamble as to how much flood-control measures can be ex-
pected to help, given the rapid development that is occur-
ring in Las Vegas.
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Table 5.1 Selected river floods in the United States

Lives Property Damage
Year Month Location Lost (Millions of Dollars)
1937 Jan—Feb Ohio and lower Mississippi River basins 137 417.7
1938 March Southern California 79 24.5
1940 Aug Southern Virginia and Carolinas, and eastern Tennessee 40 12.0
1947 May~July Lower Missouri and middle Mississippi river basins 29 235.0
1951 June—july Kansas and Missouri 28 9232
1955 Dec. West Coast 61 1545
1963 March Ohio River basin 26 97.6
1964 June Montana 31 543
1964 Dec. California and Oregon 40 4158
1965 June Sanderson, Texas (flash flood) 26 2.7
1969 Jan.~Feb. California 60 399.2
1969 Aug. James River basin, Virginia 154 116.0
1971 Aug. New Jersey 3 138.5
1972 June Black Hills, South Dakota (flash flood) 242 163.0
1972 june Eastern United States 113 3,000.0
1973 March-June Mississippi River == 1,200.0
1976 July Big Thompson River, Colorado (flash flood) 139 35.0
1977 July Johnstown, Pennsylvania 76 330.0
1977 Sept. Kansas City, Missouri, and Kansas 25 80.0
1979 April Mississippi and Alabama 10 500.0
1983 Sept. Arizona 13 416.0
1986 Winter Western states, especially California 17 270.0
1990 Jan -Mav Trinity River, Texas — 1,000.0
1990 June Eastern Ohio (flash flood) 21 several
1993 June-Aug. Mississippi River and tributaries 50 >10,000
1997 January Sierra Nevada, Central Valley, California 23 several hundred
1997 April Red River, Grand Forks, North Dakota — >1,000.0

Sources: NOAA, Climatological Data, National Summary, 1970, 1972, 1973, and 1977; U.S. Geological Survey. Updated by author in 1999.

effects can include short-term pollution of rivers, hunger
and disease, and displacement of people who have lost their
homes. In addition, fires may be caused by short circuits or
broken gas mains (15).

5.5 The Response to Flood Hazards

Historically, the response to flooding has been to try to pre-
vent the problem: to control the water by constructing dams,
modify the stream by building levees, or even rebuild the en-
tire stream so it will drain the land more efficiently. Every
new project has the effect of luring more people to the
floodplain in the false hope that the flood hazard is no longer
significant. However, we have yet to build a dam or chan-
nel capable of controlling the heaviest rainwaters, and when

the water finally exceeds the capacity of the structure, flood-
ing can be extensive (16).

There are two general types of response to flood haz-
ards. Prevention is the structural approach we have just de-
scribed. Adjustment measures include floodplain regulation,
which is assuming greater importance as we begin to rec-
ognize the limitations of the structural approach, and flood
insurance (15).

Prevention: Physical Barriers

Measures to prevent flooding include construction of phys-
ical barriers such as levees (linear mound embankments of
compacted earth along the banks of a river, Figure 5.18) and
flood walls (usually constructed of concrete as opposed to
earthen levees); reservoirs to store water for later release at
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Flash Floods in Eastern Ohio

n Thursday, June 14, 1990, more than 14 cm of precipi-
tation fell in approximately 34 hours in some areas of
eastern Ohio. Two tributaries of the Ohio River, Wegee and
Pipe creeks, generated flash floods near the small town of
Shadyside, killing 26 people and leaving |3 missing and pre-
sumed dead. The floods were described as walls of water as
high as 5 m that rushed through the valley. In all, approximately
70 houses were destroyed and another 40 were damaged. Trail-
ers and houses were seen washing down the creeks, bobbing
like corks in the torrent.
The rush of water was apparently related to failure of de-
bris dams that had developed upstream of bridges across the

A FIGURE 5.18 Levee with a road on top of it protects the bank (left
side of photograph) of the lower Mississippi River at this location in

Louisiana. (Comstock, Inc )
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creeks. Runoff from rainfall had washed debris into the chan-
nel from sideslopes, and this debris (tree trunks and other ma-
terial) became lodged against the bridges. When the bridges
could no longer contain the weight of the debris, the dams
broke loose, sending surges of water downstream. This sce-
nario has been played and replayed in many flash floods around
the world. All too often, the supports for bridges are not
spaced far enough apart to allow the passage of large debris,
which then pile up against the upstream side of the bridge,
damming the stream and eventually causing a flood.

safe rates; on-site storm-water retention basins (Figure
5.19); channel improvements (channelization) to increase
channel size and move water off the land quickly; and chan-
nel diversions to route floodwaters around areas requiring
protection. We will discuss the pros and cons of channel
improvements and diversions later in this section.
Unfortunately, the potential benefits of physical barri-
ers are often lost because of increased development on
floodplains supposedly protected by these structures. For
example, the winters of 1986 and 1997 brought tremendous
storms and flooding to the western states, particularly Cal-
ifornia, Nevada, and Utah. Damages in 1986 exceeded $270
million, and at least 17 people died (17). During one of the
storms and floods in 1986, a levee broke on the Yuba River
in California, causing more than 20,000 people to flee their
homes. An important lesson learned during this flood is that
a number of the levees constructed many years ago along

(b)

<4 FIGURE 5.19 (a) Comparison of runoff from a paved area through a
storm drain with runoff from a paved area through a temporary storage site
(retention pond). Notice that the paved area drained by way of the retention
pond produces a lesser peak discharge and therefore is less likely to con-
tribute to flooding of the stream. (Modified after U.S. Geological Survey Professional
Paper 950.) (b) Photograph of a retention pond near Santa Barbara, Califor-
nia. (Edward A Keller)
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rivers in California and other states are in poor condition
and subject to failure. The 1997 floods damaged campsites
and other development in Yosemite National Park. As a re-
sult, the park rethought its floodplain management poli-
cy—some camping and other facilities were abandoned, and
the river is now allowed to “run free.”

Some engineering structures designed to prevent flood-
ing have actually increased flooding in the long term (see
Case History: Tucson, Arizona). What we have learned from
all of this is that structural control for floods must go hand
in hand with floodplain regulations if the hazard is to be
truly minimized (18).

