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Foreword: For the Student

This is not your ordinary textbook. Environmental Hydrol-
ogy is indeed a textbook, but five elements often found
separately combine here in one text to make it different. It
is eclectic, practical, in places a handbook, a guide to field-
work, engagingly personal and occasionally opinionated.

The material covered includes expected chapters on
basic aspects of the hydrologic cycle such as rainfall, runoff,
and evapotranspiration. There is, at the same time, extensive
coverage of stream processes, soil erosion and sedimenta-
tion, and human impacts on the hydrologic cycle.

Throughout, the authors have chosen to emphasize the
practical rather that the theoretical aspects of hydrology.
Many texts do this in hydrology, perhaps too many, but in
this book that orientation is enhanced with a content and
style that evidence their commitment to what the authors
call a “student-centered” view. Many, if not most of us,
in the academic world profess this centered vision but
quickly lodge our teaching on the periphery. Not so here.

Chapters devoted to the application of remote sensing
and geographic systems to hydrology and to conducting
and reporting hydrologic studies nicely capture the prac-
tical flavor. At the same time, a focus on the practical leads
not only to the inclusion of many approaches to solving
specific problems but also to the inclusion in text and
appendices of the vital statistics of hydrology, thus the
attribute of a modest handbook.

I hope any student will enjoy, just not profit from the
careful advice given to those involved in their first obser-
vations of rivers in the field. For example, the authors
“stoop” to telling the student reader how many persons
should be engaged in carrying out a task; perfectly laugh-
able unless you have nearly drowned by failing to do the
obvious, or finished a day’s fieldwork and notes by lantern
in the dark.

And, perhaps most engaging to me, in places the
authors offer personal views as well as more strongly
worded opinions. The former often relate to evaluation of
alternative approaches, or formulations, of specific solu-
tions to specific hydrologic problems. One or the other of
the authors, not the anonymous royal we, states his choice
based on his own experience. More rarely, it is noted that
contrary to the notoriety of some hydrologic findings, the
findings are grossly in error and the resulting policies
foolish and misdirected.

This thick book is a labor of love. No doubt it contains
errors of commission and perhaps even omission. One
hopes that students, as they struggle with the material in
the text, will warm both to what inspires the authors and
through that to the subject — hydrology.

Professor M. Gordon Wolman
The Johns Hopkins University
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Introduction

Interest in water and related problems has grown markedly
throughout all segments of society. An understanding of
the occurrences, distribution, and movement of water is
essential in agriculture, forestry, botany, soil science,
geography, ecology, geology, and geomorphology. In
short, water is an important element of the physical envi-
ronment. We should all seek knowledge of hydrology as
an aid in understanding the physical environment in which
humanity has developed and in which we now live. Fur-
thermore, the population of the world could increase by
50% some time this century. The majority of this global
population increase of more than 3 billion people will
occur in developing countries that already face shortages
of potable water and food.

Questions we are often asked are: Why did we write
a hydrology book? and How does this book differ from
other books? A decade ago, we wrote the “Purple Book,”
which was the precursor of this book. It was written by
an interdisciplinary team of authors who used as its foun-
dation what we affectionately call the “Blue Book.” The
Blue Book was a wonderful collection of information and
analyses that was put together in the 1970s by a group of
prominent scientists and engineers because, at that time,
there was no available textbook suitable for use in an
introductory hydrology class. When we wrote the Purple
Book, there were still very few introductory hydrology
books, and the Blue Book was still widely used. However,
the scope of the Blue Book was rather narrow, the mate-
rials needed updating, and the format and style of the
materials were very old fashioned.

Since publishing the Purple Book, many fine hydrol-
ogy books have been written; we felt that simply updating
the book would not be adequate. After much thought, we
decided to write a new text that would still include the
most useful and interesting parts of both the Blue and the
Purple Books. The main motivation for writing the new
text was that we felt there were topics that needed to be
included in the book and that were not adequately
addressed in most hydrology books. In addition, we col-
lectively have about 60 years of experience with a wide
range of topics relating to hydrology and believe that
society could benefit from the knowledge we acquired
from our mistakes and successes. Furthermore, in the last
decade, society has begun to recognize better the value of
using interdisciplinary teams and knowledge from several
branches of science and engineering to solve complex
environmental and ecological problems. We have included
extensive information on stream processes, sediment

budgets, land use and human impacts on the hydrologic
cycle, issues of concern to society, and management strat-
egies. When possible, we also tried to foster an appreciation
for the biology of hydrologic systems. Unlike many scien-
tific texts, every effort was made to engage the reader in the
discussion of each topic. The book contains many examples,
illustrations, and accounts of personal experiences.

The rest of this introduction presents information on
the organization of the book and then a perspective on
hydrology by each author.

BOOK ORGANIZATION

The purpose of this book is to provide a qualitative under-
standing of hydrologic processes and an introduction to
methods for quantifying hydrologic parameters and pro-
cesses. It has been prepared for use in introductory hydrol-
ogy courses taught at universities to students of environ-
mental science, natural resources, geology, geography,
agricultural engineering, and environmental engineering.
A comprehensive understanding of the presented topics
and problems should provide sufficient knowledge for stu-
dents to make an assessment of hydrologic processes asso-
ciated with environmental systems and to develop initial
conceptual evaluations that are part of most assessments.
We hope that the book will also serve as a reference
resource.

In the problem sets and especially in the practical
exercises (Chapter 14), we attempted to give students a
“hands-on” feel for the matters at hand. Having actually
dealt with data rather than simply having talked about it
gives a better and more confident perspective. We also
highly recommend attaining skills in surveying and field
measurements, and some of the practical exercises require
those skills. We believe it is important to be able to visu-
alize a liter, a 1% slope, an acre-foot, or 10 ft*/sec.

Readers will note that we frequently use English units
of measure in this book. Although the rest of the world
has converted to SI (International System of Units
[Systeme international d’ unités], metric) units, most field-
level work in the U.S. is still done in English units. More-
over, the wealth of hydrologic data produced and held by
the U.S. is mostly in English units. While most scientific
journals use SI units, several U.S. scientific journals have
switched back to English units so that published papers
will have more applied impact. In any case, in the U.S.,
we need to know how to use and convert quickly between
both systems. It is quite analogous to living in a bilingual



nation. There, two languages must be spoken and under-
stood; similarly, we must be bimensural or bimetric. Thus,
we have made little effort to convert units and sometimes
both systems are used in the same sentence. We believe
that it will help prepare students for the real world, where
they must deal with both systems, often under pressure,
and where the ability to make mental conversions can
provide a great advantage. All of the foregoing may be an
unfortunate imposition, but it is a reality. By incorporating
English units, we realize that we diminish this book’s
marketability in countries outside the U.S., but not to
incorporate English units, in our view, would be to abro-
gate our responsibilities as educators. A table of unit con-
version factors is presented in Appendix A, and we urge
students to learn the more salient ones.

The topic of hydrology contains many different terms
that may not be familiar to the reader. Therefore, we
present a glossary of terms in Appendix B.

A PERSPECTIVE BY ANDY WARD

I was a few years old, and the heat and humidity were
unbearable as we walked stealthily through the parched
scrubland and thorn bushes. A short distance below us was
amuddy river. Impala (antelope) were cautiously drinking,
and a group of women and children walked along a nar-
row, well-trodden path. There was a sudden commotion
and loud splash as a young impala was dragged into the
river by an enormous crocodile. We were in the Luangwa
River Valley in Zambia, a small country in the southern
part of Africa, a continent where I spent much of my
youth, and there are only two seasons — dry or rainy. The
women and children were walking to the river to bathe,
wash their few clothes, and get water to take back to their
village, which was many miles away. On their return, the
women balanced huge open containers of water on their
heads — a remarkable feat, as one false step and the
precious contents would spill. Amazingly, hundreds of
thousands of other women throughout Africa repeat a sim-
ilar journey daily. Many hours of walking and the perils
of snakes, lions, elephants, and crocodiles have to be
endured to obtain relatively small amounts of muddy, pol-
luted water.

It was the early 1960s; our lifestyle was spartan com-
pared to living conditions for most of the population in
the U.S. Electrical power failures occurred often. When
water did flow through the taps, it always seemed to be a
new shade of brown, yellow, or orange. There were con-
cerns about the population explosion; how the world might
run out of food before the year 2000; how a nuclear war
or some dreadful disease would wipe out most of human-
ity; and how, by the end of the century, civil wars and
anarchy might occur throughout the world because of
unstable economies and limited food and water. Some of
these concerns are now reality as there are severe food

and water shortages throughout Asia and even in devel-
oped parts of the world, such as eastern Europe and the
former Soviet Union.

My interest in hydrology was not stirred just by child-
hood images of drought and food shortages. Following
thunderstorms, I often saw huge, raging rivers, such as the
mighty Zambezi, running the color of chocolate with sed-
iment. I was amazed that any soil remained on the land.
However, erosion rates in Africa are lower than in parts
of Asia, South America, Central America, and North
America. In the U.S., sediment is the main pollutant in
surface water systems, and agricultural activities contrib-
ute more than 50% of the nation’s sediment.

In the mid-1960s, I spent 2 years in Switzerland,
replacing the relatively flat landscape of Africa with huge
mountains, lush vegetation, frequent rainfall, and cold
snowy winters. In midsummer, the rivers ran full and were
icy cold for they were fed by snowmelt from the Alps.
Snowmelt is the main source of water for great rivers such
as the Rhine, which runs through Germany, France, Bel-
gium, and Holland. I lived near the headwaters of the
Rhine where it forms the border between Switzerland and
Austria. Farming was a year-round activity in this region,
and cows were everywhere. “Honey” wagons seemed to
have endless loads of fresh manure to deposit on pastures
and crops already darkened from earlier loads. The Rhine
was already polluted by high discharges of nitrates from
the manure.

Water and hydrologic phenomena have always been
part of my life. I was born in Southend-on-Sea, Essex,
England, which has the longest pier in the world (about
1.2 miles long) because when the tide goes out mud banks
stretch more than a mile from the shore. While studying
for a degree in agricultural engineering at the University
of Kentucky, I came face to face with the environmental
debate on how to maintain the high standard of living
many Americans enjoy while preserving our environment.
The focus of my research was on developing a method to
predict how sediment deposits accumulate in sediment
ponds. These ponds are constructed downstream from sur-
face mining operations to trap soil and spoil materials that
rainfall washes away from the mining operations. I worked
in the Appalachian Mountains of eastern Kentucky and
Tennessee, where enormous machinery reshapes moun-
tains to reach the rich underlying coal seams. The benefits
of this environmental disturbance are affordable electric-
ity, transportation, food, and manufactured commodities.

Surface mining activities and environmental pollution
are global problems. An example of problems associated
with mining can be found in Tasmania, a small island the
size of West Virginia located about 140 miles southeast of
Australia. The interior of Tasmania is very mountainous; to
the west of these mountains, there is heavy annual rainfall
and impenetrable rain forests, home of the notorious Tasma-
nian devil, a small carnivorous bear. Much of Tasmania’s



mineral wealth of silver, zinc, and gold is located in the
northwest. Trees have been removed from the mountain-
sides to provide fuel for deep underground mining oper-
ations and the mining families. The removal of trees and
acid rain from the processing of ore have denuded the area
of all vegetation. High rainfall and steep mountain slopes
have resulted in the removal of all soil and thwarted efforts
to revegetate the area. This is perhaps the bleakest, most
desolate landscape I have ever seen — it is comparable
to scenes from the moon.

During visits to the Kingdom of Swaziland, located
on the east side of southern Africa, I have seen stark
granite mountains and rivers and reservoirs choked with
sediment. The need to cut wood to provide fuel for domes-
tic use and overgrazing by cattle have resulted in gradual
denuding of many areas and the formation of huge gullies
called dongas. Throughout the world, deforestation is a
serious problem (see Chapter 10).

In 1985, Tom Haan (an author of several prominent
hydrology books; a friend, mentor, and advisor for my
master’s degree) and I found ourselves drifting along a
small chain of lakes on the northeast coast of South Africa.
We were evaluating the feasibility of growing rice in a
nearby wetland area that was virtually untouched by civ-
ilization. If constructed, this project would drain much of
the area and convert it into cropland. Suddenly there was
commotion all around us, and we discovered that we had
drifted into a family of hippopotamuses. Fortunately, they
had little interest in us, and we continued on our way. As
we slowly moved from one lake into the next, we saw a
wide variety of birds and an occasional crocodile. We
stopped on a small mound of soggy land and watched
several natives catching freshwater fish in crude handmade
wooden traps. As we continued toward the sea, the water
became more brackish and the current stronger. Here,
those fishing used poles and lines to catch saltwater fish.
It was sad to think that this beautiful chain of lakes, the
nearby wetland area, swamps to the south, and the birds
and wildlife might also be destroyed due to political uncer-
tainties and the need to feed a nation; fortunately, this has
not occurred here, but other parts of the world have not
been as fortunate.

In 1996, I had the opportunity to visit China (see
Chapter 1). This vast nation faces enormous challenges to
provide food and potable water to an expanding popula-
tion that already exceeds 1.5 billion people. During the
past decade, I have focused my professional interests on
stream systems. Engineers have constructed some amaz-
ing dams, bridges, canals, and water control systems.
However, historically we have struggled to manage small
stream systems adequately. Many modifications to streams
have not been self-sustaining and have had a severe impact
on the ecology and biology of these systems. A desire by
society to develop and construct more natural systems has
produced mixed results and often has been rather costly.

Therefore, much of my recent work has focused on look-
ing at these issues and at strategies that are low cost and
result in more self-sustaining stream and watershed systems.

A PERSPECTIVE BY STAN TRIMBLE

Hydrology, as the art and science it is, was a long time
coming to me in any formal way. My father, Stanley D.
Trimble, was a power service maintenance foreperson for
the Tennessee Valley Authority (TVA). As such, he trav-
eled hundreds of miles each week, ranging from the giant
Shawnee Steam Plant on the Ohio River to the tiny hydro-
electric projects in southwestern Virginia. I grew up hear-
ing long phone conversations about “thrust bearing num-
ber 3,” “[turbine] rotor bushings,” or a “failed surge tank.”
We often traveled with him in the early days, and one of
my earliest memories is living in Cleveland, TN, driving
up the Ocoee River, and seeing the Ducktown desert,
which was created by sulfuric acid fumes from copper
smelting. But, while all this did not make me a hydrolo-
gist, it did give me a good intuitive idea of the actions and
power of running water, especially when under a hundred
feet of head from a reservoir; that is probably what planted
the hydrology seed, so to speak.

After an undergraduate program of math and physical
science, military service, and a year of travel, I entered
graduate school (1967) in geography at the University of
Georgia, fully intent on working in historical geography
with Louis DeVorsey, Jr. My original masters of art thesis
was to be on historical water-powered industry (there’s
my Dad’s influence!) on the Georgia Piedmont. The indus-
trial archeology aspect of this interested me very much,
and I set out to visit and analyze the water power tech-
nology and arrangement at each of the some 50 or so sites
that T had identified from archival work. Imagine my
bewilderment when I visited site after site and, in most
cases, found only a swampy morass rather than the dams,
flumes, buildings, shafting, penstocks, and water wheels
I had expected. I positively knew that I was at the right
locations. Finally, one day an old farmer, when asked, said,
“Son, that mill was buried under the mud years ago.” The
light suddenly came on; I had been looking at the effects of
culturally accelerated erosion and sedimentation from the
historical farming of corn and cotton. It was a big switch,
but from then on, my interest was on the stream processes
rather than the mills and that required some retooling.

The time I spent studying historical geography and
learning archival and field research techniques was not
wasted; indeed, I was often able to use these same tech-
niques to date the fluvial processes, and I have continued
to champion this methodology (as one of many) through-
out my career. Moreover, the appreciation of the histori-
cal—cultural landscape on which humans have altered the
fluvial system has held me in good stead throughout my
career. This interest in fluvial geomorphology did not



make me a hydrologist, but it eventually convinced me
that I had to learn hydrology, which I did, much of it
after graduate school. For this learning process, I had
three important mentors. One is A.P. Barnett, a research
agricultural engineer with the U.S. Department of Agri-
culture (USDA) who taught me about soil erosion pro-
cesses and prediction and who made sure that I got to
meet erosion scientists on the research frontier, such as
George Foster and the late Walt Wischmeier, both at
Purdue University.

The second is John D. Hewlett, generally long
acknowledged as the world’s foremost forest hydrologist
because of his revolutionary concepts of runoff and a
gentle, thoughtful intellectual. Incredibly, I never had a
course with Hewlett at the University of Georgia, but we
spent many productive hours in the field and talking about
problematic hydrologic processes and fluvial landforms.
Our association has continued for 35 years, and he con-
tinues to influence me, as evidenced in this book and
acknowledgments. Among the many things I learned from
him was to always be skeptical and to question conven-
tional wisdom, especially “bandwagons.”

The third mentor was the late Stafford C. Happ, an
engineering geologist who spent his doctoral time at
Columbia University in the company of such people as J.
Hoover Mackin, C.E.S. Sharpe, Arthur Strahler, Louis
Peltier, and Douglas Johnson. Although Happ’s written
work is limited, it is outstanding. I discovered it as a
graduate student, and he became for me a distant personal
role model for his work on accelerated sedimentation.
Thanks to A.P. Barnett, I met Happ in 1970 where he

worked at the USDA Sedimentation Laboratory in Oxford,
MS; he became a colleague and then a collaborator when
I began the Coon Creek work in 1973 (see Chapter 9).
Happ was simply the best field person (not to mention one
of the best writers) I have ever known, and I am sure that
I learned only a fraction of what he had to teach. His
standards for publication were incredibly high, which is
the main reason he published so little; he often lamented
the “superfluous clutter” in the literature. Happ had a
profound effect on me; even 30 years later, I never close
a field survey or send out a manuscript for publication
without wondering if Dr. Happ would have approved.

I also owe much to contemporary disciplinewide col-
leagues and former students, although I would not dare
single any out for fear of slighting someone. But, a great
influence whom I never met was and is the late Ven Te
Chow of the University of Illinois. His edited Handbook
of Hydrology (McGraw-Hill, 1964) was and remains, in
my view, the most important hydrology book ever pub-
lished. Much of what I know about hydrology came from
its more than 1000 pages of small print and beautifully
clear diagrams; I would encourage anyone interested in
hydrology to access this book.