As a final example of using physical barriers to control
a river, consider the tremendous undertaking by the U.S.
Army Corps of Engineers to keep the lower Mississippi
River from shifting its course near New Orleans to a short-
er route along the Atchafalaya River, approximately 180 km
to the west. The Atchafalaya River via the Red River pro-
vides a shorter path to the Gulf of Mexico, and if natural
processes were left alone, the Mississippi would shift, leav-
ing Baton Rouge and New Orleans along an abandoned and
nearly dry channel. Economic and social costs of such a shift
are enormous and so the Corps of Engineers has spent sev-
eral hundred million dollars in damlike river-control struc-
tures to keep the Mississippi where it is. Because the
potential new path is much shorter and steeper it may be
only a matter of time before the shift takes place, regardless
of what structures are built. This view is shared by some ge-
ologists but does not reflect the opinion of the Corps of En-
gineers. The river nearly shifted during the 1973 flood when
major damage to one of the control structures occurred.
Larger floods are likely, and because the two rivers are close
together, the capture of the Mississippi River by a shorter
route to the Gulf seems very probable, even if the struc-
tures do not fail. That is, overflow and channel cutting could
occur at other locations, causing the shift (19).

Adjustment: Floodplain Regulation

From an environmental point of view, the best approach to min-
imizing flood damage in urban areas is floodplain regulation.
The purpose of floodplain regulation is to obtain the most
beneficial use of floodplains while minimizing flood damage
and cost of flood protection (20). Itis a compromise between
indiscriminate use of floodplains, which results in loss of life
and tremendous property damage, and complete abandon-
ment of floodplains, which gives up a valuable natural resource.

This is not to say that physical barriers, reservoirs, and
channel works are not desirable. In areas developed on
floodplains, they will be necessary to protect lives and prop-
erty. We need to recognize, however, that the floodplain
belongs to the river system, and any encroachment that re-
duces the cross-sectional area of the floodplain increases
flooding (Figure 5.20). An ideal solution would be to dis-
continue floodplain development that necessitates new phys-
ical barriers. In other words, the ideal is to “design with
nature.” Realistically, in most cases, the most effective and
practical solution will be a combination of physical barriers
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A FIGURE 5.20 Development that encroaches on the floodplain can
increase the heights of subsequent floods. (From Water Resources Council,
Regulation of Flood Hazard Areas, vol. 1, 1971}

and floodplain regulations that will result in less physical
modification of the river system. For example, reasonable
floodplain zoning in conjunction with a diversion channel
project or upstream reservoir may result in a smaller diver-
sion channel or reservoir than would be necessary if no
floodplain regulations were used.

Flood-hazard Mapping A preliminary step to floodplain
regulation is flood-hazard mapping, which is a means of
providing information about the floodplain for land-use
planning (23). Flood-hazard maps may delineate past floods
or floods of a particular frequency, say, the 100-year flood.
They are useful in regulating private development,
purchasing land for public use as parks and recreational
facilities, and creating guidelines for future land use on
floodplains (see Putting Some Numbers On Flood Hazard
Analysis on page 124).

Developing flood-hazard maps for a particular drainage
basin can be difficult and expensive. The maps are general-
ly prepared by analyzing stream-flow data from gauging sta-
tions over a period of years. However, flow data are not
available in many cases, especially for small streams, so al-
ternative data sources must be used to assess the flood haz-
ard. Methods of upstream flood hazard evaluation may
involve estimations of flood peak discharges based on phys-
ical properties of the drainage basin. A study of streams in
central Texas characterized by periodic intense upstream
flooding produced a preliminary empirical model to esti-
mate flood-peak discharges by measuring the stream mag-
nitude (number of source streams) of a drainage basin and
the drainage density (total length of all streams in a basin di-
vided by the area of the basin) 28). In other words, the Texas
work produced a statistically valid relationship between mea-
sured flood-peak discharge and two measured physical pa-
rameters, stream magnitude and drainage density, that can
be used to predict floods in basins where hydrologic infor-
mation is unavailable or insufficient for detailed evaluation.

Flood hazard evaluation for downstream areas may also
be accomplished in a general way by direct observation and
measurement of physical parameters. For example, extensive
flooding of the Mississippi River Valley during the summer
of 1993 is clearly shown on images produced from satellite-
collected data (Figure 5.21). Floods can also be mapped
from aerial photographs taken during flood events, and they
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A FIGURE 5.21 This image, which is the synthesis of two images, shows the extent of flooding from
the 1993 floods of the Mississippi River. The rivers are shown in 1988 under normal flow conditions in
dark blue. The river on the lower left and flowing to the center of the photograph is the Missouri River
and it joins the Mississippi River. The smaller river coming in from the top is the Illinois River and the
large river that flows from the upper left to the lower right is the Mississippi River. In the lower right-hand
corner, the river becomes narrow where it flows by the city of St. Louis, Missouri (orange color area in
lower right corner). The river is narrow here because flow is constricted by a series of dikes and flood pre-
vention measures constructed to protect the city. The light blue color is the floodwaters of 1993. Notice
the extensive flooding upstream of St. Louis, Missouri. The city with its floodworks is a real "bottleneck”
to the flow of water. The town of Alton, Illinois, is the first orange area upstream from St. Louls. This city
has a notorious history of flooding. The town is just upstream from the confluence of the Missouri and
Mississippi rivers. During the 1993 floods, the width of flooding (the light blue area shown here) from
Alton across the flooded area is approximately 8 km This image was constructed by superposition of im-

ages from 1988 and 1993. (Courtesy of ITD-SRSC/RSI/SPOT lmage, Copyright ESA/CNES/Sygma)

can be estimated from high-water lines, flood deposits, scour
marks, and trapped debris on the floodplain, measured in
the field after the water has receded (Figure 5.22).

Careful mapping of soils and vegetation can also help
evaluate the downstream flood hazard. Soils on floodplains
are often different from upland soils, and, with favorable
conditions, certain soils can be correlated with flooding of
known frequency. A map based on a study of the Colorado
River Valley near Austin, Texas (Figure 5.23), shows a fair
correlation between soils and the 100-year flood (28). Veg-
etation type may facilitate flood-hazard assessment because
there is often a rough zonation of vegetation in river val-
leys that may correlate with flood zones. Some types of trees
with shallow roots require an abundant supply of water and
benefit from frequent submergence. These trees are often
found near the banks of perennial streams that frequently

flood. Other species of trees are more restricted to well-
drained soils that are not subjected to prolonged or frequent
flooding. Although zonation of vegetation is helpful in eval-
uating flood-prone areas, the cause of the zones is complex
and not directly caused by flooding. Therefore, use of veg-
etation, as with soils, should be combined with other meth-
ods of flood-hazard evaluation such as satellite data, aerial
photographs, historical records, and floodplain features (28).