Of course, every scientist thinks his or her field is the
“Queen of Science,” but as a reluctant hydrologist, I can
say that the past 35 years have convinced me that water
is the core of, at least, environmental science. Like any
late convert, I am a proselytizer and find it difficult to
overemphasize hydrology — I remain convinced that most
would-be environmental scientists need a healthy dose. To
that end, I hope that this book contributes something.
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’I The Hydrologic Cycle, Water
Resources, and Society

1.1 INTRODUCTION

The term hydrology can be divided into two terms: hydro,
relating to water, and loge, a Greek word meaning knowl-
edge. Thus, hydrology is the study, or knowledge, of water.
Questions we might ask are: Why should we acquire
knowledge of water? How might this knowledge help
society? A simple starting point in understanding our soci-
etal need to study water is that, at many points in time,
every place in the world will experience an excess or
deficit of water that will have an adverse impact on society
or a fragile ecosystem. At each location, the available
mean water resources, the magnitude and frequency of
high and low values of these resources, and other prevail-
ing factors will have an impact on the communities
(human and other) that inhabit a location and strategies
that might be implemented to help protect these commu-
nities. Of particular concern is providing adequate sus-
tainable water resources and food for an ever-expanding
global population. Furthermore, factors like global warm-
ing could have a significant impact on global food and
water supplies.

Every minute, the population of the world increases
by about 200 people. This growth amounts to an annual
increase of more than 70 million people or an annual
population growth rate of about 1% (Figure 1.1). While
it is anticipated that this annual growth rate will continue
to decline, it is possible that some time this century the
population of the world will exceed 10 billion people.
Population increases in developed countries such as the

10.00

U.S. will be offset by declines in other developed countries
in Europe. Therefore, the majority of the global population
increase of more than 3 billion people in the next 50 to
100 years will occur in developing countries that already
face shortages of potable water and food. Both India and
China will face huge population increases, and it is prob-
able that India at some point will have the world’s largest
population. In Africa, it is projected that the population
of Nigeria could double and approach that of the U.S.

Many developing countries are not self-sufficient and
depend on aid from developed countries. Other countries,
like China, are very dependent on declining water
resources to provide sufficient food for their expanding
population. A few years ago Andy Ward visited China as
part of a scientific group that had been asked to look at
strategies for making Chinese agricultural systems more
sustainable. The visit focused on the Yellow River Plain
(also called the Hwang Ho, Huang He, or North China
Plain), where groundwater levels are dropping at rates that
exceed 1 m annually, and the area is frequently ravaged
by floods (Figure 1.2). It is now common for the Yellow
River to run dry many times annually, and during each
irrigation event, water obtained from the Yellow River
deposits 1 to 2 m of sediment in irrigation canals (see
Chapter 6). Typically, in the Yellow River Plain one crop
annually is primarily rain fed, and one or two other crops
depend on irrigation. Current water use for irrigation in
this region is not sustainable, yet more food needs to be
produced.
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FIGURE 1.1 World population increase. (Based on 2000 U.S. Census Bureau data.) 1
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FIGURE 1.2 Flooding in the Yellow River Plain.
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FIGURE 1.3 People and animals plowing a small field in China.

Food production problems in countries like China
include labor-intensive and inefficient farming practices
(Figure 1.3) and postharvest yield losses that often exceed
a third of the harvest. A dilemma with using methods that
are less labor intensive is that a rapidly expanding labor
force would be put out of work. Postharvest yield losses
are associated with limited resources and infrastructure to
dry, store, and process crops. For example, in China, Ward
observed grain threshed and dried by spreading it across
roads (Figure 1.4). There was much spoilage and contam-
ination of the grain. Often, it was then stored in bags
underneath a farmer’s house, where some of it would
spoil, and some would be eaten by rodents. Typically,
resources to refrigerate, process, or transport fruit and
vegetables were limited. What was not consumed fairly
shortly after harvest in localized regions quickly spoiled.
These types of problems are common in Asia and Africa.

In developed countries like the U.S., the food supply,
distribution, and use problem is very different from that
in developing countries. Generally, production systems are
efficient, but depend on machinery and the use of chem-
icals. In recent years, there has been a focus on making
these systems more efficient, particularly on methods to
use fewer chemicals and more efficient irrigation prac-
tices. Practices such as precision agriculture are seeing
increased attention and application. For example, in
Figure 1.5 the dark patches are weeds, and it can be seen
that spot applications of herbicides at those locations
would only use a small fraction of the herbicides com-
monly applied across the whole field.

Problems with food supply and use in developing coun-
tries are high waste by the consumer, a diet that contains a
lot of meat, and high energy costs associated with processing
and transportation of food products hundreds and sometimes
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FIGURE 1.5 False color image, from a sensor mounted on a low-altitude aircraft, shows patches of weeds in a soybean field.

thousands of miles. The scientific literature and various
Internet Web sites are replete with “facts” on how much land
is needed to feed a nonvegetarian and how much less land
and water is needed to feed a vegetarian. A review of these
various sources suggests that 1 to 3 acres of land are needed
to provide each person a diverse diet, perhaps 10 times this
amount of land is used to feed each person in the U.S., and
the resources needed to feed a vegetarian might be 5 to 20%
of those needed to support a nonvegetarian in a developed
country. We are not suggesting that people in developed
countries should change their diet, but we need to recognize
that the majority of the people in the world eat a diet that is
high in carbohydrates and low in protein. Much of the diet
of many people consists of a staple food such as rice, maize
(corn), potatoes, or sweet potatoes. As populations grow and
our arable land base shrinks, there will be further need to

develop more efficient food supply systems and greater pres-
sure to switch from high land, water, and energy livestock
production systems, such as those needed for beef produc-
tion, to more efficient animal production systems, such as
those associated with poultry. However, poultry and egg
production systems are not without their critics and often
face intensive focus from environmental groups, animal
activist groups, and local citizens. For further information
on these issues, refer to the work of P. Foster (1992), L.R.
Brown (1995), Smil (2000), and Rosegrant et al. (2002).
The Food and Agriculture Organization of the United
Nations (FAO, www.fao.org) reports that one in five devel-
oping countries will face water shortages by 2030. During
the past 30 years, irrigated land increased at a rate of about
1.6% each year. However, during the next 30 years the
FAO projects that the annual increase will only be 0.6%.
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FIGURE 1.6 The hydrologic cycle.

The reasons for the drop in these increases are because in
many countries much of the arable land is already irrigated
or many of the renewable water resources are already in
use. Food production constitutes 65 to 70% of global water
use. In North America, water use by industry and agricul-
ture is similar, and each accounts for 40 to 45% of all
withdrawals. In Africa, Asia, and the Near/Middle East,
withdrawals for agricultural production account for more
than 80% of water use. However, in developing countries
in Asia and Africa only about 30 to 45% of the arable land
is irrigated (FAO, 2002). An interesting and useful study
on World Water and Food to 2025 was reported by Rosegrant
et al. (2002). This work was performed by the Interna-
tional Food Policy Research Institute (IFPRI) and the
International Water Management Institute IWMI), which
developed the IMPACT-WATER model to study global
water and food policy and investment issues.

The potential exists that each of us will be impacted
by global water resource and food supply issues, but for
many of us, our interest in hydrology will have a more
local or regional focus. Regardless of the magnitude of
the problem we consider, a basic understanding of the com-
plexity of the hydrologic cycle will be helpful. In particular,
this book attempts to illustrate how the environment
behaves as a connected system of components that inter-

acts at different spatial and temporal scales. Therefore, a
piecemeal understanding or attempt to manage a few parts
of the system, at a very localized scale, will often result
in an unsatisfactory outcome.

1.2 THE HYDROLOGIC CYCLE

The earth holds more than 300 million mi* of water beneath
the land surface, on the surface, and in the atmosphere. This
vast amount of water is in constant motion, known as the
hydrologic cycle. Hydrology is concerned with the transport
of water through the air, over the ground surface, and
through the strata of the earth. Knowledge of hydrology is
important in practically all problems that involve the use and
supply of water. Therefore, hydrology is of value not only
in the field of engineering, but also in forestry, agriculture,
and other branches of the environmental sciences.

The hydrologic cycle, illustrated in Figure 1.6, shows
the pathways water travels as it circulates throughout glo-
bal systems by various processes. The visible components
of this cycle are precipitation and runoff. However, other
components, such as evaporation, infiltration, transpira-
tion, percolation, groundwater recharge, interflow, and
groundwater discharge, are equally important. A summary
of the world water balance by continent is presented in
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TABLE 1.1

Annual World Water Balance by Continent (Expressed as Inches of Water)

Water Balance Elements? Europe Asia
Area, millions of square miles 3.8 17.6
Precipitation 28.9 28.6
Total river runoff 12.6 11.5
Groundwater runoff 43 3.0
Surface water runoff 8.3 8.5
Infiltration and soil water 20.6 20.0
Evaporation 16.3 17.0

North South Weighted
Africa America America Australia Average
11.8 8.1 4.0 34
27.0 26.4 64.9 29.0 34.1
5.5 11.3 23.0 8.9 12.1
1.9 33 83 2.1 38
3.6 8.0 14.7 2.8 7.6
23.4 18.4 50.2 222 25.8
21.5 15.1 41.9 20.1 22.0

2 Total river runoff is the sum of the groundwater runoff and surface water runoff. The sum of the total river runoff and evaporation equals the

precipitation.

Source: Summarized from van der Leeden, F., FL. Troise, and D.K. Todd, The Water Encyclopedia, 2nd ed., Lewis, Chelsea, MI, 1991.

Table 1.1. In the following sections, we discuss each of
these components and their relationships.

1.2.1 PRECIPITATION

Water that evaporates from the earth is temporarily stored
as water vapor in the atmosphere. While in the atmo-
sphere, this vapor and small water droplets form clouds.
As the atmosphere becomes saturated, water is released
back to earth as some form of precipitation (rain, snow,
sleet, or hail). Some of the water might evaporate before
it reaches the ground. Precipitation reaching the ground
can evaporate from anywhere, including bare soil surfaces,
plant surfaces, and the surfaces of ponds, lakes, and
streams. Precipitation is a natural phenomenon that
humans can do very little to control.

1.2.2 EVAPORATION

Evaporation occurs when water is changed from a liquid
to a vapor. Increases in air and water temperatures, wind,
and solar radiation all increase evaporation rates, while a
high water vapor percentage in the air (high relative
humidity) decreases the potential for evaporation.
Through the process of evaporation, water moves back to
the atmosphere in the form of vapor.

1.2.3 TRANSPIRATION

Water can take several paths after it enters the soil. Some
water becomes part of the soil storage. This water is not
stationary and moves downward at a rate that depends
on various soil properties, such as hydraulic conductivity
and porosity. While in storage near the surface, some of
this water is used by plants and is eventually returned to
the atmosphere as water vapor. The process by which
plants release water vapor to the atmosphere is called

transpiration. This water vapor is a natural by-product
of photosynthesis.

1.2.4 EVAPOTRANSPIRATION

Because of the difficulty in separating the processes of
evaporation and plant transpiration, we usually view these
two processes as one process called evapotranspiration
(ET). This term includes both the water that evaporates
from soil and plant surfaces and the water that moves out
of the soil profile by plant transpiration. More than half
of the water that enters the soil is returned to the atmo-
sphere through evapotranspiration.

1.2.5 INFILTRATION

Infiltration is the entry of water into the soil. The amount
of water that infiltrates into the ground varies widely from
place to place. The rate at which water infiltrates depends
on soil properties such as soil water content, texture, den-
sity, organic matter content, hydraulic conductivity (per-
meability), and porosity. Hydraulic conductivity is a mea-
sure of how fast water flows through certain soils or rock
layers. Infiltration and hydraulic conductivity are greater
in porous materials, such as sands, gravels, or fractured
rock than in clay soils or solid rock. Porosity is a measure
of the amount of open space in soil or rock that may
contain water.

Conditions at the soil’s surface also influence infiltra-
tion. For example, a compacted soil surface restricts the
movement of water into the soil profile. Vegetation can
play a prominent role in infiltration. The surface soil layer
in a forest or a pasture will generally have far greater
infiltration rates than a paved parking area or a compacted
soil surface. Topography, slope, and the roughness of the
surface also affect infiltration, as do human activities in



urban and agricultural areas, where alteration of soil prop-
erties and surface conditions have occurred.

1.2.6 PERCOLATION AND GROUNDWATER RECHARGE

Another path that water can take after it enters the soil
surface is percolation, which is water moving downward
through the soil profile by gravity after it has entered the
soil. Water that moves downward through the soil below
the plant root zone toward the underlying geologic forma-
tion is called deep percolation. For the most part, deep
percolation is beyond the reach of plant roots and this
water contributes to replenishing the groundwater supply.
The process of replenishing or refilling the groundwater
supply is called groundwater recharge.

1.2.7 RuNOFF AND OVERLAND FLOW

Runoff is the portion of precipitation, snowmelt, or irriga-
tion water that flows over and through the soils, eventually
making its way to surface water systems. Contributions to
runoff might include overland flow, interflow, and ground-
water flows. Once the precipitation rate exceeds the infil-
tration rate of the soil, depressions on the soil surface
begin to fill. The water held in these depressions is called
surface storage. If surface storage is filled and precipitation
continues to exceed infiltration, water begins to move
downslope as overland flow or in defined channels. A large
percentage of surface runoff reaches streams, where we
typically then describe it as streamflow or discharge. Over-
land flow can also occur when the soil is saturated (soil
storage is filled). In this case, all the voids, cracks, and
crevices of the soil profile are filled with water, and the
excess begins to flow over the soil surface.

1.2.8 INTERFLOW

As water percolates, some of it may reach a layer of soil or
rock material that restricts downward movement. Restrictive
layers can be formed naturally (clay pan or solid bedrock)
or because of human activities. Once water reaches a restric-
tive layer, it may move laterally along this layer and even-
tually discharge to a surface water body such as a stream or
lake. The lateral movement of water is called interflow.

1.2.9 GROUNDWATER FLow

Groundwater comprises approximately 4% of the water
contained in the hydrologic cycle and can flow to surface
water bodies such as oceans, lakes, and rivers. This pro-
cess creates a baseflow for a surface water body that is an
important contribution to groundwater and surface water.
More than 50% of the population depends on groundwater
as the primary source of drinking water. Approximately
75% of American cities derive their supplies totally or
partially from groundwater. In 1980, the U.S. used 88
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billion gal/day of groundwater, and 68% of this total was
used for irrigation.

1.3 WATER SUPPLY

As a society, we face increasing demands for water and
increasing threats to water quality. As water circulates
between earth and the atmosphere, chemicals and particles
contained and transported by it are modified by natural
processes and human activities. Chemicals and particles
from dust, smoke, and smog in the atmosphere eventually
fall back to the earth with precipitation. Runoff from road-
ways and parking lots wash grit and metal particles
directly into storm sewers and streams. Water moving
across the soil surface as overland flow can detach soil
particles and transport them to a stream or lake. Some
chemicals attach to soil particles and are transported to
receiving waters. Runoff from lawns, pastures, and agri-
cultural fields can also carry dissolved nutrients and pes-
ticides. An assessment of the impact of nonpoint pollution
on U.S. surface water resources is summarized in
Table 1.2 (see http://www.epa.gov/305b/). The percentage
of rivers, lakes, and estuaries that are threatened or already
impaired is very high.

Water that flows to a groundwater system can be pol-
luted by the leaching of chemicals, nutrients, or organic
wastes from the land surface or from materials buried in
landfills. Groundwater close to the surface or in porous
sands and gravels is vulnerable to pollution. Deep ground-
water is also vulnerable, especially if connected to the
surface by fissures or sinkholes in underlying formations,
such as in limestone rock areas.

Hillel (1992) provided the following insight on the
escalation in water use:

Historical records show that in 1900, the World’s annual
water use was about 400 billion cubic meters, or 242 cubic
meters per person. By 1940, the total water use had dou-
bled, while the per capita use had grown by some 40% to
about 340 cubic meters. ... By 1970, it had reached 700
cubic meters per capita. Both agricultural and industrial
water use grew twice as much in the 20 years between
1950 and 1970 as they had during the first half of the
century.

Worldwide, agriculture is the major user of water,
accounting for about 70% of all withdrawals. The amount
of irrigated land per capita in various parts of the world
is presented in Table 1.3 (FAO, 1999). Between 1960 and
1980, the majority of the world’s increased food produc-
tion was achieved through additional irrigation. Unfortu-
nately, irrigation can also cause damage to the land
through waterlogging and salinization. For example, in
India and Pakistan, 13% and 22% of the irrigated land,
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TABLE 1.2

Year 2000 Water Quality Assessment with the Percentage of Each Water Resource Impaired by

Specific Constituents

Attribute Lakes, Reservoirs, Ponds
Assessed 43.0
Impaired 45.0
Pollutants

Nutrients 49.9
Metals 41.8
Siltation and suspended solids (SS) 20.6
Total dissolved solids (TDS) 194
Oxygen depletion 14.6
Excess algae 12.4
Pesticides 8.2
Pathogens 0.0
Polychlorinated biphenyls (PCBs) 0.0
Flow alterations 0.0
Habitat alterations 0.0
Oil and grease 0.0
Turbidity 0.0
Toxic organics 0.0
Taste and odor 0.0

Rivers and Streams  Tidal Estuaries  Great Lakes

6.0 36.0 92.0
14.0 51.0 78.0
9.9 0.0 10.0
10.6 515 0.0
11.5 0.0 8.9
0.0 15.9 0.0
235 34.0 6.7
0.0 0.0 0.0
0.0 38.2 0.0
88.5 304 9.3
0.0 16.7 39
0.0 0.0 0.0
0.0 0.0 0.0
11.1 0.0 0.0
12.2 0.0 0.0
12.2 0.0 454
0.0 0.0 39

Note: Percentages add to more than 100% because most water resources are impaired by several pollutants.

Source: http://www.epa.gov/305b /.

TABLE 1.3

Amount of Irrigated Land per Capita by World Region in 1999

Irrigated Area

Continent (Mha)
America 40.40
Asia 191.20
Europe 24.60
Africa 12.50
Oceania 2.70
World 271.40

Population Irrigated Land/Capita
(Million) (ha/capita)

819 0.05
3634 0.05
729 0.03

767 0.02

30 0.09

5979 0.05

Source: Food and Agriculture Organization of the United Nations, FAO Yearbook: Production—1999, Food and Agriculture

Organization of the United Nations, Rome, 1999. With permission.

respectively, is unusable because of salinity problems
(Tarrant, 1991).

The hydrologic cycle for the U.S. is summarized in
Table 1.4 (Federal Council for Science and Technology,
1962). The water available in surface water systems is
somewhat misleading as more than 90% of the total is
located in the Great Lakes. However, we are fortunate to
have a vast network of rivers. A map showing the relative
size and location of the largest rivers in the U.S. is pre-
sented in Figure 1.7 (Iseri and Langbein, 1974). Water
undergoes repeated cycles of withdrawal, treatment, and

partial consumption; the remaining amount is returned to
the rivers. Some portion of the flow might be used 15 to
20 times before it discharges into the ocean. Rivers such
as the Mississippi and St. Lawrence are also important
transportation systems that link inland agricultural and

commercial areas with ocean ports.
Average annual water use in selected countries is

shown in Table 1.5 (Rosegrant et al., 2002). It can be seen
that the U.S. has the highest per capita use, primarily due
to the high level of development, the standard of living
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TABLE 1.4
Distribution of Water in the Continental U.S.

Volume Volume  Annual Circulation Replacement Period

Water Source (x10% m3) (%) (x10% m3/year) (years)
Groundwater

Shallow (<800 m deep) 63,000 432 310 >200

Deep (>800 m deep) 63,000 43.2 6.2 >10,000
Freshwater lakes 19,000 13.0 190 100
Soil moisture (1-m root zone) 630 0.43 3,100 0.2
Salt lakes 58 0.04 5.7 >10
Average in stream channels 50 0.03 1,900 <0.03
Water vapor in atmosphere 190 0.13 6,200 >0.03
Frozen water, glaciers 67 0.05 1.6 >40

Source: Federal Council for Science and Technology, Report by an Ad Hoc Panel on Hydrology and Scientific

Hydrology, Federal Council for Science and Technology, Washington, DC, 1962.
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Rivers shown are those whose average flow at the mouth is 17,000 cu ft/sec
or more. Average flow of Yukon River, Alaska (not shown) is 240,000 cu ft/sec.

1 Columbia 8 Arkansas
2 Willamette 9 White

3 Pend Oreille 10 Red

4 Snake 11 Atchafalaya
5 Sacramento 12 Mississippi
6 Colorado 13 llinois

7 Missouri 14 Wabash

15 Ohio 22 St.Lawrence
16 Cumberland 23 Hudson

17 Tennessee 24 Allegheny
18 Alabama 25 Delaware

19 Tombigbee
20 Apalachicola
21 Mobile

26 Susquehanna

FIGURE 1.7 Relative size and location of the largest rivers in the U.S.

enjoyed by most Americans, and the need to use water for
electric power cooling and agriculture. Let us look closer

at how water is used in the U.S.
Approximately two thirds of the precipitation in the

U.S. is used to satisfy evaporation and evapotranspiration

requirements (Figure 1.8). The remaining third enters sur-
face and groundwater systems. Only a small portion of this
water supply (8.1% of the precipitation or about 25% of the
surface flow) is withdrawn for use in thermoelectric power
generation, industrial and mining purposes, commercial and
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TABLE 1.5

Projected Average Annual Water Withdrawal and Water Use under Business-as-Usual Scenarios

Country

China

India

Sub-Sahara Africa
West Asia/North Africa
Asia

Developed countries
Developing countries
World

Water Withdrawal (km?3)

2021-2025 Consumptive Water Use (km?)

1995 Baseline

679
674
128
236
1953
1144
2762
3906

2021-2025 Projections Irrigation Domestic Industrial Livestock
844 233 58 32 7
822 338 40 16 8
207 62 23 2 4
294 137 13 9 3
2420 842 146 79 23
1272 278 68 115 18
3481 1216 215 122 43
4752 1493 283 237 61

Source: Based on Rosegrant, M.W., X. Cai, and S.H. Cline, World Water and Food to 2025: Dealing with Scarcity, International Food Policy Research
Institute, Washington, DC, 2002.

A

Total
Precipitation

FIGURE 1.8 Water use in the U.S.

domestic water use, and for agricultural purposes.
Depending on location, water will cost the consumer less
than one dollar per 1000 gallons to more than two dollars

per 1000 gallons.

Evapotranspiration
67% A
) Streamflow Groundwater
- 29.5% 3.5%
Agriculture
23.5% l l
\
Forestry Water Supply
14.5% 33%
A
Non-Economic /
Vegetation Withdrawn 8.1% Not Withdrawn 24.9%
29% Streamflow 6.3% Streamflow 23.1%
Groundwater 1.8% Groundwater 1.8%
Irrigation/Livestock Domestic/Commercial Industry and Mining Thermoelectric
3.4% 0.9% 0.7% 3.1%
Consumptive Use Return Flow
2% 5.9%
Irrigation/Livestock 1.8% Irrigation/Livestock 1.6%
Industry and Mining 0.1% Industry and Mining 0.6%
Thermoelectric 0.1% Thermoelectric 3.0%
Domestic/Commercial 0.2% Domestic/Commercial 0.7%

Average urban domestic water use is presented in
Table 1.6 (van der Leeden et al., 1991). Typically, families
in many European countries use less than half the amount
of water used by families in the U.S., while in developing
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TABLE 1.6

Typical Urban Water Use by a Family of Four

Type of Household Use

Drinking and water used in kitchen
Dishwasher (3 loads per day)

Toilet (16 flushes per day)

Bathing (4 baths or showers per day)
Laundering (6 loads per week)

Automobile washing (2 car washes per month)

Lawn watering and swimming pools (180 h per year)

Garbage disposal unit (1% of all other uses)
Total

Note: Percentages added.

Daily Family Use Daily per Capita Use

Gallons/day % (gal/day)

8 2 2.00

15 4 3.75

96 28 24.00

80 23 20.00

34 10 8.50

10 3 2.50

100 29 25.00

3 1 0.75

346 100 86.50

Source: van der Leeden, F., FL. Troise, and D.K. Todd, The Water Encyclopedia, 2nd ed., Lewis, Chelsea,
MI, 1991, based on U.S. Water Resources Council, 1975.

countries, the rate of domestic water use is sometimes less
than 10% of the average domestic amount used in U.S.
households. It can be seen that a 33% savings could be
obtained by simply eliminating lawn watering, swimming
pools, automobile washing, and garbage disposal units. In
European countries, other savings are obtained by using
more efficient toilet systems that reduce water use for this
purpose to less than one third of U.S. consumption. In
1994, federal legislation was passed that specified the
maximum flow rates of new shower and toilet installa-
tions. These maximum rates are similar to current Euro-
pean levels. In developing countries, only small amounts of
water are used for bathing and laundering, primarily because
of limited access to running water, hand bathing, and bath-
ing and laundering in rivers by part of the population.

A summary of amounts of water used to produce
various commodities is presented in Table 1.7 (Kollar and
MacAuley, 1980). Large quantities of water are needed to
manufacture most commodities, and water is one of the
main limiting factors in furthering worldwide industrial
development. It can be seen from Table 1.7 that although
a lot of water is needed to manufacture a commodity, only
a small amount of this water is consumed. The rest is
discharged or recycled, treated, and then used again for
this or another purpose. Improved technologies are required
to reduce the amount of water needed and consumed.

1.4 THE IMPORTANCE OF HYDROLOGY
TO SOCIETY

Water has been central to the history of humanity. Civili-
zations have persisted or perished as they experienced
situations of too much or too little water. Abandoned irri-
gation projects the world over, including Native American

works in the southwestern U.S. (1100 a.p.), illustrate that
there was a woeful lack of knowledge of hydrology on
which to base the development of water supply systems.
Salinity problems in agriculture of semiarid and arid
regions of the world are also evidence of the lack of
hydrologic principles of water management. Locating costly
developments in floodplains of large river systems indicates
a lack of understanding of river hydrology or direct igno-
rance of the hydrologist’s forecast of flooding. In the past,
there were signs of deficiencies in the science of hydrology,
but they affected only a few people and went almost unno-
ticed. It has been quite different since the mid-20th century.

Water is still central to our life today, but we have
grown more aware of the accelerated growth of industry
and population and their use of water as related to the
earth’s fixed supply. We are coming to understand that our
prosperity and prospects for survival vary with the amount
and distribution of fresh, unpolluted water, and that each
year there are millions more of us, but no more water. Mul-
tiple demands for the use of the same gallon or liter of water,
and prospects for even greater demands tomorrow, indicate
that more and more people of different disciplines need to
have knowledge of hydrology. Today’s student will be
tomorrow’s water management decision maker.

As the science of hydrology becomes more generally
understood, parts of the hydrologic cycle are examined to
determine how and to what extent the cycle can be modified
by human activity in practical ways. Attempts to modify the
weather to increase rainfall in specific areas, for example,
have been made through research, trial, and demonstration.
However, success in this effort has been limited. Extensive
drainage projects in low-lying swamps open up land for food
production, thus lowering groundwater levels, reducing
evaporation, changing rainfall-runoff relationships,
and affecting wildlife habitats. In other areas, large-scale
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TABLE 1.7

Water Use vs. Industrial Units of Production in the U.S.

Industry

Meatpacking

Dairy products

Canned fruits and vegetables
Frozen fruits and vegetables
Wet corn milling

Cane sugar

Malt beverages

Textile mills

Sawmills

Pulp and paper mills

Paper converting

Industrial gases

Industrial inorganic chemicals
Plastic materials and resins
Synthetic rubber

Cellulosic man-made fibers
Organic fibers, noncellulosic
Paints and pigments
Industrial organic chemicals
Nitrogenous fertilizers
Petroleum refining

Tires and inner tubes
Hydraulic cement

Steel

Iron and steel foundries
Primary copper

Primary aluminum
Automobiles

Parameters of Water Use

gal/lb carcass weight

gal/lb milk processed
gal/case 24-303 cans e/case
gal/lb frozen product
gal/bu corn grind

gal/ton cane sugar
gal/barrel malt beverage
gal/lb fiber consumption
gal/bd ft lumber

gal/ton pulp and paper
gal/ton paper converted
2al/1000 ft? industrial gases
gal/ton chemicals

gal/lb plastic

gal/lb synthetic rubber
gal/lb fiber

gal/lb fiber

gal/gal paint

gal/ton chemical building
gal/ton fertilizer

gal/barrel crude oil input
gal/tire car and truck tires
gal/ton cement

gal/ton steel net production
gal/ton ferrous castings
gal/lb copper

gal/lb aluminum

gal/car domestic automobiles

Intake by Unit
of Production

Consumption by Unit
of Production

Discharge by Unit
of Production

2.2 0.1 2.1
0.52 0.03 0.48

107 10 98

7.1 0.2 6.9
223 18 205
18,250 950 17,300
420 90 330

14 1.4 12.8

33 0.6 2.7
38,000 1,800 36,200
3,900 270 3,600
226 31 193
4,570 470 4,300

6.7 0.6 6.1

6.5 1.4 5.1
68 4.6 63
38 1.1 37

7.8 0.4 7.4
54,500 2,800 51,700
4,001 701 3,299
289 28 261
153 14 139
830 150 680
38,200 1,400 36,800
3,030 260 2,760
17 4.1 13

12 0.2 11.8
11,464 649 10,814

Source: Based on Kollar, K.L., and P. MacAuley, J. Am. Water Works Assoc., 72, 1980.

irrigation programs increase soil water content, evaporation,
and crop use of water. In watersheds, where the vegetative
cover can be considerably modified by afforestation or
deforestation and where huge tracts of grassland can be
plowed under for grain production, the movement of water
into and over the land surface may be drastically altered.
Numerous dams and reservoirs provide water, recreation,
and flood protection, but modify natural streamflow regimes.
A practical knowledge of the science of hydrology
will help the decision maker and public understand the
overall effect of humanity’s influences on the hydrologic
cycle and the side effects of projects on other people, their
activities, and the environment. The informed decision
maker will be able to weigh the advantages of each proposed
change in the hydrologic cycle against the disadvantages.

1.5 DATA ANALYSIS AND STATISTICS

The following section is a general review of basic statistics
terminology and application. It is not meant to be a

comprehensive guide to statistics, but an aid to under-
standing how statistics can be used to analyze and interpret
data and how results can be communicated to others. In
many of the chapters of this book, we present results that
are based on a statistical analysis of measured data. Also,
we often use empirical models and methods in hydrology
because hydrological systems are very complex; even
when we can use mathematical equations to describe the
processes that occur, it may not be possible or practical
to obtain the input information for these equations. More
pragmatic, but approximate, methods that are based on
statistics are the most commonly used tools in hydrology
and are often incorporated in even the most sophisticated
and complex computer models. For the study of the appli-
cation of statistics in hydrology, a good starting point is
the text by Haan (1997).

Statistics is, very generally speaking, the science of
data. More specifically, it is the science of collecting,
classifying, summarizing, organizing, analyzing, explor-
ing, and interpreting data. The word statistics in its plural
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form can also be used to describe a collection of numerical
information.

There are two main branches of statistics, descriptive
and inferential. To understand the differences between
them, it is important to know the definitions to two terms.
A population is the data set that is the focus of interest
and involves all elements under investigation (e.g., all of
the streams in your state). However, a sample is a subset
of data collected from that population or the collection of
observations actually available for analysis. It is a finite
part of a population with properties studied to gain infor-
mation about the “whole” (e.g., all streams in your state
accessible from a main road). The size of the sample can
be dependent on goals of the study, time, funding, and
accessibility of the population. Descriptive statistics
involves the organization, summarization, and description
of data sets. Inferential statistics, on the other hand, is the
process of drawing conclusions about an entire population
based only on the results obtained from a small sample
of that population.

1.5.1 PrLotTING DATA

Most people who read this book will tabulate, plot, ana-
lyze, and discuss data at some point. Many of us will need
to do this numerous times. Deciding how best to analyze
and present that data is often a challenge. A common
mistake is to tabulate the data, analyze it, and then decide
whether to create a plot of the results. Creating a plot of
the data before performing the analysis is often helpful in
understanding the data and selecting the correct statistical
test to use in performing the analysis. We need to be
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careful that we do not then rush into an analysis. With
modern spreadsheet technologies, we can rapidly perform
statistical tests with little or no knowledge of the test that
is performed or knowledge as to whether it is appropriate.
Another problem is deciding what type of plot to create.
If we are unsure, there is no harm and very little extra
work involved in generating several different plots. Basic
rules to keep in mind are as follows:

1. The plot should aid in understanding the data
and should provide more information or insight
than tabulated data.

2. The plot should be logical.

3. Many different things should not be plotted on
the same plot.

4. Three-dimensional plots might look nicer, but
are often harder to understand.

5. You should only use statistical methods you
understand.

ExampLE 1.1

A study is conducted to measure the monthly soil erosion
(see Chapter 9 for a detailed discussion on this topic) from
a research plot. The plot is located in the Midwest region
of the U.S., no tillage is used, and the plot is planted with
corn at the end of April. In addition to measuring actual
soil losses from the plot, two predictive methods are used
to estimate the monthly soil erosion. The measured and
predicted data are presented in Table 1.8. Does the mea-
sured data seem intuitively correct, and which predictive
method is best?

TABLE 1.8
Monthly Soil Erosion Data for Example 1.1
Measured Method 1 Method 2
Month Soil Loss  Predicted Loss  Residual 1 Predicted Loss  Residual 2

January 0.0 0.0 0.0 0.1 0.1
February 0.1 0.0 0.1 0.0 0.1
March 0.3 0.3 0.0 0.3 0.0
April 0.6 0.9 -0.3 0.5 0.1
May 0.5 0.7 0.2 0.8 0.3
June 0.4 0.5 -0.1 0.4 0.0
July 0.3 0.3 0.0 0.2 0.1
August 0.2 0.1 0.1 0.1 0.1
September 0.1 0.0 0.1 0.1 0.0
October 0.2 0.1 0.1 0.1 0.1
November 0.2 0.1 0.1 0.1 0.1
December 0.1 0.0 0.1 0.3 -0.2
Mean 0.25 0.25 0.0 0.25 0.0
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Solution

From the tabulated data, we can see that the most erosion
occurs in April, May, and June. This seems reasonable as
the Midwest region has high-intensity and sometimes-
severe storms during those months (see Chapter 2), and
ground cover will be limited in April and May. Both of
the predictive methods overpredict erosion in some
months and underpredict erosion losses in other months.
The predicted mean monthly erosion losses for both meth-
ods are the same as the measured mean (calculating means
is discussed later in this chapter). We can better see the
magnitude of the over- and underpredictions by calculat-
ing the differences in the measured and predicted monthly
losses. We have called these differences residuals. Let us
look at the creation of some plots.

Figure 1.9 shows a bar chart of the observed and pre-
dicted values for each month. Method 1 overpredicts the
peak values, which all occur in the spring. Method 2
overpredicts the soil losses in December and January. It
also has a tendency to underpredict losses in the late
summer and fall. March is the only month when both
predicted values are the same as the measured value.

Figure 1.10 shows a plot of the residual values. It can be
seen that the magnitude of the overprediction by Method
1 increases as the erosion loss increases. We call this a
biased or skewed model. Visually, Method 2 does not
appear to be biased as both small and large erosion losses
are over- or underpredicted.

Answer

If the reason for the bias of Method 1 could be determined,
it might be possible to modify the method so that it pro-
vides improved results. Otherwise, Method 2 is preferred
as there is no bias.

May

June

July
August
September
October
November
December

FIGURE 1.9 Bar chart of measured and predicted monthly soil loss (tons/acre) for Example 1.1.
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FIGURE 1.10 Residual soil losses for Example 1.1.

1.5.2 DESCRIPTIVE STATISTICS

The normal curve that we discuss more in depth in this
chapter illustrates two important types of descriptive sta-
tistics: (1) statistics of location/central tendency and (2)
statistics of dispersion and variability.

The statistics of location/central tendency include
three of the most commonly used values in statistics. The
sample mean Yy is the arithmetic average of all samples
collected. The median M, is the midpoint or middle obser-
vation in an ordered distribution. If there is an even num-
ber of observations, the median is the average of the mid-
dle two observations. The mode M, is the value that occurs
most frequently in a distribution. Of these three central
tendency measurements, the sample mean is the most
commonly used and is represented by the equation
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TABLE 1.9
Average Daily Rainfall Values per Month for a
Location in the Mojave Desert, U.S.

Average Daily Rainfall

Month (inches)
January 0.029
February 0.020
March 0.000
April 0.008
May 0.000
June 0.000
July 0.005
August 0.045
September 0.015
October 0.002
November 0.002
December 0.027

TABLE 1.10
Statistical Results for Example 1.1

Unique Occurrence of
Rank Values Values Each Unique Value
1 0.000
2 0.000
3 0.000 0.000 3
4 0.002
5 0.002 0.002 2
6 0.005 0.005 1
7 0.008 0.008 1
8 0.015 0.015 1
9 0.020 0.020 1
10 0.027 0.027 1
11 0.029 0.029 1
12 0.045 0.045 1

Note: The two middle values are in bold.