The primary advantages of evaluating both upstream and
downstream flood hazards from direct observation or prop-
erties of the drainage basin and river valley are expediency
and cost. The Colorado River study showed that these meth-
ods could easily distinguish areas with a frequent flood haz-
ard (1- to 4-year recurrence interval) from areas with an
intermediate (10- to 30-year) or infrequent (greater than 100-
year) hazard (28). The only disadvantage is that of relative
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he September 1983 floods in Arizona killed at least 13 peo-

ple and inflicted more than $416 million in damages to
homes (more than 1300 destroyed or damaged), highways, roads,
and bridges. During the flood, extensive bank erosion occurred
on the Rillito, a tributary of Santa Cruz River in Tucson (Figure
5.D). The damage clearly suggested that those responsible for
flood planning were not prepared for such massive bank erosion.
Rather than adopting an overall river-management plan to retard
erosion, Tucson had piecemeal bank protection that generated
greater channel instability than would have occurred without
the structures.That is, although existing bank protection struc-
tures protected short reaches of the channel, they enhanced
the bank erosion in the unprotected reaches immediately down-
stream (21). In January 1993, there was major flooding again.
Flood peaks were similar to 1983 and serious bank erosion oc-
curred once more, in spite of attempts at additional bank stabi-
lization (soil-cement, i.e., covering the bank with a layer of
cement). Once again partial protection only made the problem
worse.What was learned in the 1983 flood was apparently ig-
nored and the event was repeated (22).
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P FIGURE 5.D Tucson flood damage on the Rillito in 1983, Flow
is from bottom to top in the photograph. Note damage to town-
houses (center) due to lateral migration of the upstream meander
bend that eroded behind and through bank protection (soil cement)
emplaced to protect the houses. (Edward A. Keller)
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A FIGURE 5.22 Schematic cross section of the Pedernales River Valley, Texas, illustrating floodplain features
useful in estimating floods. (After V. R, Baker, “Hydrogeomorphic Methods for the Regional Evaluation of Flood Hazards,” En-
vironmental Geology, vol. 1, pp. 261-81, 1976)
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P FIGURE 5.23 Relationship be-
tween soils and flooding for a reach of
the Colorado River near Austin, Texas.
The intermediate frequency floods with
a recurrence interval of 10 to 30 years
are primarily associated with the Lin-
coln, Yahola, Norwood, and Bergstrom
soils {on the floodplain). The 100-year
flood tends to roughly correlate with
the lower topographic boundary of the
upland soils. (After V. R Baker, "Hydrogeo-
morphic Methods for the Regional Evaluation
of Flood Hazards,” Environmental Geolo-
gy, vol 1, pp. 261-81, 1976)

accuracy. Flood-hazard evaluation based on sufficient hy-
drologic (stream flow) data generally provides more accurate
prediction of flood events (revisit Putting Sorme Numbers On
Flood Hazard Analysis). In urbanizing areas, the accuracy of
flood-hazard mapping based entrely on stream flow data is
questionable. A better map may sometimes be produced by

P FIGURE 5.24 Example of a flood hazard map
showing the floodway fringe district and the floodway
district. (From County Engineer, Mecklenburg County, North
Carolina) (550 to 580 ft = 168 to 177 m)
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assuming projected future urban conditions with an estimat-
ed percentage of impervious areas. A theoretical 100-year
flood map can then be produced.

Floodplain Zoning Figure 5.24 shows how flood-hazard
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A FIGURE 5.25 Idealized diagram showing a valley cross section

and its fiood-hazard area, floodway district, and floodway fringe dis-
trict. (From Water Resources Council, Regulation of Flood Hazard Areas,
ol 1,1971)

permitted uses in a flood-hazard area. Two districts are
mapped in the flood-hazard area, the floodway district and
the floodway fringe district. These districts are shown in an
idealized cross section in Figure 5.25. Once the districts are
established, planners can use them to establish zoning
regulations. Figure 5.26 shows a typical zoning map before
and after establishment of floodplain regulations.

The floodway district is that portion of the channel
and floodplain of a stream designated to provide passage
of the 100-year regulatory flood without increasing the
elevation of the flood by more than 0.3 m. On this land,
permitted uses include farming, pasture, outdoor plant
nurseries, wildlife sanctuaries and game farms; loading
areas, parking areas, rotary aircraft ports, and similar uses,
provided they are farther than 8 m from the stream chan-
nel; golf courses, tennis courts, and hiking and riding
trails; streets, bridges, overhead utility lines, and storm-
drainage facilities; temporary facilities for certain specified
activities such as circuses, carnivals, and plays; boat docks,
ramps, and piers; and dams, if they are constructed in ac-
cordance with approved specifications. Other uses of the
floodway district, such as open storage of equipment or
material, structures designed for human habitation, or un-
derground storage of fuel or flammable liquids, require
special permits.

The floodway fringe district consists of the land lo-
cated between the floodway district and the maximum el-
evation subject to flooding by the 100-year regulatory
flood. Permitted uses in this area include any uses per-
mitted in the floodway district; residential accessory struc-
tures, provided they are firmly anchored to prevent
flotation; fill material that is graded to a minimum of 1
percent grade and protected against erosion; and struc-
tural foundations if firmly anchored to prevent flotation.
Aboveground storage or processing of any material that is
flammable or explosive or that could cause injury to
human, animal, or plant life in times of flooding is pro-
hibited on the floodway fringe district.
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ZONING DISTRICTS
R-1 Residential
C-1 Commercial I

ZONING DISTRICTS
R-1 Residential
C-1 Commercial N
R-1{FF) Residential [E
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C-1{FF) Commercial N
floodway
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(FW) Floodway

=

A FIGURE 5.26 Typical zoning map before and after the addition of
flood regulations. (From Water Resources Council, Regulation of Flood Haz-
ard Areas, vol. 1, 1971)

The Channelization Controversy

Channelization of streams consists of straightening, deep-
ening, widening, clearing, or lining existing stream chan-
nels. Basically, it is an engineering technique, with the
objectives of controlling floods, draining wetlands, con-
trolling erosion, and improving navigation (16). Of the four
objectives, flood control and drainage improvement are the
two most often cited in channelization projects. Thousands
of kilometers of streams in the United States have been
modified, and thousands more kilometers of channelization
are being planned or constructed. Federal agencies alone
have carried out several thousand kilometers of channel
modification (30). In the past, however, inadequate consid-
eration has been given to the adverse environmental effects
of channelization.