2, (1.1)

y=
n
where y is the sample mean, Xy, is the sum of all mea-
surements (i denotes any one measurement in a series),
and n is the number of measurements made.

The normal curve or normal distribution illustrates
two types of descriptive statistics. Common measures of
dispersion include range, sample variance s, and standard
deviation s. The range is equal to the difference between
the smallest and the largest measurement in a data set.
The sample variance is described by the equation

Z -y 2
¢ = 20Ty (1.2)
n—1
where n is the size of sample, and y is the sample average.
Sample standard deviation is the square root of the
sample variance and is described by the equation

ST~
§= \/M (1.3)

n—1

where n — 1 represents the degrees of freedom for a sample
or number of independent observations » in a data set.

ExampLE 1.2

Find (a) the sample mean, (b) the median, (c) the mode,
(d) the sample variance, and (e) the standard deviation for
the data set of average daily rainfall values for a location
in the Mojave Desert in the U.S. (Table 1.9).

Solution

(a) To find the sample mean y of the data set, we need

to use Equation 1.1:

2y, (1.1)

y:
n

where n represents the number of samples, so for this

example, n equals 12.

0.029 +0.020+ 0+ 0.008 + 0 + 0 + 0.005
+0.045+0.015+ 0.002 +0.002 + 0.027
12

y:

y= % =0.01275 (in.) = 0.013 (in.)

(b) To find the median of the data set, we need to rank all
of the values in the data set numerically as shown in
Table 1.10.

The median is the middle value. In this example, there
are two middle values because there is an even number
of values; therefore, we have to take the average of the
two middle values:

M, = 0.005 ; 0.008 — 0065 (in.)
If there were an odd number of values, the median would
be represented by the middle value.
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(c) To find the mode M, of the data set, we need to record
the number of times each value appears in the data set.
So, from Table 1.10, the mode is 0.000 (in.) because it
appears the most frequently in the data set, with three
occurrences.

(d) The sample variance is calculated using Equation 1.2:

SZ — Z(yi—f)z
n—1

(1.2)

After entering the data points and using the result from
Part (a), we obtain

(0.029 — 0.01275) + (0.020 — 0.01275)* +...

2 +(0.002 —0.01275)* +(0.027 — 0.01275)?
12-1

§2 = 0.00225 0.000205

(e) Finally, we can calculate the sample standard deviation
from Equation 1.3 in the test, and it is simply the square
root of the sample variance:

By, -y
\ n—1

(1.3)
Therefore, s equals \/ s>, which we calculated in Part (d):

s =+0.000205 = 0.0143

Answer

(a) The sample mean is 0.013 in.; (b) the median is 0.0065
in.; (c) the mode is 0.0000 in.; (d) the sample variance is
0.000205 in.; and (e) the standard deviation is 0.0143 in.
for the average daily rainfall per month for a location in
the Mojave Desert in the U.S.

1.5.3 EXPERIMENTAL ERROR

Whenever samples are collected or measurements are
taken, there is some experimental error present. Experi-
mental error is the fluctuation or discrepancy in replicate
observations from one experiment to another. In this con-
text, error does not necessarily mean a mistake was made.
The measuring equipment or the measurer can cause these
errors even following the correct procedure. When
describing the quality of data collected, different terms
are used to relate which types of error can be associated
with the data. Many of these terms are used interchange-
ably, but it is important to understand the differences and

Precise

Yes

Accurate

No

FIGURE 1.11 Illustration of the difference between accuracy
and precision.

relationship among accuracy, precision, and bias. A mea-
surement can be accurate and precise, precise but not
accurate, or accurate but not precise. The differences
between accuracy and precision can be seen in Figure 1.11.
Precision is the scatter between repeated measurements.
The smaller the difference between repeated measure-
ments, the more precise the measurements. Accuracy,
however, is the proximity of the measured value to the
actual value. Accuracy is very dependent on the measurer
and the measuring device. Taking measurements with an
uncalibrated or incorrectly calibrated piece of equipment
can cause bias, also known as systematic error. Simply
repairing or calibrating the equipment can correct this bias
in the measurements.

1.5.4 StANDARD ERROR

Standard error is the estimate of the variation of a statistic.
The estimate of the standard error of the mean (SEM) is
described by the following equation:

S =— (14)

where s is the sample standard deviation, and n is the
number of samples.

Another measure of statistical variation is the coeffi-
cient of variation (CV), also known as the relative standard
deviation. The coefficient of variation is the standard devi-
ation expressed as a percentage mean.
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FIGURE 1.12 A normal probability distribution that is called a density function (PDF).
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1.5.5 CONFIDENCE INTERVALS

The sample mean y is an estimate of the true mean of
some parameter of a population [. A way to include the
true value of the mean by relating it to an expression of
the sample mean is by expressing the estimated value y
as arange (e.g., ¥y * 10). Therefore, the confidence inter-
val (CI) of the true population mean estimated by the value
of the sample mean is represented by the equation

Cl=y+t_(—=) (1.6)
NN

where ¢ | is the chosen 7 for n — 1 degrees of freedom.

When calculating the CI, the ¢ values are chosen for
the desired level of significance. The following steps are
used to calculate the CI:

1. Calculate the sample mean y using Equation
1.1.

2. Select the desire desired ¢ value from a table
for the degree of freedom (n — 1) and desired
level of significance.

3. Calculate the sample standard deviation s using
Equation 1.3.

4. Obtain the sample size 7.

5. Calculate the CI using Equation 1.4.

Note that the more confidence we wish to have in our final
answer, the larger the interval between values.

1.5.6 PROBABILITIES AND DISTRIBUTIONS

Probabilities and distributions are ways to view data col-
lected in graphic form and to predict the likelihood of a
measured value occurring in a population. A probability
distribution is a function with arguments that are values
of a random variable and with functional values that are
probabilities. In defining a probability distribution
(Figure 1.12), the following are always true:

1. Each value of f{x) must lie between 0 and 1,
inclusive.
2. The sum of all values of f{x) must equal 1.

A probability histogram (Figure 1.13) is a pictorial
representation of a probability distribution for which the
area of each bar represents the probability. Histograms are
also often plotted to show the frequency of occurrence, as
illustrated in Example 1.3.

ExamrLE 1.3

In Figure 1.13, a histogram has been plotted of annual
peak discharges for 50 years of flow data for a stream.
Discharge intervals of 1000 ft¥/sec were used to group the
data. What information does the histogram provide? The
data set for this example is presented in Problem 1.7 at
the end of the chapter.

Answer

The histogram has a bell shape that is similar to
Figure 1.12. Therefore, the data are normally distributed
(see the next section). The most frequent annual peak
discharges are in the range of 6000 to 7000 ft*/sec. More
than 60% of the peak discharges are in the range 4000 to
9000 ft¥/sec.
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FIGURE 1.13 Histogram of annual peak discharges for Example 1.3. Discharges are grouped by 1000-ft’/sec increments.

1.5.7 NORMAL DISTRIBUTION

Probably the most well known and most often referenced
type of distribution is the normal distribution (Figure 1.12),
which is characterized completely by its mean and vari-
ance. Notation for defining a normal curve appears as
N(N,06?) and is read as “a normal distribution with mean
7 and variance 62.” The standard deviation ¢ is equal to
the distance from the mean to the point of inflection on
the normal distribution curve, and as with a probability
distribution, the area under the curve is equal to 1.0. Addi-
tional definitions of a normal distribution/curve include:

1. Data are as likely to fall above or below the
mean.

2. 68% of data are found within 1 standard deviation.

95% of data are found within 2 standard deviations.

4. 99.7% of data are found within 3 standard devi-
ations.

W

1.5.8 71 DISTRIBUTION

The t distribution is also known as the student t distribu-
tion and is a way of creating a distribution for samples
collected from a population when actual population values
are unknown. Standardizing a normal random variable
requires that the mean n and the standard deviation G are
known. When these values are known, a normal distribu-
tion can be used; the data are scaled in terms of standard
deviation as defined above and are represented by the
following equation:

(1.7)

where z is the standardized normal random variable, y is
a data value from the sample, 1 is the mean of the popu-
lation, and © is the standard deviation of the population.

However, in practice, ¢ is unknown, and the sample
standard deviation s is substituted for ©, resulting in an
equation to calculate the ¢ statistic. Using this method, ¢
has a known distribution under the following conditions:

1. yis normally distributed about | with variance
o

2. s is distributed independently of the mean (the
variance of sample does not increase or
decrease as the mean increases or decreases).

3. The quantity s°, which has v degrees of free-
dom, is calculated from normally and indepen-
dently distributed observations having variance
o>

1.5.9 PROPERTIES OF STATISTICAL PROCEDURES

The following terms are defined to aid in the understand-
ing of the requirements for different statistical procedures.
Normality describes the fact that the error term in a mea-
surement e; is assumed to come from a normal probability
distribution, although many statistical procedures tend to
yield correct conclusions even when applied to data that
are not normally distributed. Another important term to
understand when it comes to sampling procedure is ran-
dom. Random sampling means that when samples are
drawn from a population, they are taken in a manner that
ensures that every member or element of a population has
an equal chance to be drawn. In some cases, this is lacking
in environmental data for a few reasons. One is that it is
often inconvenient or impossible to randomize the data,
and another is that there are times and studies when it is
actually undesirable to randomize the sampling because
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the dynamic behavior of the population needs to be stud-
ied. For example, if runoff from storms is studied, it does
not make sense to sample randomly (e.g., every other day);
it makes sense to sample when there is a storm event and
perhaps more intensively during different parts of a storm.
The property of independence states that simple multipli-
cative laws of probability are true. This means that the
product of the probabilities of each individual occurrence
gives the probability of the joint occurrence of two events.

1.5.10 [INFERENTIAL STATISTICS AND

HyproTHESIS TESTING

Inferential statistics is the process of drawing conclusions
about an entire population based only on the results
obtained from a small sample of that population. Statisti-
cal inference is defined as making an assessment about an
unknown population parameter from experimental data.
There are two basic methods of applying inferential sta-
tistics: (1) significance tests and (2) examination of con-
fidence intervals.

A traditional decision-making approach of inferential
statistics is hypothesis testing. This process provides an
objective framework for making decisions and provides
uniform criteria for decision making that are consistent
for all investigators, present and future. The first step in
the process is to develop a statistical hypothesis. A statis-
tical hypothesis is a statement that something is true, for
example,“an increase in urbanization in a watershed
results in an increase in runoff.” In general, the hypothesis
testing process is made up of five components: (1) null
hypothesis H,, (2) alternative (research) hypothesis H,,
(3) test statistic, (4) criterion for rejecting hypotheses, and
(5) conclusion. This overview is based on the concept of
“proof by contradiction” (Ott, 1984).

The null hypothesis is the hypothesis to be tested and
is generally a statement that a population parameter has a
specified value or that parameters from two or more pop-
ulations are similar, as in

H:u =y, (1.8)

For this example, the alternative hypothesis would be

H,:u #u, (1.9

Another way to state this alternative hypothesis is as

a two-sided hypothesis, in which case the alternative
hypothesis is true if

W, > U, or o, <u, (1.10)

If, for example, the null hypothesis was

Environmental Hydrology

H :p <u, (1.11)
then the alternative hypothesis is represented by a one-
sided hypothesis and will be defined as

H,:u, >u, (1.12)

1.5.11 PRroOBABILITY VALUES

Probability values, often called p values, refer to the odds
that we are wrong when we state that the null hypothesis
is correct. The lower the p value, the more likely that the
null hypothesis is incorrect. The threshold value or level
of significance is the risk of falsely rejecting the null
hypothesis. Generally, the threshold value is set equal to
0.05 or 0.01, and the null hypothesis is rejected when the
p value is equal to or less than the threshold value. For
example, if the threshold value is equal to 0.05 and the p
value is 0.05 or less, we can reject the null hypothesis
with a 1 in 20 chance to be wrong.

1.5.12 StATISTICAL ERRORS

There are two types of statistical errors associated with
hypothesis testing, Type I and Type II. First, we have to
define the results. If, through statistical testing, we deter-
mine that H, is true, we can more correctly state that we
“failed to reject” H,. If we instead reject H,, as a result
we then must accept that H, is true. Following the statis-
tical analysis of our data and our hypothesis, there are four
potential statistical outcomes (Table 1.11).

The probability of a Type I error occurring is equal to
o, which is equal to the significance level of a test. The
probability of a Type II error occurring is represented by
B. The ideal situation is that we minimize both o and B;
however, Type I and Type II errors are inversely related,
so as o increases, J decreases and vice versa. The way
we control for these errors is instead by assigning them
small probabilities (e.g., 0.01, 0.05).

1.5.13 LINEAR REGRESSION

Applying a linear regression to a data set is a very com-
mon way to determine the presence or absence of a cor-
relation between the data points. Linear regression applies

TABLE 1.11
Hypothesis Testing and Statistical Errors

Outcome Statistical Error

H, is accepted and is true None
H, is accepted, but H, is true

H, is rejected, but H, is true

Type II error
Type I error

H, is rejected, and H, is true None
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to bivariate data, for which two variables are related sys-
tematically such that one is a fairly constant multiple of
the other. Linear regression, also known as the least-
squares best-fit line, can be calculated for bivariate data
that have a linear appearance when plotted in scatter plots.
The best-fit line through these data is defined by the
straight-line equation:
y=a+bx (1.13)
This equation represents the relationship between an
independent variable x and dependent variable y. Given a
value for the independent variable, use of this equation
allows prediction of the dependent variable. The statistical
parameters of this equation are the intercept of the line a
and the slope of the line b. To calculate the slope of the
line, the following equation is used:

p = MEY) = (20)(Zy)
n(Ex?) - (Zx)*

(1.14)

where n is the number of measurements.

Once the slope of the line is calculated, the intercept

can be calculated using the equation

a=y-bx (1.15)
where y is the sample mean of the y values sampled, and
x 1is the sample mean of the x values sampled.

The correlation between the two variables is defined
as the intensity or level of association between the two
variables. For two variables, the calculation is named Pear-
son’s product or the moment correlation coefficient r. This
method can be applied to both interval and ratio data. The
correlation coefficient values range from —1.0 to +1.0, and
the following statements hold true:

1. A value of r near +1.0 indicates that, as one
variable increases, the other variable increases
in a similar trend, and a strong correlation
exists.

2. A value of r near —1.0 indicates that, as one
variable increases, the other decreases, and a
strong correlation between the two exists.

3. If ris near 0, there is little correlation between
the two variables.

The correlation coefficient  can be calculated using
the following equation:

L n(Zxy) - (Zx)(2y)
\n(ER) = (207 n(Ey) - (Zy)

(1.16)

Plotting the x and y values in a graphing program like
Microsoft Excel can yield both the straight-line equation
and the r value for the data set. The coefficient of deter-
mination r? (commonly reported as R?) is the fraction or
percentage of the total variation in the data that is
accounted for by the regression equation. For example, a
regression equation with an R? of 0.8 accounts for 0.8 or
80% of the variability in the data. The 20% that is not
accounted for could be due to measurement error or fac-
tors not included in the equation. Example 1.4 relates to
this issue. In the section that follows Example 1.4, how
additional factors can be added to a regression equation
is shown. When regression equations are used as predic-
tive tools, we often refer to them as regression or empirical
models.

ExamrLE 1.4

A study is conducted to determine if the size of the trout
in a mountain stream is related to the depth of the pools.
The mean trout size and pool depth for each pool are
summarized in Table 1.12. Is there a linear relationship
between mean fish size and mean pool depth? Is this
equation adequate for use in predicting the size of trout
as a function of pool depth?

Solution

No information is reported on the standard deviation or
other statistics, such as the number of fish, maximum and
minimum sizes in each pool, and the volume or length
and maximum and minimum depths in each pool. There-
fore, we treat each mean trout size and pool depth as a
discrete pair of values and plot them on a graph as shown
in Figure 1.14.

The data were plotted using a spreadsheet (Microsoft
Excel) and a linear trend line was fitted to the data. This
is the same as performing a linear regression analysis. The
R? = 0.946 which means virtually all the variability in the
data is accounted for by the regression equation.

The adequacy of the equation is a difficult question to
answer. Certainly, the high R? suggests that this might be
a useful equation. It is helpful to obtain additional statis-
tics. In Excel, this can be done using the Analysis Pak
Add In and then using the regression analysis option and
requesting output on the residuals and a plot of the resid-
uals. The residuals are shown in Table 1.12 and
Figure 1.15. The residuals could have been calculated by
inserting the measured mean pool depths into the regres-
sion equation and then subtracting the calculated trout
sizes from the measured sizes. The results plotted in
Figure 1.15 show that, across the whole range of pool
depths, there is no bias in the results. However, we can
also see that there is about a 6 to 22% difference in the
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TABLE 1.12
Mean Trout Size vs. Mean Pool Depth Data for Example 1.4
Mean Pool Depth  Mean Trout Size Calculated Size Residual (measured
(meters) (8) (€4) minus estimated grams)
04 121 107.0 14.0
0.5 110 134.4 244
0.6 152 161.8 9.8
0.7 213 189.1 23.9
0.9 219 243.8 -24.8
1 302 271.2 30.8
1.1 281 298.6 -17.6
1.2 347 3259 21.1
1.4 367 380.6 -13.6
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FIGURE 1.14 Regression equation and plot of mean trout size vs. mean pool depth.
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FIGURE 1.15 Plot of the residual difference between regres-
sion estimates and measured mean trout sizes.

calculated and measured trout sizes. If errors in the estimate
as large as 22% are not a concern, then the equation is
adequate. Another question might be whether the equation
is logical (rational). When the pool size is zero, the equation
predicts there will be trout with a negative weight. Clearly,
this is not logical. However, the extra statistics we can obtain

using the Analysis Pak or using more sophisticated statistical
software will show us that the intercept term of —2.4 grams
is insignificant. By inspection of the values in Table 1.12,
we see that by ignoring this term the largest error we might
produce is just over 2%.

Answer

There is a linear relationship between the mean trout size,
and the coefficient of determination R? is 0.946.

Care needs to be taken in using regression equations
to make scientific and engineering decisions. For example,
the results in this example suggest that if we construct
some really deep pools, we might have a haven for large
trout. Certainly, this is a possibility, but this type of
approach is extending the equation beyond the range for
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which it is valid and ignores certain factors that will con-
trol the size, presence, and absence of trout. The equation
suggests that a pool 2 m deep will have trout with a mean
size of about 545 g — almost 50% bigger than those
measured in the deepest pool of 1.4 m. However, the
possibility exists that we would find no trout in this deep
pool because the oxygen, temperature, light, bed material,
or food sources might not be suitable for this trout species
in pools that deep. Another possibility is that there is a
much slower increase in size as the depth increases, and
the relationship becomes nonlinear. Inspection of the mea-
sured results for pools with mean depths of 1.2 m and 1.4
m show only a small increase in the size of the trout.

1.5.14 THe Use AND MISUSE
OF REGRESSION EQUATIONS

In the previous section, we began to look at how we might
use a regression equation to help make scientific and engi-
neering decisions. This is a very common practice, but we
have already seen that it is easy to misuse statistical mod-
els. If we consider Example 1.4, we notice that from the
outset that we started to “smooth” the data. Each pair of
values is actually a set of measurements. We do not know
how the mean values were obtained or how many mea-
surements were taken to acquire the mean values. Proba-
bly a seining or electroshocking method was used to col-
lect fish from each pool. The fish were then sorted into
species, and all or maybe only a sample of the fish in each
species were weighed. Some measure was then made of
the number of fish in each pool. This could have been a
small number in some pools and a very large number in
others. Clearly, many more statistics could be obtained if
we had the “raw” field data. Similar issues could be raised
regarding the mean pool depths. Were the number of mea-
surements in each pool a function of the pool’s size, or
was one or more transects (lines of measurements) made
from one bank to the other? In fact, we do not even know
if the mean value is an arithmetic or geometric mean. If
we smooth the data enough, we can eliminate all the
variability, but end up with a result that is not very useful.

Perhaps the most common mistake is to use a regression
model to predict a result and then to compare this result with
some independent measurements. If we get a “good” fit, we
assume the original model is valid and we can use it to make
a decision. What we fail to realize is that we have actually
now created a second model that relates the observed and
predicted values to each other. This is probably easier to
understand if we consider an example.

ExampLE 1.5

We plan to use the regression equation obtained in Exam-
ple 1.4 to help size some pools on a mountain stream that

has been recently impacted by mining operations. The
stream is located in the same region, but has different land
uses (because of the mining) and slightly different topog-
raphy and bed slopes. We are unsure if it is valid to use
the equation, so we test its usefulness by making some
measurements of trout sizes in a nearby stream that has
recovered from some earlier mining and logging opera-
tions. We then plan to compare statistically the measured
trout sizes with the sizes predicted by the regression equa-
tion. Can we use the regression equation to size pools in
the impacted stream?

Solution

First, we need to make it clear that there are three streams.
One stream from Example 1.4 that was used to develop
the regression equation, a second stream that will be used
to “test” or “calibrate” this equation, and a third stream
for which we want to use our calibrated equation to size
pools that will be constructed. The measured and pre-
dicted data are presented in Table 1.12 and Figure 1.17.
Measurements were made in six pools to evaluate the
regression equation (Figure 1.16). When we fit a trend
line through the measured and calibrated data, we see that
the R? equals 0.952, and we now have an equation with
a slope of 0.52 and an intercept term of 57.8. This is a
new model that says that we must multiply the values that
were calculated by the original regression equation by
0.52 and then add 57.8 g. If the original regression equa-
tion had given perfect results for the second stream, the
slope would have been 1, the intercept term would be 0,
and the R? would be 1. Although, we have a higher R?
value than the original equation, the results actually show
that the original equation worked poorly. One way to
evaluate the usefulness of the original equation statisti-
cally is to see if the intercept term, in the calculated vs.
measured equations, is significantly different from 0 and
to see if the slope term is significantly different from 1.
If either of these results is significant, it means that sta-
tistically the original equation cannot be used “as is.” We
can see that a new equation is needed by looking at the
results. Both the slope and intercept terms obtained by
developing a new equation are very different from the
original equation. For deep pools, we have much smaller
fish than the original equation predicted; for shallow
pools, we have larger fish than the original equation esti-
mated. We now have two regression models that relate
fish size to pool depth. Unfortunately, we do not know
whether either is suitable for use in designing pools for
the stream that has been recently impacted by mining.
What we have done is evaluate the performance of the
first equation, but we have not calibrated it so that it can
be applied to the stream of interest.

Answer

It is not recommended that the original equation or the
new equation be used without further testing.
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FIGURE 1.16 Measured-and-calculated trout sizes vs. pool depth.
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FIGURE 1.17 Regression analysis of measured vs. calculated
trout sizes.

In Example 1.5, a regression analysis was performed
to evaluate the performance of a regression model. Often,
engineers and scientists mistakenly think that if this test
yields a high R?, the predictive model is performing well.
There are better tests that can be used, and reference
should be made to statistics books written to solve hydrol-
ogy, environmental, and ecological problems, such as the
work of I. Miller and Miller (1995), Mendenhall and Sin-
cich (1995), Haan (1997), or Berthouex and Brown
(2002).

1.5.15 DATA TRANSFORMATIONS

Many relationships in hydrology and other branches of
science are nonlinear. However, it is often practical and
valid to transform these data mathematically. There is almost
an unlimited number of mathematical transformations that

might be considered. One common method is to make
power and exponential relationships linear by performing
a logarithmic transformation. For example, consider the
equation
b
y=ax (1.17)
If we take logarithms (to the base 10 in this case) of both
sides of the equation, we obtain:
log,, y=1log,,a+blog,, x (1.18)
we now have a linear equation. When we use a spreadsheet
program such as Microsoft Excel, we sometimes trans-
form the x or y axis to produce a semilog or log—log plot.
When we fit a linear trend line through data plotted with
a log-log scale, this will provide the same result as trans-
forming the data first and then using a normal x and y
scale that is not transformed. Example 1.6 in the next

section evaluates how transforming data can help us per-
form a regression analysis.

1.5.16 MuLTIPLE REGRESSION ANALYSIS

Multiple regression analysis is similar to simple linear
regression models except multiple regressions contain
more terms and can be used to represent relationships that
are more complex. An example is the quadratic model,
also known as a second-order model:

y=ax>+bx+c (1.19)

Often, in watershed, hydrology, and ecological studies
the data are related by power functions, such as
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TABLE 1.13
Data for Example 1.6
Velocity Bed slope Depth
Measurement (ft/sec) (ft/ft) (ft)
1 0.4 0.002 0.2
2 0.9 0.003 0.4
3 1.6 0.005 0.6
4 1.8 0.008 0.5
5 1.9 0.01 0.5
6 1.2 0.007 0.3
7 1.4 0.015 0.2
8 2.6 0.009 0.8
9 2 0.007 0.7
10 2.1 0.025 0.3
y = axf’xgxf ....... (1.20)

A logarithmic transformation of Equation 1.20 results in
the linear equation:

log,, y=log,,a+blog,, x,
(1.21)
+clog,, x, +dlog,, x, +.....

An application of this type of equation is illustrated
in Example 1.6.

ExampLE 1.6

The mean velocity of the flow is measured in several
streams that have sand and gravel beds. The bed slope
and depth of flow are also measured. A multiple regression
analysis is performed to see if the mean velocity is related
to the depth of flow and the bed slope. The data are
presented in Table 1.13.

Solution

A review of Chapter 7 indicates that the data might be
related by an equation similar to Equation 1.20, so we
make a logarithmic transformation of the data. The Anal-
ysis Pak in Microsoft Excel was issued to conduct a mul-
tiple regression analysis. The results of the statistical
analysis are reported in Table 1.14. Most computer soft-
ware, including Excel, will report the results to more
decimal places than reported in Table 1.14. Reference
should be made to a statistics book to understand all the
information in the table. The information presented is
called an analysis of variance (ANOVA). The coefficient

of determination R? is 0.987. The F, ¢ stat, and p value are
all based on statistical tests to see if the regression equa-
tion and various coefficients in the equation are significant.
The very low significance value for F of 1.05 x 10~ means
that the F value of 341.8 is highly significant. The very
low p values for each of the variables in the regression
equation also mean that each variable is very significant.
The logarithmic regression equation is

log,, y=1.6+0.70log,, x, + 0.55log , x,

where y is the velocity v in ft/sec, x, is the depth d in ft, and
x, is the bed slope s as a fraction. If we take the antilog of
this equation, we obtain the following equation:

v= 40d0.7s().55

If we refer to Chapter 7, we can see that this equation is
similar to Manning’s equation, and the high R? indicates
that all of the streams have a similar bed roughness that
might correspond to a Manning’s n value of 0.025.

Answer
The multiple regression equation that relates velocity to

depth and bed slope is v = 40d%7s%%, and the coefficient
of determination for this equation is 0.987.

1.6 MODELING THE HYDROLOGIC CYCLE

Traditional methods for estimating hydrologic responses
using tables, charts, and graphs are currently being
replaced with computer models in research, in the class-
room, and in the field. Since the mid-1960s, engineers and
scientists have been developing hydrologic applications
for computers. Government and university scientists with
access to mainframe computers began to develop models
to describe climate, infiltration, runoff, erosion, soil water
movement, drainage, groundwater flow, and water quality.
With the advent of the personal computer in the mid-
1980s, the use of models spread from laboratories to agen-
cies concerned with hydrologic systems. As portable com-
puters develop, scientists and technicians in regulatory
agencies and consulting companies will be taking models
directly to the field to assist managers of farms, forests,
mines, land development projects, and other hydrologic
units in analyzing hydrologic problems. Computer appli-
cations feature strongly in current research and future
development in all areas of hydrologic science. An under-
standing of the importance and applications of computer
modeling of hydrologic processes is important for all
interested in hydrology.
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TABLE 1.14

Statistical Analysis Results for Example 1.6

Summary Output

Regression Statistics

Multiple R 0.995
R? 0.990
Adjusted R? 0.987
Standard error  0.027
Observations 10
ANOVA
df SS

Regression 2 0.491
Residual 7 0.005
Total 9 0.497
Variable Coefficients  Standard Error
Intercept 1.60 0.063
X variable 1 0.70 0.042
X variable 2 0.55 0.028
Residual Output
Observation Predicted Y Residuals

1 -0.366 -0.032

2 —0.058 0.012

3 0.187 0.0167

4 0.243 0.012

5 0.296 -0.018

6 0.055 0.024

7 0.112 0.034

8 0.415 -2.13x 107

9 0314 -0.013

10 0.358 -0.035

MS F Significant F
0.246 341.8 1.05 x 107
0.0007

t Stat p value
25.61 3.54 x 10°®
16.84 6.38 x 1077

19.39 2.42 x 107

1.6.1 Typres oF MODELS

Models may be empirical, deterministic, or stochastic.
Empirically based models are developed by analyzing a
large set of data and developing statistical relationships
between the inputs and the outputs (Woolhiser, 1982). An
example of an empirical model is the universal soil loss
equation (USLE; Wischmeier and Smith, 1978; see Chap-
ter 9) and its computer counterpart, the revised universal
soil loss equation (RUSLE; Renard et al., 1991). Empirical
models are not easily transferable between geographic
regions.

Deterministic models, sometimes described as theo-
retical (Woolhiser, 1982), deterministic, or process-based
models, mathematically describe the processes modeled,
such as runoff. As the processes are independent of geo-
graphic variations, deterministic models can be applied to
a wider range of conditions than empirical models can. In
some instances, however, it may not be possible to
describe a process adequately. An example is the gain or
loss of dissolved chemicals as water percolates through a

soil. In some cases, the amount of data required to describe
a process may restrict the use of the model. Excessive
input data may be necessary to provide all the information
necessary to describe a process fully. This restriction was
particularly apparent in earlier modeling attempts when
computer memory was limited.

Stochastic models seek to identify statistical probabil-
ities of hydrologic events (Woolhiser, 1982), like rainfall
or flood flows, and to predict the probability of a given
outcome. They also consider the natural variability that
might occur in some model input parameters. As users
become more acquainted with the statistical nature of
hydrology, stochastic modeling will increase. Recent devel-
opments in fractal theory and spatial distribution statistics
will lead to further developments in stochastic modeling.

1.6.2 ADVANTAGES AND DISADVANTAGES

Computers allow managers to consider many more options
than would be possible with hand calculations. For exam-
ple, a recreational park planner can compare the effects
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of subsurface drainage depth and spacing on the number
of days that a playing field may be available for use. Many
combinations of depth and spacing can be considered, and
the benefits of improved drainage can be compared to the
cost of each system. Computer models are particularly
helpful in determining which erosion management prac-
tices may best suit a given farm.

Research scientists can identify critical areas for fur-
ther research and study and the sensitivity of hydrologic
systems to the various parameters needed for a given
model. Researchers are aware of which parameters they
require for a model to operate, but the importance of each
of the parameters to the model predictions is not known.
If a model shows that the rate of plant canopy growth is
not very important in the operation of a computer model,
then research resources can be directed to other areas in
which a model may be highly sensitive to changes in
inputs. The development of computer models requires a
sound understanding of the system modeled and the dom-
inant processes in the system. The need to understand such
processes is increasingly dictating the direction of much
research (e.g., Laflen et al., 1991).

Scientists and engineers can better understand key
parameters in a hydrologic system by using a computer
model of that system. By developing the necessary input
files to run a model, users gain a much greater appreciation
of the importance of considering the entire system and not
simply concentrating on one or two aspects of that system.

Computer models can lead to wrong conclusions if
not properly applied. Numerous models have not been
developed to provide absolute answers, but rather to give
relative results to allow the user to compare the effect of
different management systems on some hydrologic response.
The water quality model GLEAMS (Groundwater Loading
Effects of Management Systems) is such a model (Leonard
et al., 1987), although numerous users have found that the
absolute predictions by the model have been good. A user
may also input unrealistic combinations of values into a
model, which can lead to misleading results. Altering the clay
content in an input file without altering a property closely
related to clay, like the cation exchange capacity, can lead
to misleading results with an erosion model.

Considerable time may be required to build the input
files necessary to run a computer model. Sometimes, the
necessary data are not available for the conditions under
which the model is applied. Many models have been
developed for specific geographic areas and, when applied
outside that area, have not been successful. In other cases,
users may not understand fully the importance of some of
the inputs, and poor estimates of some parameters may
lead to poor model performance.

1.6.3 TypricAL MODEL ARCHITECTURE

Most hydrologic computer models consist of three main
components: (1) the input file; (2) the output file; and (3)
the computer model (Woolhiser, 1982). The user will
either develop the input file with a word processor or text
editor, or the model will include a file builder to assist in
assembling the input file. More sophisticated models have
developed user-friendly interfaces to assist with building
the input files and interpreting the output files.

In some cases, the output file from one part of the
model may serve as the input file for another. This practice
is more common with complex models like CREAMS
(Chemicals, Runoff, and Erosion from Agricultural Man-
agement Systems; Knisel, 1980). Users may wish to
access these intermediate files to get a better grasp on the
hydrologic system or modify the files to study the perfor-
mance of a particular component of the model.

Typical input files for most hydrologic models include
climate, soil, topography or structure, and management
files. With some models, some of the files may be com-
bined. Some models may require additional files describ-
ing chemical properties for water quality.

The climate file may describe a single storm or runoff
hydrograph. Some models have the option of daily or
hourly rainfall distributions. Models with crop compo-
nents will require information to estimate evapotranspira-
tion or plant growth rate, like daily temperatures, wind
speeds, or solar radiation.

The soil files generally include the necessary infor-
mation to describe infiltration and water movement within
the soil profile. Specific infiltration and permeability val-
ues or properties that are more easily measured and will
predict those values may be required. In programs for
which water-holding characteristics are important, like
drainage and irrigation programs, a method of describing
water content is required.

The topographic or structure file is necessary to
describe slope lengths and steepnesses, spacing of drains,
or the relationship between model elements. In watershed
models, the structure file can become quite complex, and
users need to be extremely methodical in their approach.
A structure file for the WEPP (Water Erosion Prediction
Project) water erosion model (Nearing et al., 1989)
describing a 40 ha- (100 acre-) watershed was found to
require 35 elements to describe fully the combination of
soils, crops, and drainageways.

The management files contain the necessary informa-
tion to describe surface roughness as it affects runoff and
water surface storage. It may also contain information
describing plant growth rates and residue conditions as
affected by tillage and decomposition. Plant water use is
frequently required for models that predict soil water con-
ditions for drainage or erosion prediction.
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TABLE 1.15 TABLE 1.16
Annual Peak Discharge Data for Problem 1.7 Channel and Drainage Area Data for Problem 1.8
Annual Peak Discharges (ft*/sec) Drainage Area (mi?) Width (ft) Depth (ft)
990 4,610 5,740 7,170 9,010 0.5 4 1
1310 47710 6,210 7,380 9,180 2 7 L5
1,720 4,780 6.360 7,460 9,500 5 10 2
2,120 4,780 6,540 7,760 9,790 12 16 35
2,580 5,050 6,660 7,930 10,300 28 32 5
3,160 5,150 6,700 8,250 10,700 40 40 55
3,180 5,380 6,700 8,350 10,810 90 65 7.5
3,270 5,500 6,930 8,670 11,350 110 68 8.5
3,760 5530 6,930 8,730 11,900 200 85 9
4,550 5580 7,020 8,860 12,900 280 95 10

Generally, the better the quality of the data in the input
files, the better the model will perform. Most model users
soon develop sets of input files to describe the range of
conditions they are modeling. From these typical data sets,
only minor file modifications are then necessary to

describe each new application.

PROBLEMS

1.1.

1.2.

1.3.

1.4.

Select an environmental system of interest to you
(such as a forest, crop production system, urban
area, surface mine, etc.) and then list the com-
ponents of the hydrologic cycle most likely to
cause water contamination problems for this sys-
tem. Briefly discuss how the land use you have
selected will influence the components of the
hydrologic cycle you listed. As you learn more
about hydrology in the next few chapters, you
might wish to refer to your answer to this question.
In the future, it is anticipated that, in the U.S,,
the amount of water used for irrigation and live-
stock will be four times higher than the levels
reported in Figure 1.8. Also, the amount of
water used for industry and mining will double.
For this future use, determine the consumptive
use, return flow, and amount of water not with-
drawn from streams and groundwater systems.
Assume other water uses do not change.

Table 1.1 provides information on the world
water balance by continent. Determine the evap-
oration rates in North America and Africa as
percentages of the precipitation in each of these
continents. Why do you think the rate is higher
in Africa?

The chapter contains a quotation from Hillel
(1992) on water use changes. Convert the quan-
tities expressed in this quotation in cubic meters
to cubic feet and to gallons. (Note that 1 m? is

1.5.

1.6.

1.7.

1.8.

35.27 ft, and there are 7.48 gal in a cubic foot;
see Appendix A.)