Adverse Effects of Channelization Opponents of
channelizing natural streams emphasize that the practice is
antithetical to the production of fish and wetland wildlife,
and that, furthermore, the stream suffers from extensive
aesthetic degradation. The argument is as follows:
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el e kR b B e el @l History of a River

hilosopher George Santayana observed that “Those who

cannot remember the past are condemned to repeat it.’
Scholars may debate the age-old question of whether or not
cycles in human history repeat themselves, but the repetitive
nature of natural hazards such as floods is undisputed (29).
Better understanding of the historical behavior of a river is
therefore valuable in estimating its present and future flood
hazards. Consider the Ventura River flood (southern Califor-
nia) of February 1992.With a recurrence interval of approxi-
mately 22 years, the flood severely damaged the Ventura Beach
RV (recreational vehicle) Resort, which was constructed a few
years earlier on an active distributary channel of the delta of
the Ventura River (Figure 5.E). Earlier engineering studies sug-
gested that the RV park would not be inundated by flood with
a recurrence interval of 100 years.VWWhat went wrong!

¢ It was not recognized that the RV park was constructed
on a historically active distributary channel of the Ventura
River delta. In fact, early reports did not even mention a
delta.

* Engineering models that predict flood inundation are not
very good in evaluating distributary channels on river deltas

» FIGURE 5.E Flooding of the Ventu-
ra Beach RV Resort in February 1992
The RV park was built directly across a
historically active distributary channel
of the Ventura River delta. The recur-
rence interval of this flood is approxi-
mately 22 years. A similar flood
occurred again in 1995 Notice that U.S
Highway 101 along the Pacific Coast is
completely closed by the flood event
(Mark ). Terrel/AP/Wide World Photos)

- Drainage of wetlands adversely affects plants and ani-
mals by eliminating habitats necessary for the survival
of certain species.

¥ Cutting trees along the stream eliminates shading and
cover for fish, while exposing the stream to the sun,
which results in damage to plant life and heat-sensitive
aquatic organisms.

# Cutting of bottomland (floodplain) hardwood trees
eliminates the habitats of many animals and birds and
also facilitates erosion and siltation of the stream.

where extensive channel fill and scour as well as lateral
movement of the channel is likely.

* Historical documents such as maps dating back to 1855
and more recent aerial photographs that showed the chan-
nel were apparently not evaluated. Figure 5.F shows maps
rendered from these documents that suggest that the dis-
tributary channel was in fact present in 1855 (29).

What went wrong was that the historic behavior of the
river was not evaluated as part of the flood-hazard evaluation.
If that had been done, it would have been recognized prior to
construction of the RV park that a historically active channel
was present and the site was unacceptable for development.
Nevertheless, necessary permits were issued for development
of the park and, in fact, following the flood the park was rebuilt.

Prior to 1992, the distributary channel carried floodwater
during 1969, 1978, and 1982. Following the 1992 flood event,
the channel again carried floodwaters in the winters of 1993,
1995, and 1998 (repeatedly flooding the RV park). During the
1992 floods, the discharge increased from less than 25 m%/s to
a peak of 1322 m?/s in only about 4 hours! This is approxi-
mately twice as much as the daily high discharge of the Col-

» Straightening and modifying the streambed destroys
the diversity of flow patterns, changes peak flow, and
destroys feeding and breeding areas for aquatic life.

» Conversion of wetlands from a meandering stream to a
straight, open ditch seriously degrades the aesthetic
value of a natural area (16). Figure 5.27 summarizes
some of the differences between natural streams and
those modified by channelization.

It is commonly believed that channelization increases

the flood hazard downstream from the modified channel.




orado River through the Grand Canyon in the summer, when
it is navigated by river rafters.This is an incredible discharge for
a relatively small river with a drainage area of only about 585
km?. If the flood of 1992 had occurred during nighttime hours,
there may have been many deaths rather than the lone fatali-
ty that did occur. The river will flood again! A warning system
is being developed for the park, but it remains to be seen how
effective it will be, given the potential short response time of
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the river to precipitation. In other words, the park, with or
without the RVs and people, is a “sitting duck.” This was dra-
matically illustrated in 1995 and 1998, when winter floods again
swept through the park. Although the warning system worked
and the park was successfully evacuated, the facility was again
severely damaged.There is now a move afoot to purchase the
park and restore the land to a more natural delta environ-
ment—a good move!
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Although in many cases this is true, it is far from the entire
story. One study concluded that, on the contrary, increases
of normal and peak flows from channelization are not par-
ticularly significant, and in some cases the flood peaks are ac-
tually reduced (30). This results partly because the
contribution of runoff from the modified channels tends to
be a small fraction of the total basin runoff; peak runoff from
channelized streams may not coincide with basinwide
runoff, and thus the quicker flow from a modified stream
Inay pass prior to the natural flood flow from the entire
basin, thereby reducing the normal aggregated peak flow;

ver flood of February 1992: A lesson ignored?

and many streams that are modified have gradients so low
that no amount of straightening could significantly increase
the downstream flow. However, we emphasize that channel
modification, especially straightening, can increase flood-
ing directly downstream from the project, and the problem
may be compounded if there are a number of projects in
the same basin.

Examples of channel-work projects that have adverse-
ly affected the environment are well known. For example,
from its initiation in 1910, channelization of the Blackwa-
ter River in Missouri resulted in channel erosion (enlarge-
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» FIGURE 5.27 A natural stream
compared with a channelized stream
in terms of general characteristics
and pool environments. (Modified after
Corning, Virginia Wildlife, February 1975)

Suitable water temperatures:

adequate shading;

good cover for fish life;
minimal femperature variation;

Natural stream

Channelized stream

Increased water temperatures:

no shading; no cover for fish life;

rapid daily and seasonal temperature
fluctuations; reduced leaf material input.

abundant leaf material input.
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large rocks, efc.

N\ Low flow
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ment locally exceeded 1000 percent, causing bridges to col-
lapse), reduced biologic productivity, and downstream

flooding (31).

Benefits of Channelization and Channel Restoration Not all
channelization causes serious environmental degradation; in
many cases, drainage projects are beneficial. Benefits are
probably best observed in urban areas subject to flooding and

Pool - Riffle sequence _ |

—silt, sand, Mostly riffle

and fine gravel

-

Unsorted gravels;
reduction in habitats; few organisms.

Pool environment

High flow

May have stream velocity higher
than some aquatic life can stand.
Few or no resting places.