Based on the information in Table 1.6, deter-
mine the urban water use by a family of four if
a dishwasher is used twice daily, toilets use 50%
less water, one car is washed monthly, and water
use for lawns and swimming pools is only 30%
of reported levels. What percentage reduction in
the reported total daily water use has been
achieved?

Select from Table 1.7 one industry that is of
interest to you, then visit a library and determine
the annual number of units of production for this
industry in the U.S. Determine the total annual
water use and consumptive use for this industry.
Convert this volume into cubic feet and then,
acre-feet. Suggest how the needed consumed
amounts of water might be reduced. (An acre is
43,560 ft>. Acre-feet are often used to express
large volumes of water in the environment. For
example, 5 acre-ft can be visualized as a depth
of 5 ft of water covering an area of 1 acre. The
volume contained in 5 acre-ft would be 5 times
43,560 ft> or 217,800 ft3.)

Calculate the mean, median, and standard devi-
ation of the annual peak discharge data presented
in Table 1.15. Group the data by dividing it into
500-ft}/sec increments. What is the magnitude
of the discharge range that occurs most often,
and how often does it occur?

A study is conducted on a watershed located in
the Midwest region of the U.S. At different loca-
tions in the watershed, measurements are made
of the width and mean depth of the main channel.
A GPS (global positioning system) is used to
obtain the coordinates of each location. The loca-
tions are marked on a topographic map, and the
area of the watershed draining to each location is
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1.9.

then calculated. The data are reported in
Table 1.16. Develop a relationship between the
dimensions (width, depth, and cross-sectional
area of the main channel) and the drainage area.
Calculate the mean, median, mode, and standard
deviation of the mean monthly temperature at a
location in the Mojave Desert or a desert near
your location.

1.10. Conduct a literature review and identify common

computer models used to determine (a) soil ero-
sion; (b) surface runoff from single storm events;
(c) daily information on runoff, evaporation, and
infiltration; (d) steady-state groundwater flow; (e)
the hydrology of watersheds; and (f) water quality
information for either agricultural or surface min-
ing land uses.
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2 Precipitation

2.1 INTRODUCTION

Precipitation is any form of solid or liquid water that falls
from the atmosphere to the earth’s surface. Rain, hail,
sleet, and snow are examples. Precipitation is the single
strongest variable driving hydrologic processes and
events, but it must be considered in the context of other
variables. For example, areas with more than 20 in. of
annual precipitation are often considered humid, while
those areas with less are considered arid. However, 20 in.
of precipitation in South Dakota is usually adequate to
grow wheat, while in Texas it would be quite inadequate.
The difference lies in differences of evapotranspiration
losses between the two regions (see Chapter 3). Likewise,
a 50-year return period storm on dry soil might produce
a 10-year runoff event because much of the water would
be absorbed, while a 10-year storm falling on an already-
saturated soil might produce a 50-year runoff event.
Precipitation is formed from water vapor in the atmo-
sphere. As air in the atmosphere cools, its capacity to hold
water decreases. When the capacity of air to hold water
is reached, it is said to be saturated. For example, at 70°F,
a given volume of saturated air contains about 16 times
the water vapor that it contains at 0°F. Figure 2.1 shows
the relationship between air temperature and the amount
of water contained at saturation. Moist, unsaturated air
becomes saturated as it cools. Cooling beyond saturation
will cause some water vapor in the air to condense and
change into a liquid or solid water (ice). The condensation
process can be seen when droplets of water form on the
outside of a glass containing a cold beverage because the

moist air next to the glass has cooled below the tempera-
ture of saturation, or dewpoint.

If all the atmospheric water were precipitated at one
time, it would result in an average depth of only 1 in. (2.5
cm) of water on the earth’s surface, but there would be
tremendous variance from that average. Some arid
regions, or extremely cold regions, have little atmospheric
moisture; other areas, especially the wet tropics, have
several inches. Very intense storms over long periods (e.g.,
24 h) require large, wet air masses. Even with only mod-
erate atmospheric moisture, however, a 1-h storm can
result in precipitation of several inches over land areas of
a few square miles because of the lateral flow of moist air
from surrounding areas to the storm center. Some of these
[frequency-magnitude relationships and their geography
are discussed in this chapter.

A meteorologist is generally concerned with the day-
to-day movement of moist air masses from their sources
(lakes, oceans, transpiration from land areas) and their
associated effects on precipitation and temperature. When
longer time periods, such as years and decades, are con-
sidered, we speak of climatology. A hydrologist considers
such phenomena in relation to water supplies and move-
ment to, on, and beneath the earth’s surface. Hydrologists
usually become involved in climatology in the planning,
study, and evaluation of the interaction among the climate,
surface water, and subsurface water.

Knowledge of precipitation amounts, patterns, and
frequency are needed at many different temporal and spa-
tial scales. For example, the design of a stormwater system
in an urban subdivision might only require knowledge of
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FIGURE 2.1 The relationship between water content of air at saturation and air temperature. Values are in absolute humidity (weight

of water/volume of air).
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TABLE 2.1

Typical Precipitation and Temperature Conditions for Koeppen Climatic Types?

Climatic Type Latitude (°) Precipitation

A. Tropical moist 15 to 25
season

B. Dry 20 to 35

C. Moist
subtropical
midlatitude

D. Moist
continental

30 to 50

midlatitude

E. Polar climates Antarctica, Greenland, and
northern coasts of Asia,
Europe, and North

America

More than 1500 mm; either uniform year around or a wet/dry

Evapotranspiration (ET) exceeds precipitation; often less than
1000 mm annually and less than 100 mm in deserts

Winter midlatitude cyclones;

Summer convective storms; annual precipitation depends on
latitude and proximity to coast — often <1500 mm

Three types: wet all seasons, dry summers, or dry winters;
precipitation often 200—1200 mm depending on latitude,

Annual precipitation is less than 250 mm, primarily in the
summer; polar desert climates occur at high altitudes in these
regions and have year-round blizzard conditions with several
hundred millimeters of annual precipitation

Temperature

Above 18°C in all months

Diurnal and annual
temperatures can vary greatly
in tropical deserts, with lows
of 10 to 15°C and highs of
28 to 37°C

Mild winters; warm, humid
summers

Cold winters; cool-to-warm
summers

elevation, and proximity to coast

Warmest month below 10°C
and coldest months colder
than -35°C

@ Climatic subtypes: M = rainforest; W = desert; S = steppe; a = hot summer; b = warm summer; ¢ = short, cool summer; d = very cold winter;

f = moist; h = dry-hot; k = dry-cold; s = dry summer; w = dry winter .

the area draining to the system and the characteristics of
a single storm event that will be used to develop the
design. In contrast, the selection of appropriate farming
practices for a region will require knowledge of climatic
information for a period that will range from several weeks
to several months, depending on the crop and the probable
annual variability in these data. Developing strategies to
reduce hypoxic conditions in the Gulf of Mexico requires
knowledge of many factors, including climatic conditions
across the Mississippi River Basin during a period of
several decades. Evaluating global warming requires
knowledge of air currents, temperature changes, and water
vapor in the air as it circulates around the world. To aid
in understanding, describing, and using climatic data, a
number of climatic classification systems have been devel-
oped. Geographers, meteorologists, and climatologists
commonly use the Koeppen Climate Classification System
developed by a German scientist in 1918 (A.H. Strahler
and Strahler, 2002). This classification system has five
major climatic types (A to E) that are a combination of
latitude, mean annual temperature, and mean annual pre-
cipitation (Table 2.1). Since the classification system was
developed, a highland climatic type (H) has been added.
Subtypes have been developed that differentiate more
finely and may show degree, extremes, or seasonality of
temperature or moisture (Table 2.1). Thus, Csa is the
dry—summer subtropical or Mediterranean climate, typical
of southern California, while Daf is the humid continental,
long-summer phase, located across the northern U.S. from

Towa to New England (A.H. Strahler and Strahler, 2002,
pp. 222-225).

In many branches of science, people, such as ecolo-
gists and botanists, are interested in the vegetation that
might naturally occur at a location in the world. Vegetation
can be related to seasonal and annual precipitation and
temperature. Whittaker (1975) reported 21 unique terres-
trial biological communities, called biome types, that are
related to climatic zones and vegetation structure. A sim-
plified interpretation of the typical climatic zones associ-
ated with Whittaker’s biome types is summarized in
Table 2.2. Arms (1990) presented the useful relationship
between biomes and climate shown in Figure 2.2. Her
book contains an informative presentation on the vegeta-
tion and biological communities that inhabit these biomes.
The vegetation that will grow in a region will also be a
function of seasonal differences in the climate, soils,
topography, hydrogeology, land use practices, and the use
of irrigation.

The Food and Agricultural Organization of the United
Nations (FAO), in collaboration with the International
Institute for Applied Systems Analysis (IIASA), has devel-
oped global agro-ecological zones (IIASA, 2002). Cli-
matic parameters, topography, soil and landform, and land
cover data have been combined to map the biophysical
potentials and limitations for crop production. Around the
world, many countries have mapped ecological zones and
regions for use in the development of planning, manage-
ment, policy, protection, and economic strategies.
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TABLE 2.2
Biome Types for Different Climatic Zones?
Annual Annual
Temperature Precipitation
°0) (mm) Biome Type
Arctic-Alpine
—-10 to —15 0 to 700 Arctic—alpine deserts
—12to -8 0 to 300 Arctic—alpine semideserts
—-10 to -6 300 to 600 Alpine grasslands and tundra (shrubland)
Cold Temperate
-7 to -3 600 to 1200 Alpine shrublands
—S5t03 700 to 1400 Taiga (forest)
-2t03 1600 to 2400 Elfin woods

Warm Temperate

3to 18 0 to 300 Cool semideserts
3to 18 300 to 800 Temperate shrublands
3to0 18 700 to 1100 Temperate woodlands and grasslands
3to 18 1100 to 2100 Temperate deciduous and evergreen forests
3to 18 2000 to 3000 Temperate rain forests
Tropical

18 to 29 0 to 400 Warm semidesert scrublands
18 to 29 400 to 800 Thornwoods
18 to 23 800 to 1300 Savanna
22 to 29 800 to 1300 Tropical broadleaf woodlands
18 to 29 1300 to 2400 Tropical seasonal forests
18 to 28 2400 to 4500 Tropical rain forests

28+ <300 True deserts

2 Temperature and precipitation ranges are approximate.

Source: Modified from Whittaker, R.H., Communities and Ecosystems, 2nd ed., Macmillan,
New York, 1975.
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FIGURE 2.2 Relationship between biomes and climate. (Based on Arms, K., Environmental Science, Saunders College Publishing,

Orlando, FL, 1990.)
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Convective

Warm moist air rises due to warming from solar

heated ground surface

Orographic

FIGURE 2.3 Main mechanisms causing air to rise and cool, resulting in frontal, convective, or orographic precipitation (precipitation
mechanisms). For more complete and technical (but accessible) explanations, see A.H. Strahler and Strahler (2002).

2.1.1 PRreciPITATION DATA

Precipitation data are necessary for most land use plans
and for hydrologic planning. The supply of water for
human, agricultural, or industrial use; the disposal of
wastewater; and the control of excess rainfall are key
elements in most planning processes. In addition, recre-
ational areas may include lakes or ponds that require pre-
cipitation data for both supply and overflow considerations.

In agriculture, precipitation data can indicate when
and where a lack or a surplus of water for crops may be
expected. Provision for irrigation or drainage systems may
be necessary. Soil erosion from fields or urban develop-
ment may be worse where large and intense rainstorms
can be expected. In forestry, precipitation predictions
assist planners in determining forest growth rates and
downstream water yields.

State and federal governments have collected and pub-
lished precipitation data for many years. These publica-
tions are available in some libraries. Data sets can also be
purchased on electronic tapes or CD-ROM formats from
government and private sources. Many are now available
on the Web (see Exercise 14.1). These data aid researchers
in studying characteristics and distributions of precipita-
tion events. Precipitation records may report amounts of
precipitation by years, months, days, and sometimes
shorter time periods and indicate the form (i.e., rain or
snow). Special reports are occasionally published to provide

precipitation data on specific topics like flood events of
major importance, rainfall rate—duration—frequency, or
droughts.

2.2 CAUSES OF PRECIPITATION

There is always some water vapor in the air, and some
condensation always occurs in the atmosphere, even on
the fairest day. Clouds may be composed of water vapor,
water droplets, ice crystals, or a combination. The precip-
itation process begins by the concentration of water mol-
ecules on condensation nuclei such as smoke, dust, or sea
salt particles. As air cools, the amount of condensed water
increases. Precipitation takes place when the air is cooled,
cloud formation increases, and the condensed water drop-
lets or ice crystals reach a size that causes them to fall
toward the earth’s surface. Some of these droplets may col-
lect additional condensed water vapor as they fall. Other
droplets may evaporate and return to the atmosphere.

In the atmosphere, the cooling of the air is mainly
caused by the lifting of the air mass. At higher elevations,
lower atmospheric pressures and temperatures cause cool-
ing of the rising air mass. Air may be lifted by three
processes, or precipitation mechanisms (Figure 2.3).
Extensive information on climatic processes is provided
by the University of Illinois Department of Atmospheric
Sciences (2000).
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2.2.1 FRONTAL PRECIPITATION

When a warm, moist air mass meets a colder, heavier air
mass, the warm moist air will ride up over the heavier air.
The zone where the two unlike air masses meet is com-
monly called a front, and the resulting precipitation is
frontal. Frontal systems are typically described as warm
or cold and are associated with low- or high-pressure
systems. The warmer the air mass, the lower the pressure,
and the lighter it will be. The terms warm and cold or low
and high pressure are relative terms. Sometimes, the dif-
ference in temperature or pressure between the two air
masses might be small.

Atmospheric pressure is the force per unit area exerted
on a surface by the weight of the air above that surface.
It is measured with an instrument called a barometer and
is sometimes called the barometric pressure. Atmospheric
pressure is expressed in inches of mercury (inHg or “Hg),
atmospheres (atm) or bars, and kilopascals (kPa) or mil-
libars (mbar). At sea level, the average pressure is 1 atm,
29.92 inHg, 101.325 kPa, or 1013.25 mbar. This is also
the same as a pressure of about 14.7 Ib/in.2. The density
of mercury is 13.6 times that of water, so 29.92 inHg is
equivalent to 406.6 in. (33.9 ft or 1034 cm) of water.
Therefore, a pressure of 1 atm is the same as that exerted
by a 1 ft> column of water that is 33.9 ft high. When
pressure is referred to as a height of water, this is called
a pressure head, a head of water, or just a head.

Frontal precipitation is usually the dominant type of
precipitation in the northern U.S. and other midlatitude
areas of the world. These fronts are associated with mid-
latitude cyclones (low pressure) that move from west to
east. In the Northern Hemisphere, air circulates counter-
clockwise around low-pressure areas, SO warm air is most
often found to the south and east of low-pressure areas.
Low- and high-pressure systems that move into a region
are steered by upper-level winds. The layer of the atmo-
sphere closest to the earth is the troposphere, and it varies
in thickness from 11 mi (17.6 km) at the equator to 4 mi
(6.4 km) at the poles. This layer produces our precipita-
tion. The stratosphere lies above the troposphere and con-
tains very little moisture, but is the location of some of
the fast-moving, upper-level winds, called jet streams, that
circulate around the world and are one of the steering
mechanisms for low- and high-pressure systems.

2.2.2 CONVECTION

Air expands when heated by solar energy and becomes
lighter than the air around it. The lighter air rises by
convection, potentially causing convective precipitation.
Convection increases and can even become violent with
atmospheric instability, for which dewpoints and lapse
rates (vertical temperature gradients) are high and the
added heat energy from the latent heat of condensation
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helps drive the convection. In humid climates, convective
precipitation frequently occurs on hot midsummer days in
the form of late-afternoon thunderstorms. Convective pre-
cipitation also results from the movement of air into a
low-pressure atmospheric system. Air flowing to the cen-
ter of the low-pressure system causes the air in the system
to rise and cool until it reaches saturation. Severe thun-
derstorms that produce rain and hail may follow. Convective
storms are common during the summer in the central U.S.
and other continental climates with moist springs and
summers.

Hurricanes are severe convectional storms that form
in the wet tropics during late summer and fall and that
produce very heavy rainfall. These often move onto the
Gulf and Atlantic Coasts and can produce prodigious
amounts of rainfall over large areas, even at places dis-
tantly inland.

2.2.3 OROGRAPHIC

Prevailing winds force moist air masses to rise over hills
or mountains, thus allowing them to cool. Precipitation
that results from this process is called orographic precip-
itation. This often is the dominant source of precipitation
in the mountains in the western U.S and contributes to
precipitation in most mountainous areas.

2.3 PRECIPITATION EVENTS

A storm is described by several key parameters. The most
common of these are the fype (hail, rain, snow, sleet, etc.)
and the total amount of precipitation, or depth, usually in
inches, centimeters, or millimeters. The time from the
beginning of the storm until the end of the storm is the
duration. The average rate of precipitation, or intensity,
is found by dividing the amount of precipitation that
occurs during a given period by the length of that period.
Common units of intensity are inches per hour, millimeters
per hour, or centimeters per hour. Less common, but of
importance to some studies, are the area covered by a given
event, usually given in acres or hectares or square miles or
square kilometers; the changes in intensity during the event,
and the likelihood of the event occurring, commonly called
the return period or the recurrence interval (RI).

2.3.1 GEOGRAPHICAL AND SEASONAL VARIATIONS

Annual precipitation in the contiguous U.S. averages 30
in. (75 cm), but there is great spatial variation of amounts
and seasonality across the country due to availability of
moisture, temporal variances, and differences of precipi-
tation mechanisms (Figure 2.4 and Figure 2.5). In the
mountains of the extreme Pacific Northwest, mean annual
precipitation of up to 140 in. is a function of eastward-
moving wet and cool air masses, midlatitude cyclones,
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FIGURE 2.4 Major wet and dry air masses influencing the precipitation pattern in the U.S.

and orographic lifting over mountains (Figure 2.4 and
Figure 2.6). These mountains, along with the high pres-
sure further south, block most Pacific moisture from the
continental interior, with the effect noticeable as far east
as the midcontinent. The humid east is supplied with mois-
ture by warm, moist air (Maritime Tropical or MP air
masses) from the Gulf of Mexico and the South Atlantic,
with both midlatitude and tropical cyclones (hurricanes),
along with convection, serving as precipitation mecha-
nisms. Average precipitation amounts range from less than
20 in. along the eastern foothills of the Rocky Mountains
to nearly 80 in. in the southeastern mountains.