Insufficient depth of flow during dry
season to support fish and other aquatic
life. Few if any pools {all riffle).

in rural areas where previous land use has caused drainage
problems. In addition, other examples can be cited in which
channel modification has improved navigation or reduced
flooding and has not caused environmental disruption.
Many streams in urban areas scarcely resemble natur-
al channels. The process of constructing roads, utilities,
and buildings with the associated sediment production is
sufficient to disrupt most small streams. Channel restora-




tion is often needed to clean urban waste from the chan-
nel, allowing the stream to flow freely, to protect the banks
by not removing existing trees and, where necessary, plant-
ing additional trees and other vegetation. The channel
should be made as natural as possible by allowing the
stream to meander and, where possible, by providing for
variable, low-water flow conditions—fast and shallow (rif-
fle) alternating with slow and deep (pool) (32). Where lat-
eral bank erosion must be absolutely controlled, the
outsides of bends may be defended with large stones known
as riprap (Figure 5.28).

River restoration of the Kissimmee River in Florida
may be the most ambitious restoration project ever at-
tempted in the United States. Channelization of the river
began in 1962; after 9 years of construction at a cost of
$24 million, the meandering river had been turned into an
83-km-long straight ditch. Now, at what will exceed the
original cost of channelization, the river may be returned
to its original sinuous path. The restoration is being seri-
ously considered because the channelization failed to pro-
vide the expected flood protection, degraded valuable
wildlife habitat, contributed to water-quality problems as-
sociated with land drainage, and caused aesthetic degrada-
tion. In Los Angeles, California, a group called “Friends
of the River” has suggested that the Los Angeles River be
restored. This will be a difficult, if not impossible, task, as
most of the riverbed and banks are lined with concrete.
Figure 5.29 compares a channel restoration project of Briar
Creek, Charlotte, North Carolina, with a concrete-lined
channel in southern California.

The Future of Channelization Although considerable
controversy and justifiable anxieties surround channelization,
it is expected that channel modification will remain a
necessity as long as land-use changes, such as urbanization or
conversion of wetlands to farmland, continue. Therefore,
we must strive to design channels that reduce adverse effects.
Effective channelization can be accomplished if project

{a)
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Path of main current
at low flow

A FIGURE 5.28 Channel-restoration design criteria for urban
streams, using a variable cross-channel profile to induce scour and de-
position at desired locations. (Modified after Keller and Hoffman, 1977, Jour-
nal of Soil and Water Conservation, vol 32, no 5.)

objectives of flood control or drainage improvement are
carefully tailored to specific needs (32,33).

If the primary objective is drainage improvement in
areas where natural flooding is not a hazard, then there is no
need to convert a meandering stream into a straight ditch.
Rather, design might involve cleaning the channel and main-
taining a sinuous stream. In addition, for gravel-bed streams
with a low gradient, a series of relatively deep areas (pools)
and shallow areas (riffles) might be constructed by chang-
ing cross-sectional shape, asymmetrically to form pools and

(b)

A FIGURE 5.29 Concrete channel in Los Angeles River system compared to channel restoration in North Car-

olina (Edward A Keller)
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symmetrically to form riffles, as found in natural streams.
Where this is possible, the resulting channel would tend to
duplicate nature rather than be alien to it. In addition, cut-
ting trees along the channel bank would be minimized and
new growth would be encouraged. This plan would tend to
minimize adverse effects by producing a channel that is
more biologically productive and aesthetically pleasing (32).

Channel design for flood control is more complicated
because natural channels are maintained by flows with a
recurrence interval of 1 to 2 years, whereas flood-control
projects may need to carry the 25- or even 100-year flood.
A 100-year channel cannot be expected to be maintained by
a 2-year flood. Such a channel would probably be braided
and choked with migrating sandbars. A solution is to con-
struct a pilot channel, a meandering channel designed to be
maintained by the 2-year flood and superimposed on the
larger flood-control channel. Addition of pools and riffles
in the pilot channel, when possible, would help provide fish
habitat and better low-flow conditions. The large channel
might be vegetated, and the untrained observer might not
easily recognize it. This plan will not work in urbanizing
areas where sediment production is high and property is
not available to be purchased for the pilot channel. How-
ever, if sediment is reduced by good conservation practice
and the property is available to be purchased, the urban
area will benefit from a more aesthetically pleasing and
more useful stream.

Perception of Flooding

At the institutional level (government, flood-control agen-
cies, etc.), perception and understanding of flooding is ad-
equate for planning purposes; however, on the individual
level, the situation is not as clear. People are tremendously
variable in their knowledge of flooding, anticipation of fu-
ture flooding, and willingness to accept adjustments caused
by the hazard.

Progress at the institutional level includes mapping of
flood-prone areas (thousands of maps have been prepared),
areas with a flash-flood potential downstream from dams,
and areas where urbanization is likely to cause problems in
the near future. In addition, the federal government has en-
couraged states and local communities to adopt floodplain
management plans (34). Nevertheless, the concept of flood-
plain management, planning to avoid the flood hazard by
not developing on floodplains, or relocating present devel-
opment to locations off the floodplain needs further con-
sideration and education to be accepted by the general
population.

5.6 Mississippi River Flooding,
1973 and 1993

Spring flooding of the Mississippi River in 1973 caused the
evacuation of tens of thousands of people as thousands of
square kilometers of farmland were inundated throughout

the Mississippi River Valley. Fortunately, there were few
deaths, but the flooding resulted in approximately $1.2 bil-
lion in property damage (18). The 1973 flooding occurred
despite a tremendous investment in flood-control dams up-
stream on the Missouri River. Reservoirs behind these dams
inundated some of the most valuable farmland in the Dako-
tas, and in spite of these structures, the downstream floods
near St. Louis were of record-breaking magnitude (35). Im-
pressive as this flood was at the time, it did not compare in
magnitude or in the suffering it caused to the flooding that
occurred 20 years later.

Flooding of the Mississippi River and its tributaries dur-
ing the summer of 1993 will likely be remembered as the
flood of the century. There was more water than during the
1973 flood, and the recurrence interval exceeded 100 years.
The floods lasted from late June to early August, causing
50 human deaths and more than $10 billion in property
damages. In all, about 55,000 km’ of floodplain were inun-
dated, including numerous towns and farmlands (36,37).

The 1993 floods resulted from a major climatic anom-
aly that covered the upper Midwest and north-central Great
Plains, precisely the area that drains into the Mississippi and
lower Missouri river systems (38). The trouble started with
a wet autumn and a heavy spring snowmelt that saturated
the ground in the upper Mississippi River basin. Then, early
in June, a high-pressure center became stationary on the
East Coast, drawing moist unstable air into the upper Mis-
sissippi River drainage basin. This condition kept storm sys-
tems in the Midwest from moving east. At the same time, air
moving in over the Rocky Mountains initiated unusually
heavy rainstorms (38). The summer of 1993 was the wettest
on record for Illinois, Iowa, and Minnesota. Cedar Rapids,
Towa, for example, received about 90 cm of rain from April
through July—a normal year’s rainfall in 4 months (36)! In-
tense precipitation falling on saturated ground led to a
tremendous amount of runoff and unusually high flood
peaks during the summer. Floodwaters were high and pro-
longed, putting tremendous pressure on the levee system
that was built in hopes of alleviating flooding.