The map of mean annual precipitation (Figure 2.6) is
only a rough guide to natural water supply because there is
much temporal variance in the annual regime (Figure 2.6).
The West Coast exhibits a summer minimum of precipi-
tation, with the summer dry season increasing southward,
where it is largely controlled by the large and permanent
subtropical high-pressure cell of the northern Pacific
Ocean. Further north, cool, wet air (Maritime Polar [MP]
or Maritime Tropical [MT]) air masses are brought in by
the Westerlies, especially in winter, and their incursions

increase northward. In great contrast, the northern, conti-
nental part of the country from the Rockies eastward has
a summer maximum of precipitation driven by the mon-
soonal incursion of warm, moist (MT) air masses from
the Gulf and South Atlantic and set off by both the frontal
and convectional mechanisms. Conversely, the winter is
relatively dry, with the region controlled by cold, dry
(Continental Polar, cP) air masses from northern Canada.
The southeast, especially the Gulf and Atlantic Coasts, is
usually controlled by Maritime Tropical air and exhibits
fairly well-distributed rainfall, with the autumn rainfall
often supplemented by hurricanes moving inland.

2.3.2 Historic TIME TRENDS

Climate tends to fluctuate in cycles. Even now, there is
concern about long-term global warming with unknown
regional effects on precipitation. Over the past few hun-
dred years, precipitation has tended to fluctuate in cycles
of roughly 3 to 7, 15 to 20, and 100 or so years. Thus, the
hydrologist must often do time-trend studies to see if there
has been a tendency for precipitation to increase or
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FIGURE 2.5 Monthly precipitation bar chart (inches) and mean temperature solid line (°F) for selected states in the U.S. (From
Teigen, L.D., and F. Singer, Weather in U.S. Agriculture: Monthly Temperature and Precipitation by State and Farm Region,

1950-1990, USDA Statistical Bulletin 834, 1992.)

decrease over some period of interest. This is done to
isolate hydrologic variability over time for a study area.
For example, are increasing floods for some region due to
changes in land use, or are the floods due to increasing
precipitation (along with storm size)?

An actual research example is from the upper mid-
western U.S. (Figure 2.7). In this region, soil erosion
increased rapidly in the early 20th century, but declined
sharply by midcentury. Were these fluctuations of erosion
rates due to changes of land use or to changes of precip-
itation over the same period? Since the area was opened
to European agriculture in the mid-19th century, it was
necessary to analyze the precipitation as far back as pos-
sible. Although a few precipitation stations existed in the
U.S. before 1850 (Trimble and Cooke, 1991), most were
installed after 1850, and there was a general increase up
to about 1950, when the number stabilized. This is
reflected in Figure 2.7A, which shows that the number of
weather stations in the region increased from 2 to 40
during the period 1867 to 1974. The trend of the annual
average of all stations for each year shows that annual
precipitation decreased during the 1920s and 1930s and
then increased (Figure 2.7B).

To show time trends more clearly, a trend line (simply
a regression line; see Exercise 14.1, Chapter 14) can be
fitted. In this example, two trend lines were statistically
calculated to show the initial decrease and the ensuing
increase (Figure 2.7B). Of course, the rainfall character-
istics that drive soil erosion are not annual averages, but
rather the size and intensity of storms (see Section 2.9).
However, there is a positive correlation between annual
precipitation and size of storms (Figure 2.7C). Note that
all large storms of more than 4.5 in. (18 cm) in 24 h were
recorded at stations having an above-average rainfall year.
Thus, big, erosive storms tend to occur in wetter years.

Yet another way of displaying time trends, especially
for water supply questions, is to smooth the time trend by
a 3- or 5-year moving average. For example, the rainfall
values for 1867 to 1869 were averaged and plotted in the
center year of 1868 (Figure 2.7D). With the 3-year mov-
ing average, note that 1 year will be “lost” at either end
of the record or series. Annual precipitation for the period
before rainfall records can sometimes be estimated from
tree ring growth records, a science known as dendrochro-
nology. Rings are thin for dry years and thick for wet
years, and the record can be extended back for centuries
(Egan and Howell, 2001).
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FIGURE 2.6 Mean annual precipitation in inches, 1889 to 1938. (From U.S. Department of Agriculture Soil Conservation Service,
SCS National Engineering Handbook on Hydrology, Washington, DC, 1972.)

2.3.3 STORM AREA PATTERNS

Rainfall amounts, durations, and intensities vary spatially
within the area covered by a given storm. Large-area
storms, such as large frontal systems, tend to be more
uniform in distribution and have longer durations. Such
storms are known by farmers as “general rains,” referring
to their widespread and prolonged nature. Small-area
storms tend to be convectional and to have much higher
rainfall amounts near the center of the storm compared to
the edges and tend to be shorter. Figure 2.8 shows the
relationship among the area covered by the storm, the
duration, and the average amount of precipitation as a
percentage of the maximum precipitation at the center.
Hydrologists generally select a maximum storm for a
point, but based on Figure 2.8 will reduce the size of
storm for larger watersheds. For example, for an area of
50 mi?, the average rainfall depth for a 30-min event is
about 68% of the maximum point rainfall. The average
depth of a 24-h event is about 96% of that at the storm
center.

2.4 MEASUREMENT OF PRECIPITATION

Measurement of rainfall at a particular site, point rainfall,
is sufficient for studies for which spatial distribution is of
no concern. Point observations may be used to define rain
or snowfall for a specific area, such as a watershed, or to
identify the characteristics of storms, irrespective of
defined land areas.

Rain gages must be established in such a way that
their sample is a measure of true precipitation at a point
and is essentially unaffected by the surroundings. The
Environmental Science Service Administration (ESSA;
formerly U.S. Weather Bureau, USWB) checks its sites
for possible wind eddy currents from trees, buildings, or
other objects or from sharp topographic ridges or valleys.
As a rule, no object should be closer to the gage than two
times the height of the object above the receiver’s surface.
If the top of the nearest object is 30 ft above the gage
receiver’s surface, the gage should be located at least 60
ft from the object. As strong wind currents affect the
accuracy of most common gages in the U.S., it might be
desirable to locate gages in sheltered spots, like a clearing
of sufficient size in an orchard or grove of trees.
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Hydrologic studies of precipitation involving areas or
watersheds of many square miles require data from a number
of gages. If there are no gages in the study area, then the
hydrologist may follow the less than satisfactory approach
of using precipitation data from nearby gages. If the hydrol-
ogist is initiating a watershed study, a network of gages can

be established to meet the needs. However, the establishment
of the ideal network is likely to be limited by economics
and accessibility. As the area per gage increases, so does the
standard error associated with each gage reading. To limit
measurement error, smaller watersheds also require a greater
density of gages than larger basins.
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FIGURE 2.8 Relationship among storm area, storm duration, precipitation at the center of a storm, and average precipitation. (From
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TABLE 2.3
Guide for Network Gage Numbers

Size of Watershed Number of Gage Sites

Acres

40 2

100 3

600 4

Square Miles

5 10

10 15

100 50

300 100

Source: From Brakensiek, D.L., H.B. Osborn, and W.J. Rawls, Field
Manual for Research in Agricultural Hydrology, USDA Agriculture
Handbook 224, 1979.

There are numerous recommendations for gage spac-
ings; these depend on the reason for gaging, the topogra-
phy, and the climate. Generally, more rugged areas require
more gages, as do climates that tend to experience a sig-
nificant amount of precipitation from small-area convective
thunderstorms. Flatter areas receiving the majority of sig-
nificant rainfall from frontal storms generally tolerate
wider gage spacing. Brakensiek et al. (1979) developed a
guide for planning precipitation gage networks for water-
shed studies (Table 2.3). The distribution of gages over
the study area should be fairly uniform, with each gage
representing about the same area as any other. However,
local conditions, such as accessibility, may make it
impractical to distribute the gages evenly. If Table 2.3 is
used to determine the number of gages needed for a 300-
acre watershed, it can be seen that 3 are required for a

100-acre area and 4 are required for a 600-acre area.
Therefore, at least 3 gages are needed for a 300-acre
watershed.

Often, hydrologists will be working with larger basins
than those shown in Table 2.3, and the gage net will be
preexisting. Hence, it will be important to have an idea of
the statistical probability of error, especially for hydro-
logic modeling. Developed for southern Ohio, Figure 2.9
shows the relationship among rain gage spacing, basin
area, and percentage standard error.

ExampLE 2.1

You are working with a watershed of 1050 mi? with 7 rain
gages. According to the gages, the area-weighted average
rainfall for a large 24-h storm is 4.0 in. How much is the
standard error, and what does that mean?

Solution

Divide 1050 mi? by 7 gages to obtain 150 mi*/gage. Enter
the graph (Figure 2.9) from the abscissa and go almost
to the 1000-mi? diagonal line. Move left to the ordinate
and obtain the reading of 14+% (call it 15%) standard
error.

Answer

The standard error is 4.0 in. times 0.15, which equals 0.6
in. standard error. Thus, using standard bell-curve statis-
tical characteristics, there is a 68% probability that the
actual value lies between 3.4 and 4.6 in., 95% probability
that the actual value lies between 2.8 and 5.2 in., 2.5%
probability that the actual value is above 5.2 in., and a
2.5% probability that the actual value lies below 2.8 in.
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FIGURE 2.9 Relationship among rain gage spacing, basin area, and percentage standard error of rain gages.

Because this gage density, or a lower density, is not
uncommon in the U.S., this gives an idea of how impre-
cise, and even inaccurate, reported precipitation depths
from a storm can be. This uncertainty can be a significant
problem in hydrologic modeling, for which the output can
be no more accurate than the input. Fortunately, Doppler
radar is becoming available; it can measure precipitation
intensities in real time, and these measures can be inte-
grated to give the spatial distribution of precipitation for
a basin.

2.4.1 MEASUREMENT OF SNOWFALL

The measurement of snow on the ground, termed snow-
pack, is important in hydrology for determining water
supply and flood runoff potential. In some mountainous
regions, snow may be 80 to 90% of the annual precipita-
tion. Foresters are frequently involved in snowpack mea-
surements because, in the U.S., much of the high-elevation
snow country is forested, and about 75% of the West’s
water supply comes from forest land.

Hydrologists are concerned with snowpack depth and
its water equivalent (water depth after melting). Freshly
fallen snow has a water equivalent ranging from 5 to 20%
or 0.5 to 2.0 in. of water per 10 in. of snow, averaging
10%. Old snow may reach a density of 60%.

Inventories of snowpack depth and density are made
at periodic intervals throughout the snow season to esti-
mate total water supply in the watershed snowpack. Sev-
eral snow courses (sampling lines), usually about 50 ft
long, are laid out over a watershed to represent the
expected snowpacks. Depth of snow is measured, and a
known amount of snow in a sampling tube is weighed to
determine its water equivalent.

ExAMPLE 2.2
The snow depth at one site was recorded as 5.0 ft, and its
measured density was 20%. What is the equivalent depth

of water?

Solution

The equivalent depth of water would be Depth = 5 ft X
12 in./ft X 20% = 12 in.

Answer

The equivalent depth of water is 12 in.

Snow pillows of white neoprene placed on the ground
before the snow season are useful in snowpack inventories.
Pillows may vary from 6 to 12 ft in diameter and be 2 to
4 in. deep. The pillows are filled with antifreeze solution
(alcohol-water mix) and contain electrical sensors that
allow the remote monitoring of the pressure on the pillows
because of the snowpack. The pressure is proportional to
the water equivalent of the snowpack on top of the pillow.
Snowpack depth and water equivalent data may be com-
piled into estimates of total watershed water storage. The
expected snowmelt seasonal water supply can be esti-
mated from these data.

2.4.2 RAIN GAGES

The purpose of rain gages is to measure the depth of rain
falling on a horizontal surface. They may also be used,
with some difficulty, to measure snowfall. There are sev-
eral common types of nonrecording and recording rain
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FIGURE 2.10 Weather station at the Priest River Experimental Forest in northern Idaho. The instrumentation from left to right is
as follows: tipping bucket rain gage; sunshine recorder; solar radiation pyranometer; standard 8-in. rain gage; screened box containing
thermometers for maximum, minimum, and wet-bulb temperatures; and strip-charge recording rain gage. The striped post with a
diamond-shape sign in the background is one of the points on the snow survey course around this site. (Photography by W. Elliot.)
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FIGURE 2.11 Types of rain gages: (A) test tube on post; (B) standard; (C) weighing gage with strip recorder; (D) 8-in. pipe with
pressure sensor; and (E) tipping bucket recording rain gage with electronic data logger.

gages (Figure 2.10 to Figure 2.12). Standard nonrecord-
ing rain gages are low cost and usually maintenance free.
The simplest are tapered plastic and test-tube-type rain
gages. These may be attached to fence posts or set verti-
cally in the ground. They are fairly reliable, and their data
(to 0.1-in. accuracy) are of some value to hydrologists in
areas where no full-size standard gages are located. Many
of these tube gages are made of glass and should not be
used in freezing weather because water that freezes in the
gage may break the glass.

The most common rain gage used in the U.S. is the
standard, 8-in. diameter, sharp-edged horizontal catchment
receiver placed about 36 in. above the ground. In areas
where deep snow is expected, the receiver surface is raised
so that it will always be exposed. During seasons of no
snow, a funnel inside the receiver passes rainwater into a
small measuring tube or storage bucket. The small hole
in the funnel outlet reduces evaporation of rainwater from
the tube or bucket. The funnel is removed in the snowy
season. These gages are not good for measuring snowfall
because wind tends to blow the snow across the receiver,
allowing only part of the snow to fall into it. Wind shields

are advisable where measurements of snowfall are impor-
tant (Figure 2.12).

In standard rain gages, rainfall amounts are obtained
by measuring the depth of water in the collecting tube
with a scale provided with the gage or with a ruler grad-
uated in inches and dividing the number by 10 (since the
area of the tube is 1/10th the area of the gage catch sur-
face). Readings are accurate to 0.01 in. Some rain gages
may use a graduated cylinder calibrated to measure the
rainfall amount directly. Others measure the volume in the
gage, which is then converted to a depth by dividing by
the collecting area of the gage. Observations are usually
made at the beginning of the workday and at the same
time on weekends and holidays.

Recording rain gages may be of several types. Tradi-
tionally, weighing recording gages were preferred in
small-area research, and many are still in use today
(Figure 2.10 and Figure 2.11). This gage has a spring
scale beneath the collecting bucket platform that is cali-
brated to show the rainfall depth on a paper chart. The
chart is rotated by a spring-driven clock at speeds of 1
revolution in 6, 9, 12, 24, or 192 h. The record on the
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FIGURE 2.12 Weather station at the Manitou Experimental Forest near Denver, CO. The instrumentation from left to right is as
follows: screened box with thermometers; strip-chart recording rain gage; tower with tipping bucket rain gage; electronic temperature
sensor solar panel to recharge system batteries; antenna to relay recordings to central site via satellite; d box with data logger
instrumentation; and 8-in. standard rain gage with windshields. In the background is Pike’s Peak. (Photography by W. Elliot.)

charge shows the accumulation of rainfall depth over time.
A variation on the weighing bucket is the use of a single,
large-diameter pipe, about 5 ft high, with an electronic
pressure sensor in the base that regularly records the pres-
sure with an electronic data logger. The record of changes
in pressure with time allows the hydrologist to determine
the cumulative rainfall depth over extended periods. Care-
ful interpretation of the results is necessary to account for
the evaporation of water from the pipe that will occur
between storms. A concentrated antifreeze solution can be
added to these gages during the winter so any snow that
falls in the gage will melt, allowing direct reading of water
equivalent.

The tipping bucket gage connected to a data logger is
the most common type of recording rain gage presently
installed. Two small calibrated buckets of equal size and
weight are balanced on opposite sides of a fulcrum. Rain
falls through a collector funnel into one bucket, causing
it to tip and empty. The rainwater is then delivered to the
other bucket until it is full, tips back, and empties, and so
on. At each tip, a signal is sent to an electronic data logger.
The data logger calculates the amount of rainfall that
occurs for the time increment desired and provides the
user with the resulting rainfall distribution.

2.5 STORM TIME TRENDS

Some recording rain gages provide information to deter-
mine rainfall intensity distribution within a storm and a
storm duration. For some hydrologic projects, hourly rainfall

Intensity (mm/hr)

z

Time at End of Interval (min)
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(B) Time at End of Interval (min)

FIGURE 2.13 Hyetographs of the storm presented in Table 2.4
showing (A) 5-min and (B) 20-min breakpoint data.

data are sufficient. For others, 30-min or even 5-min rain-
fall amounts may be desired. Rainfall rates may be plotted
with time to produce a histogram of rainfall. Figure 2.13
shows histograms for 5-min and 20-min increments from
the data given in Table 2.4.
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ExAmPpLE 2.3

For the rainfall amounts shown in Table 2.4, calculate (a)
the total rainfall amount; (b) the duration; (c) peak inten-
sities for 5 min, 10 min, 20 min, and 30 min; and (d) the
average intensity.

Solution

(a) The total rainfall amount is the sum of the individual
amounts in Table 2.4.

Amount = 1.5 + 5.6 + 13.0 + 5.8 + 5.1
+9.7+4.8 + 1.3 =46.8 mm

46.8 mm + 25.4 mm/in. = 1.84 in.

(b) The duration is the length of time from the beginning
of the storm until the end of the storm. In Table 2.4, the
time is given in minutes from the beginning of the storm,
which gives a total duration of 40 min.

(c) The 5-min peak intensity occurs between 10 and 15
min, when 13 mm of precipitation is measured:

60 min/hr

Intensity = (13 mm)( -
min

)z 156 mm/hr

156 mm/hr

——— =6.14 inches/hr
25.4 mm/hr

The 10-min intensity can be found by comparing each 10-
min period to find the period that receives the most rain-
fall. The period is between 10 and 20 min, with a total
rainfall of 13.0 + 5.8 mm = 18.8 mm. The intensity is

( 18.8 mm j(60min/hr

- ) =4.44 inches/hr
25.4 mm/inch

10 min

By the same procedure, the maximum 20-min and 30-min
rainfall intensities are determined. The maximum 20-min
rainfall is between 10 and 30 min = 13.0 + 5.8 + 5.1 +
9.7 = 33.6 mm; the maximum 30-min rainfall is between
Sand35min=5.6+13.0+5.8 +5.1+9.7+4.8 =44.0 mm.