Prior to construction of the levees, the floodplain of
the Mississippi was much wider and contained extensive
wetlands. Since the first levees were built in 1718, approx-
imately 60 percent of the wetland in Wisconsin, Illinois,
Towa, Missouri, and Minnesota—all hard hit by the flood-
ing in 1993—have been lost as a result of development and
construction of levees. The effect of levees is to constrict
the width of the river, which leads to a greater depth of flow
and creates a bottleneck that raises the height of floodwa-
ters upstream. In some locations, such as St. Louis, Mis-
souri, levees give way to floodwalls designed to protect the
city against high-magnitude floods.

Examination of Figure 5.21, a satellite image from mid-
July 1993, shows that the river is relatively narrow at St.
Louis, where it is contained by the floodwalls, and very
broad upstream near Alton and Portage des Sioux, where
extensive flooding occurred. Even so, the rising flood peak




came within about 0.6 m of overtopping the floodwalls. Fail-
are of downstream levees partially relieved the pressure and
possibly saved St. Louis from flooding. Levee failures (Fig-
are 5.30) were very common during the flood event (39).
In fact, something like 80 percent of the private levees along
the Mississippi River and its tributaries failed (37). On the
other hand, most of the levees built by the federal govern-
ment survived the flooding and undoubtedly saved lives and
property. The problem is that there is not a uniform code
for the levees and so some areas’ levees are higher or lower
than others. Failures occurred as a result of overtopping and
breaching, resulting in massive flooding of farmlands and
towns (Figure 5.31) 37).

The main lesson learned from the 1993 floods is that
construction of levees leads to a false sense of security. It is
difficult to design levees to withstand extremely high-mag-
nitude floods for a long period of time. Furthermore, be-
cause of loss of wetlands, there is less floodplain space to
soak up the floodwaters. The 1993 floods caused such ex-
tensive damage and loss of property that many communities
along the river are rethinking strategies concerning the flood
hazard. Several are considering moving to higher ground!
In addition, there is now a FEMA (Federal Emergency
Management Agency) program to buy out some floodplain
land, with the understanding that homes never be con-
structed there again. Of course, these adjustments are en-
tirely appropriate. The Mississippi River system flooded
riverside communities, including Grafton, Illinois, again in
1995! When will we ever learn?
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A FIGURE 5.30 Failure of this levee in lllinois during the 1993 floods
of the Mississippi River caused flooding in the town of Valmeyer. (Com-
stock, Inc.)

<« FIGURE 5.31 Damage to farmlands
during the peak of the 1993 flood of the
Mississippi River. (Comstock, lnc.)
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PUTTING SOME NUMBERS ON Flood Hazard Analysis

e learned earlier in A Closer Look: Magnitude and

Frequency of Floods that for every flood event we
may derive a recurrence interval (R), which provides an
estimate of the probable average time period between
floods of a particular magnitude. We now return to that
theme with the purpose of better understanding how we
evaluate the flood hazard and construct flood hazard
maps that delineate the land area likely to be inundated
by a flood of a particular R, say, the 100-year flood. The
100-year flood may also be represented by Qyqq, which
means the 100-year discharge. The units of discharge
commonly used in science are cubic meters per second
(cms), but in the United States the units most often en-
countered are cubic feet per second (cfs). As a result, the
data presented here will be in cfs.

Steps in flood hazard analysis are:

e Collect stream flow data from a gauging station or set
of gauging stations on a particular river.

e Analyze the stream flow data to estimate magnitude
and frequency of flows, and in the case of flood hazards,
estimate the discharge from the 100-year flood (Q;00)
or other discharge of interest to a particular project.

e The 100-year flood might also be estimated from a
mathematical model if a stream gauging station is not
available or stream gauge data are insufficient.

e Use an appropriate mathematical/computer model to
predict the stage (elevation of water surface) expect-
ed from the Q,y at a variety of topographic cross sec-
tions, and construct a flood hazard map showing the
area inundated by flood waters.

Probably the best way to understand how flood haz-
ards are estimated is to provide an example. Mission
Creek near Santa Barbara, California, has a notorious
flood history, including damaging floods of 1995. These
floods resulted from a long duration storm that exceed-
ed 8 hours and delivered low- to moderate-intensity rain-
fall totaling approximately 14 cm (5.5 in.). Mission Creek
flooded approximately 500 structures and inflicted about
$50 million in property damage. The city of Santa Bar-
bara is built upon an alluvial fan, and the resulting floods
were typical of those occurring on alluvial fans (24), con-
sisting of breakouts of waters that spread relatively shal-
low, fast-moving floodwater down the fan surface,
ponding near the ocean. Peak discharge from a stream
gauge was estimated by local authorities as exceeding
5000 cfs, with a lower estimate of approximately 3800 cfs.
The lower estimate is used here in flood hazard analysis
as it was based upon a calculation from field measure-
ments, rather than data from a gauging station, where
aceumulation of debris may have resulted in an observed
stage that was anomalously high. Regardless of which
discharge measure is used, the flood was large and caused

extensive damage. We begin our analysis of Mission
Creek by examining the data on Table 5.A, which shows
peak annual flows from 1971 to 1995. This is known as
the annual series. Notice that in the 1980s and 1990s the
years of high discharge are related to El Nifio events (see
discussion of El Nifio in Chapter 16). One way to ana-
lyze flood frequency is to arrange the peak annual flows
into a series based upon their magnitude (M) where M =
1 is assigned the highest flow, which occurred in 1995.
The R is then calculated from the equation R = (N +
1)/M, where N is the number of years of record. That
analysis is shown on Table 5.B. Using this technique we
then plot on probability paper the discharge and recur-

Table 5.A Mission Creek at Santa
Barbara, California, peak annual flows
1971-1995, arranged per year

Peak

flow
Year (cfs) Comment
1971 360
1972 1420
1973 2580
1974 519
1975 1130
1976 353
1977 569
1978 2500 El Nifio event??
1979 667
1980 1300
1981 302
1982 186
1983 2300 El Nifio year
1984 681
1985 128
1986 626 El Nifio year
1987 626 El Nifo year
1988 139 Drought year
1989 168 Drought year
1990 115 Drought year
1991 468 El Nifo year
1992 1130 El Nifo year
1993 838 El Nifio year
1994 207 El Nifio year
1995 3800 (est) (Highest on record)

aE| Nifio events often bring an increase in precipitation to
southern California

Source: U.S. Geological Survey
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Table 5.B Annual peak flow data for Mission Creek
at Santa Barbara, CA, 1971-1995, arranged by
magnitude M, where M = | is largest event.Also shown
are average recurrence intervals R (yrs).

Annual Peak
Discharge Magnitude (N+1)IM
Year (cm) M) (R, yrs)
1995 3800 (estimate) 1 26.00
1973 2580 2 13.00
1978 2500 3 8.67
1983 2300 4 6.50
1972 1420 5 5.20
1980 1300 6 433
1975 1130 7.5° 3.47
1992 1130 7.5 3.47
1993 838 9 2.89
1984 681 10 2,60
1979 667 11 2.36
1986 626 12.5 2.08
1987 626 12.5 2.08
1977 569 14 1.86
1974 519 15 1.73
1991 468 16 1.62
1971 360 17 1.53
1976 353 18 1.44
1981 302 19 1.37
1994 207 20 1.30
1982 186 21 1.24
1989 168 22 1.18
1988 139 23 1.13
1985 128 24 1.08
1990 115 25 1.04

2Ties are averaged

Source: U.S. Geological Survey

rence interval for each flow as shown on Figure 5.G.
Since we only have 25 years of records, we need to ex-
trapolate the curve to estimate higher magnitude events,
such as the Q5o or Qygo. It is best not to extrapolate the
record beyond about two times the length of the record,
which means that we could extrapolate to the 50-year
flood. However we commonly have to estimate the 100-
year flood because this is the so-called “project flood”
used in flood hazard analysis. The Water Resources
Council (25) in the 1960s recommended using the log-
Pearson type III distribution for analyzing flood fre-
quency in flood hazard analysis. This method is thought
to produce a better prediction of flood discharge than
simple application of the formula used above and shown
in Table 5.B. The basic equation used that relates the

flood peak and return period with the log-Pearson type
I distribution is:

Xis equal to X + Ko, where X is the peak discharge at
a particular flow frequency of interest (say Qqp), X is the
mean discharge from the set of annual peak flows, K is a
frequency factor that increases as R increases, and 6 is the
standard deviation of the annual peak flows (25). As the
name of the distribution implies, logarithms (base 10) are
utilized. The method is shown on Table 5.C for the Mis-
sion Creek data. We substitute for our general equation
above as follows: X is log Q,g0, X is the mean of the log-
arithmic values of annual peak flows, K is determined from
Table 5.D by linear extrapolation, and ¢ is the standard
deviation of the logarithmic values of the annual peak
flows. As shown, the last step in the calculation of the
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Q00 is to take the antilogarithm of the value to produce
the desired discharge, in this case Qg (6393 cfs). Notice
that there is a different K value for each return period,
but to determine K from the table, you must first calcu-
late the value of G from the equation provided. The G
value depends upon the actual distribution of the annu-
al peak floods and accounts for the skewness (a measure
of the departure of the distribution from one that is sym-
metrical on both sides of the mean, that is, a departure
from the normal distribution, which is roughly “bell-
shaped”) (26). For our example we have calculated the
Q100 Notice that the value of Q¢ from log-Pearson type
T method is less than that from extrapolating the graph
on Figure 5.G, where Q¢ is about 8000 cfs (227 cms).
For Qsg, the two methods are in closer agreement—4796
cfs (136 cms) for the log-Pearson type IIT and about 6000
cfs (170 cms) for extrapolation of the graph (Figure 5.G).
As an exercise you may wish to calculate other values,
say the Qo and Q,s. Compare these values with those
that you estimate from the graphing of the data shown
on Figure 5.G.

The final step in flood hazard analysis is to produce
maps that show areas inundated by a particular flood flow
(say, Qyq0)- For the system where a channel and floodplain
are present, we construct a series of cross sections across
the floodplain and channel, and for each of these estimate
the stage (elevation of water) that will occur from the Q.
This is commonly done by using a mathematical comput-

er model that solves basic hydrology equations of flow of
water in the channel and on the floodplain. A model com-
monly utilized is the HEC-2 step-backwater model de-
veloped by the Hydrologic Engineering Center, Davis,
California, in 1990 (27). Data requirements for the pro-
gram include survey cross sections along the channel and

Contour interval = 1 m
0 1 km ™= River channel
L Boundary of Q44

{100-year flood)

A FIGURE 5.H Idealized diagram illustrating how flood hazard
maps map be produced, See text for explanation.
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" Table 5.C Mission Creek, Santa Barbara, CA, annual peak flows, 1971-1995. Mission
Creek Flood Data Log-Pearson type lll distribution. Calculations with logarithms to base 10.

Annual Peak C b [
Year M Q (cfs) Q = log peak Q-Q Q-9 (-0
1995 | 3800 (estimate) 3.5798 08116 0.6587 0.5346
1973 2 2580 3.4116 0.6434 0.4140 0.2664
1978 3 2500 3.3979 0.6297 0.3966 0.2497
1983 4 2300 3.3617 0.5935 0.3523 0.2091
1972 5 1420 3.1523 0.3841 0.1475 0.0567
1980 6 1300° 3.1139 0.3457 0.1195 0.0413
1992 7 1300 3.1139 0.3457 0.1195 0.0413
1975 8 1130 3.0531 0.2849 0.0812 0.0231
1993 9 838 2.9232 0.1550 0.0240 0.0037
1984 10 681 2.8331 0.0649 0.0042 0.0003
1979 11 667 2.824] 0.0559 0.0031 0.0002
1986 12,5 626 2.7966 0.0284 0.0008 0.0000
1987 12.5 626 2.7966 0.0284 0.0008 0.0000
1977 14 569 2.7551 -0.0131 0.0002 0.0000
1974 15 519 2.7152 -0.0530 0.0028 —0.0001
1991 16 468 2.6702 -0.0980 0.0096 -0.0009
1971 17 360 2.5563 -0.2119 0.0449 —0.0095
1976 18 353 2.5478 —0.2204 0.0486 -0.0107
1981 19 302 2.4800 -0.2882 0.0831 -0.0239
1994 20 207 2.3160 —0.4522 0.2045 -0.0925
1982 21 186 2.2695 —0.4987 0.2487 —0.1240
1989 22 168 2.2253 -0.5429 0.2947 -0.1600
1988 23 139 2.1430 —0.6252 0.3909 —0.2444
1985 24 128 2.1072 -0.6610 0.4369 —0.2888
1990 25 115 2.0607 -0.7075 0.5006 -0.3541
Sum: 69.2043 45876 0.1174

e M = magnitude; N = 25 (number of years of record)

69.2043
25

e Q= = 2.7682 (is the mean of the logarithmic values of Q)

Q- Q)P \/4.586
N-1 NV 24

s ((N - l)n(N - 2)) (Z(Qo; Q)3>=<(24§?23)>(3£;:3> il

e K for Qg from Table 5.D (for G = 0.064) = 2.373 (by linear extrapolation)

e ¢ = standard deviation = = 0.4372

* For Qg (100-year flood)
log Qup0 = Q + Ko = 2.7682 + (2.373)(0.4372) = 3.8057
Q10 = 6393 cfs (181 cms)

Ties are averaged.
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floodplain, initial stage and discharge of water (say, the Q10)
and appropriate coefficients, including roughness and
whether the channel is expanding or contracting between
typical cross sections. An idealized diagram showing the
area inundated by the 100-year flood for a hypothetical
stretch of river with three cross sections is shown in Fig-
ure 5.H. The computer model begins calculations and es-
timation of flood stage for the downstream cross sections
first and then works upstream. Using this method, the area

inundated by a flood of a particular frequency may be es-
timated and mapped. This has been done for thousands
of streams and rivers across the United States and is the
basic data necessary for evaluating flood hazard and flood-
plain zonation. This method does have limitations. For
example, it doesn’t work well for lower Mission Creek be-
cause flooding on an alluvial fan may be in multiple dis-
tributary channels, and is different from a river with a
well-defined floodplain that the HEC-2 model assumes.

Table 5.D Values of K for log-Pearson Type Il Distribution

Return Period,Years

G 2 5 10 25 50 100 200
3.0 -0.396 0.420 1.180 2.278 3.152 4.051 4970
2.8 -0.384 0.460 1.210 2275 3.114 3.973 4.847
26 —0.368 0.499 1.238 2267 3.071 3.889 4.718
24 —0.351 0.537 1.262 2.256 3.023 3.800 4.584
22 —0.330 0.574 1.284 2.240 2970 3.705 4.444
2.0 —0.307 0.609 1.302 2219 2912 3.605 4.298
1.8 —0.282 0.643 1.318 2.193 2.848 3.499 4.147
1.6 —0.254 0.675 1.329 2.163 2.780 3.388 3.990
1.4 -0.225 0.705 1.337 2.128 2.706 3.271 3.828
1.2 -0.195 0.732 1.340 2.087 2.626 3.149 3.661
1.0 —0.164 0.758 1.340 2.043 2.542 3.022 3.489
0.8 —0.132 0.780 1.336 1.993 2453 2.891 3.312
0.6 -0.099 0.800 1.328 1.939 2359 2.755 3.132
0.4 —0.066 0.816 1.317 1.880 2.261 2615 2.949
0.2 —0.033 0.830 1.301 1.818 2.159 2.472 2.763
0.0 0.0 0.842 1.282 1.751 2.054 2326 2,576

0.2 0.033 0.850 1.258 1.680 1.945 2.178 2.388

-0.4 0.066 0.855 1.231 1.606 1.834 2.029 2.201

-0.6 0.099 0.857 1.200 1.528 1.720 1.880 2016

038 0.132 0.856 1.166 1.448 1.606 1.733 1.837

-1.0 0.164 0.852 1.128 1.366 1.492 1.588 1.664

-1.2 0.195 0.844 1.086 1.282 1.379 1.449 1.501

-1.4 0.225 0.832 1.041 1.198 1.270 1.318 1.351

-1.6 0.254 03817 0.994 1.116 1.166 1.197 1.216

-18 0.282 0.799 0.945 1.035 1.069 1.087 1.097

-2.0 0.307 0.777 0.895 0.959 0.980 0.990 0.995

=22 0.330 0.752 0.844 0.888 0.900 0.905 0.907

24 0.351 0.725 0.795 0.823 0.830 0.832 0.833

-2.6 0.368 0.696 0.747 0.764 0.768 0.769 0.769

-28 0.384 0.666 0.702 0712 0.714 0.714 0.714

=30 0.396 0.636 0.660 0.666 0.666 0.667 0.667

Source: U.S. Soil Conservation Service
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Gireams and rivers form a basic transport system of the rock
cycle and are a primary erosion agent shaping the landscape.
The region drained by a stream system is termed a drainage
pasin. Erosion and deposition of sediments are determined
in part by the stream’s velocity and stream power at any
point, which are determined by the stream’s slope, cross-
sectional area and shape, and discharge. A river generally
maintains a dynamic equilibrium between the work done
(sediment transported) and the load imposed (sediment re-
ceived). A land-use change that affects the amount of water
or sediment entering the stream results in a change in the
channel’s slope and cross-sectional shape and in the veloc-
ity of the water.

Sediments deposited by lateral migraton of meanders in
a stream and by periodic overflow of the stream banks form
a floodplain. The magnitude and frequency of flooding are in-
versely related and are functions of the intensity and distrib-
uton of precipitation, the rate of infiltration of water into
the soil and rock, and topography. Upstream floods are pro-
duced by intense, brief rainfall over a small area. Downstream
floods in major rivers are produced by storms of long dura-
tion over a large area that saturate the soil, causing increased
runoff from thousands of tributary basins. Urbanization has
increased flooding in small drainage basins by covering much
of the ground with impermeable surfaces such as buildings
and roads, increasing the runoff of storm water.

River flooding is the most universally experienced natural
hazard. Loss of life is relatively low in developed countries
with adequate monitoring and warning systems, but prop-
erty damage is much greater than in preindustrial societies
because floodplains are often extensively developed. Fac-
tors that control damage caused by flooding include land
use on the floodplain, magnitude and frequency of the flood-
ing, rate of rise and duration of the flooding, the season,
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SOME QUESTIONS TO THINK ABOUT

1.

You are a planner working for a community that is expanding
into the headwater portion of a drainage basin. You are aware
of the effects of urbanization on flooding and wish to make
recommendations to avoid some of these effects. Outline a
plan of action.

You are aware that at the institutional level the perception of
flooding is adequate. However, at the individual level the sit-
uation is not so clear. How could you develop a plan to com-
municate the potential of flood hazard to people in your
community?

3. You are working for a county flood-control agency that has been

channelizing streams for many years. The preferable method
has been to use bulldozers to straighten and widen the channel.
Recently your agency has been criticized for causing extensive
environmental damage. You have developed new plans of chan-
nel restoration that you wish to have implemented for a stream
maintenance program. Describe what you might do (devise a
plan of action) to convince the official in charge of the mainte-
nance program that your ideas will improve the urban stream en-
vironment and help reduce the potential of flood hazard.