(d) The average intensity is the total rainfall amount
divided by the storm duration:

Average Intensity = (1.84 inch)(M)

40 min
=2.76 inches/hr

Environmental Hydrology

TABLE 2.4
Distribution of Rainfall during a Storm on the
University of Georgia Whitehall Forest in June 1990

Time (min)
5 10 15 20 25 30 35 40

Depth (mm) 1.5 56 130 58 51 97 48 13

Source: Brown, R.E., Runoff and Sediment Production from Forested
Hillslope Segments in the Georgia Piedmont, master’s thesis, University
of Georgia, Athens, 1993.

Answer

The total rainfall is 1.84 in. in 40 min. The peak intensities
for 5, 10, 20, and 30 min are 6.14 in./h, 4.44 in./h, 3.96
in./h, and 3.46 in/h. The average intensity is 2.76 in./h.

2.5.1 TIME SEQUENCE PATTERNS

The time distribution of rainfall rates in a storm may
appear random. On closer examination, thunderstorms
often begin with relatively high intensities, followed by
periods of decreasing intensity. Winter rainfalls often have
relatively low intensity, with little variation in intensity
throughout the storm. Other storms may have the maxi-
mum intensity at an intermediate time or a delayed time.
The delayed-intensity distribution is more common on the
West and Southeast Coasts of the U.S. Figure 2.14 shows
four typical histograms of rainfall patterns. The distribu-
tion of runoff rates from a given storm can be influenced
by the rainfall pattern, with delayed patterns tending to
result in greater runoff rates.

-
'

Intensity

N

Advanced Intermediate

Timg ————»

Uniform Delayed

Relative Rainfall

FIGURE 2.14 Histograms of typical storm patterns. (From
Schwab, G.O., D.D. Fangmeier, W.J. Elliot, and R.K. Frevert,
Soil and Water Conservation Engineering, 4th ed., John Wiley
& Sons, New York, 1993.)
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FIGURE 2.15 Use of Thiessen method to find average rainfall: (A) distribution of rain gages in a watershed located on a map;
(B) connection lines drawn between rain gage positions; (C) lines perpendicular to connection lines drawn until they intersect to

form polygons; and (D) areas measured for each polygon.

2.6 AVERAGE PRECIPITATION OVER
AN AREA

Hydrologists frequently need to determine with multiple
rain gages the rainfall distribution over an area. The dis-
tribution may be for specific storms, days, months, or even
years. It may be necessary to determine an average depth
or a spatial distribution of depths. There are three methods
commonly used to determine the average rainfall amount
from a series of rain gages. If the rain gages are evenly
distributed, a simple arithmetic average will be adequate.
If the gages are not evenly distributed, the most common
method of determining an average depth is the Thiessen
method.

The use of the Thiessen method is illustrated in
Figure 2.15. In Figure 2.15A, the locations of each rain
gage in and immediately adjacent to the area of interest
are located on a map. The rainfall depth at each gage is
noted. The straight dashed lines of Figure 2.15B are
drawn between each adjacent gage site; in Figure 2.15C,
solid perpendicular bisectors to these lines are constructed
so that the area around each gage is enclosed by the
bisectors or the area boundary. The enclosed areas around
each gage are known as Thiessen polygons. The entire
area within each polygon is closer to the rain gage in that
polygon than to any other rain gage. The rainfall depth

measured by the gage within each polygon is assumed to
be representative of the rainfall for that polygon. As shown
in Figure 2.15D, the areas of each polygon are calculated
by geometry, with a planimeter, with graph paper, or with
a computer-aided drawing package. The average rainfall
for the entire area is then assumed to be a weighted aver-
age of the observed rainfalls, calculated by Equation 2.1:

2.1)

where P represents the average depth of rainfall in the

watershed with a total area of ZA" , and A, is the area
i=1
of the ith polygon with precipitation of P, in that polygon.

ExaAmPLE 2.4

Use the Thiessen method and an arithmetic average to
determine the average rainfall for the watershed shown in
Figure 2.15 for the depths and areas shown.
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TABLE 2.5
World’s Greatest Point Rainfall Depths and Corresponding Average Intensities
Duration (in.) (mm) Location Date
1 min 1.5 38  Barot, Guadeloupe November 26, 1970
15 min 7.8 198  Plumb Point, Jamaica May 12, 1916
20 min 8.1 206  Curtea-de-Arges, Roumania July 7, 1889
30 min 11.0 280  Sikeshugou, Hebei, China July 3, 1974
60 min 15.8 401 Shangdi, Inner Mongolia, China July 3, 1975
2h 19.3 489  Yujiawanzi, Inner Mongolia, China July 19, 1975
3h 23.6 600  Duan Jiazhuang, Hebei, China June 28, 1973
6 h 33.1 840  Muduocaidang, Inner Mongolia, China ~ August 1, 1977
10 h 55.1 1,400  Muduocaidang, Inner Mongolia, China  August 1, 1977
24 h 71.8 1,825  Foc Foc, Reunion January 7-8, 1966
2 days 97.2 2,467  Aurere, Reunion April 8-10, 1958
3 days 127.6 3,240  Grand Ilet, Reunion January 24-27, 1980
4 days 146.5 3,721  Cherrapunji, India September 12-15, 1974
7 days 183.2 4,653  Commerson, Reunion January 21-27, 1980
14 days 239.5 6,082  Commerson, Reunion January 15-28, 1980
31 days 366.1 9,300  Cherrapunji, India July 1-31, 1861
12 months 1,041.8 26,461  Cherrapunji, India August 1860-July 1861
2 years 1,605.1 40,768  Cherrapunji, India 1860-1861
Source: Summarized from the NOAA Web site based on World Meteorological Organization, Manual
for Estimation of Probable Maximum Precipitation, 2nd ed., Operational Hydrology Report 1, WMO
Number 332, Geneva, Switzerland, 1986; Updated by the National Weather Service, Office of Hydrology,
Hydrometeorological Branch, 1992.

Solution This method may have some benefit in mountainous

By the Thiessen method, the areas represented by the
various rain gages are determined and used in Equation
2.1 as follows:

65x1.81+150x2.15+269%x2.26
+216%2.18+56x1.62+136x%1.8
65+150+269+216+56+136

= 2.08 inches

The arithmetic average is the mean of the observations:

p= 1.81+2.15+2.266+2.18+1.62+1.8 — 1.97 inches

Answer

The arithmetic average rainfall is 1.97 in. The average
rainfall determined with the Thiessen method is 2.08 in.

Another method of determining average rainfall is the
isohyetal method. With this method, lines of equal rainfall
(isohyets) are drawn similar to contour lines on the water-
shed map (see Figure 2.6 and Appendix C). From the
resulting map (Figure 2.6), a weighted average based on
the area within each of the contour lines can be calculated.

regions where rainfall variation with elevation is fairly
consistent, making isohyets a better representation of the
rainfall distribution than Thiessen polygons.

The rain gage distribution in Example 2.4 is fairly
uniform with relatively small areas for each rain gage. The
average rainfall calculated should be relatively reliable.
For watersheds where there are no rain gages within their
boundaries, averages by any method is less reliable. Gen-
erally, hydrologists have preferred the Thiessen method,
but computer mapping and measurement make the isohy-
etal method easier to use, assuming adequate rain gages
are present.

2.6.1 RAINFALL DISTRIBUTIONS FOR SHORT
TiME PeriODS

Storms with longer durations tend to have a greater total
amount of precipitation because there is more time for atmo-
spheric water to be advected to the storm. Shorter duration
storms, however, tend to have greater intensities, assuming
the local air is high in water vapor. The maximum amounts
of rainfall for periods of 1 min to 1 year recorded over the
world prior to 1992 are listed in Table 2.5.

Most hydrologic studies with smaller watersheds
require rainfall amount—frequency (termed frequency—
magnitude) data for time periods or durations shorter than
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a year. Rainfall amounts for these shorter periods can be
found by analyzing weather records in a manner similar
to that demonstrated above, but it is usually much easier
and more accurate to use the extensive published data. In
the next sections, we begin our look at these data with the
simplest and most available and then move toward the
more complex.

2.7 RAINFALL FREQUENCY
DISTRIBUTIONS

Hydrologists need to estimate the probability that a given
rainfall event will occur to assist planners in determining
the likelihood of the success or failure of a given project.
The main parameters needed to describe rainfall frequency
distributions are the duration, intensity, and return period.
The return period is the average period of time in years
expected either between high-intensity storms or between
very dry periods. Generally, plans for agricultural drainage
ditches and grassed waterways consider an event with a
return period of 5 to 10 years sufficient. Larger, less-
frequent events will overtop the banks and might result in
damage to the crop, but this risk is offset by having smaller
waterways that occupy less land or ditches that cost less
to construct. However, hydrologic plans for urban areas
are more commonly concerned with adverse impacts of
flooding on buildings and the potential for injuries or loss
of life associated with the flooding. Therefore, extreme
events associated with a 100-year return period, or prob-
able maximum precipitation (PMP), might be used in
developing land use management strategies and designs.
Culverts under roads are usually sized based on the risk
of flooding of the road, the type of road, and the antici-
pated volume of traffic on the road.

For projects concerned with storm runoff from small-
to medium-size watersheds (under 1 to 100 mi?), plans
generally require a storm event with a duration varying
from 5 min to 24 h. Larger watersheds (over 100 mi?) may
require storm durations or cumulative rainfall amounts for
time periods of up to 1 month. For river basin projects
with large-scale irrigation, drainage, river flooding, or
river drought flows, rainfall amounts from time periods of
1 month to 1 year may be needed.

If long-term records are available, such as 100 or more
years, it may be sufficient to determine the highest or
lowest rainfall from that record. Because data from record-
ing rain gages have not generally been available for more
than 60 years, it is frequently necessary to estimate a 50-
or 100-year event from 30 or fewer years of rainfall
records. There are numerous methods for estimating the
return period for a given rainfall duration. The Hazen
method, discussed here, is commonly used by the U.S.
Department of Agriculture (USDA) Natural Resources
Conservation Service (NRCS) and is similar to other
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TABLE 2.6
Annual Precipitation for
Los Angeles, CA, 1934-1953
Depth Depth

Year (in.) Year (in.)
1934 14.6 1944 19.2
1935 21.7 1945 11.6
1936 12.1 1946 11.6
1937 22.4 1947 12.7
1938 23.4 1948 7.2
1939 13.1 1949 8.0
1940 19.2 1950 10.6
1941 32.8 1951 8.2
1942 112 1952 26.2
1943 182 1953 9.5

TABLE 2.7

Numerical Ranking of Annual Precipitation,
Probabilities or Occurrence, and Return Periods for
Los Angeles, CA, 1934-1953

Precipitation ~ Probability F,  Return Period

Rank (in.) (%) (years)
1 32.8 2.5 40.0
2 26.2 7.5 133
3 234 12.5 8.0
4 22.4 17.5 5.7
5 21.7 22.5 4.4
6 19.2 27.5 3.6
7 19.2 32.5 3.1
8 18.2 37.5 2.7
9 14.6 425 2.4

10 13.1 47.5 2.1

methods. The method consists of determining the statisti-
cal distribution of rainfall amounts for the duration of
interest, plotting that distribution on probability paper, and
interpolating or extrapolating from the graph to determine
the storm associated with the return period of interest. The
relationship developed is called an infensity—duration—

frequency (IDF) curve.
The first step in the Hazen method is to assemble

rainfall records for as many years as possible for the
duration of interest. An example set of data for annual
rainfall records is for Los Angeles, 1934 to 1953
(Table 2.6). Analyses of annual data are useful for plan-

ning water supply and waste disposal projects.
The annual values are first listed in order from the

highest to the lowest, as shown in Table 2.7. A ranking
number is then given each rainfall amount, with 1 for the



46

Environmental Hydrology
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FIGURE 2.16 Annual frequency—magnitude of precipitation for Los Angeles, CA, 1934-1953. Log-normal plot of data is shown in
Table 2.7 for Example 2.5, plotting annual rainfall vs. probability of occurrence F,. Note the relationship between return period and
probability. A 5-year event may be expected to occur or be exceeded on average every 5 years, or better expressed, 20 times per
century. Hence, there is a 20% probability for it to occur or be exceeded in any 1 year. Note: Return period = 100/probability.

highest, 2 for the second highest, and so on. From the
ranking, a plotting position is determined from

F= 100(2n—-1) 100
“ 2y Return Period, T

2.2)

where F, is the plotting position or probability of occur-
rence (%) for each event, y is the total number of events,
and n is the rank of each event. The precipitation amounts
are plotted against the probability of recurrence on prob-
ability paper (Figure 2.16). A straight line is drawn
through the plotted points. The line can be extended to
estimate larger return periods. The size of event for a given
return period can be estimated from the graph.

ExAmPLE 2.5

For the annual rainfall given in Table 2.7, calculate the
2-year and 100-year annual rainfall amounts.

Solution

Rank the values as in Table 2.7. For each ranking, calcu-
late the probability of occurrence F, using Equation 2.2.
The first value for F, would be

_ 100((2x1)-1)

=125
‘ 2x20

The return period is found from the second part of Equa-
tion 2.2:

100 = 40 years
25

100

Return Period =

The values for F, and return period are found for each of
the other years by the same process. The precipitation is
then plotted against F, on log-normal probability paper,
as shown in Figure 2.16.

Figure 2.16 shows that the 2-year amount would be about
15 in. Extending the prediction line in Figure 2.16 until
it intersects the 100-year return period shows that the
wettest year in 100 years would experience about 38 in.
of rainfall, or in a given year, based on these data there
is a 1% chance that there will be more than 38 in. of
rainfall.

Answer

The annual rainfall for a 2-year return period is 15 in. The
annual rainfall for a 100-year return period is 38 in.

In Example 2.5, the probabilities of the occurrence of
larger events were predicted. The extreme wet-year prob-
abilities are useful in planning reservoir spillway capaci-
ties and river flood-routing projects. On the lower end of
the probability scale, the probabilities of dry years are
used to assist in planning volumes of storage reservoirs
or the capacity of irrigation systems that may be needed
to meet demands during dry years. Low river flow esti-
mates are also needed to assist in determining the quality
of sewage discharge that a river can accept without
adversely affecting the river ecosystem.
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An alternative plotting method that has seen wide-
spread application is the Weibull method (Chen, 2000):

T=y+1

(2.3)
n

The Weibull and Hazen methods will give similar IDF
curves if the period or record for a particular application
is long (at least 20 years). Commonly used spreadsheet
programs often do not provide a simple option to use a
probability scale. For many applications, useful results can
be obtained by plotting the IDF on a log-log or semilog
scale and then fitting a trend line (based on a least-squares
analysis) through the data. Care should be taken to ensure
that there is a good fit (2 > 0.9) to the data with the range
that the IDF will be used.

Sometimes, hydrologists need to estimate the proba-
bility that a given return period storm will occur at least
once within a given number of years, such as, estimation
of the probability that a 100-year storm will occur at least
once during the next 10 years. The relationship to deter-
mine that probability is

1 n

P(T,n) = 1-|1-— 24
(ra) = 1-[1-1] 04
where P(T,n) is the probability that a 7-year return period

storm will occur at least once during n years (Barfield et
al., 1981).

ExampLE 2.6
What is the probability that a 50-year storm will occur
during the first 5 years following the construction of a
drainage ditch?

Solution

Apply Equation 2.4 with T'= 50 years and n = 5 years:

5
P(50,5) = 1—[1—%} = 0.096 (9.6%)

Answer

The probability that a 50-year storm will occur during the
first 5 years is 9.6%.

Example 2.6 is an example of calculated risk. We
encounter this concept again in flooding, flood design, and
reservoir design (Chapters 7 and 8), but will use a graph-
ical solution.
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FIGURE 2.17 Rainfall rate—duration—frequency distribution for
St. Louis, MO. (From Hershfield, D.N., Rainfall Frequency Atlas
of the United States, U.S. Weather Bureau Technical Paper 40,
1961, and Weiss, L.L., Monthly Weather Rev., 90:87-88, 1962.)

2.7.1 St1. Louis FREQUENCY RELATIONSHIP
TrRANSFERRED TO THE ConTIiGUOUS U.S.

Figure 2.17 shows the relationship between storm dura-
tion, return period, and rainfall intensity for St. Louis,
MO. Rainfall amounts can then be found by multiplying
the duration and intensity. The value obtained from
Figure 2.17 for St. Louis is then multiplied by a factor
from Figure 2.18 to estimate a storm of the same duration
and return period for a different locality in the continental
U.S. For example, Chicago, IL, would have a storm inten-
sity approximately 0.75 the size of that predicted for St.
Louis, MO, for the same duration and return period.

ExAmPLE 2.7

Estimate the amount of rainfall expected once in 25 years
for a watershed near Chicago, IL, for a storm with a
duration of 30 min.

Solution

From Figure 2.17, determine that the 25-year, 30-min
duration storm in St. Louis has an intensity of 4.1 in./h
or a total rainfall of

30 min

P= (41 inCheS/hr)(M
min/nr

j =2.05 inches
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FIGURE 2.18 Factor to adjust rainfall amount determined for St. Louis, MO. (from Figure 2.17) for other sites in the U.S. (From
Hamilton, C.L., and H.G. Jepson, Stock—Water Developments; Wells, Springs, and Ponds, USDA Farmers Bulletin 1859, 1940.)

For Chicago, Figure 2.18 shows that both the rainfall
intensity and the amount will be 0.75 of that for St. Louis;
i=4.1in/hx0.75=3.11in./h, and P = 2.05 in. X 0.75 =
1.54 in.

Answer

The 25-year, 30-min rainfall is 1.54 in.

2.7.2 REeGIONAL FREQUENCY—MAGNITUDE
RELATIONSHIPS: SEATTLE, SANTA FE, CHICAGO,
AND NEW ORLEANS

Four graphs similar to Figure 2.17 for Seattle, WA; Chi-
cago, IL; Santa Fe, NM; and New Orleans, LA
(Figure 2.19) demonstrate the highly disparate fre-
quency—magnitude conditions that exist in different cli-
matic regions of the country. Note that these are the cli-
matic conditions imposed by nature on the regional
landscapes, and these are the conditions with which
hydrologists and planners must contend. While it is impor-
tant to be able to read such graphs, it is more useful if
there is at least some understanding of the climatology
involved (see the section on regional climatology and
Koeppen climatic classification).

First, consider the spatial disparities in the short-dura-
tion rainfall. For the 100-year return period curve, find the
60-min (1-h) rates. For Seattle, it is only 0.8 in./h, a value
that reflects the cooler, more stable air found there (Koep-
pen Cfb), which is incapable of delivering copious short-
term rain. Santa Fe (Koeppen BSk) is normally controlled

by dry, warm-to-hot, Continental Tropical air masses that
have their source in the Southwest. Warm, moist air must
travel long distances from the Pacific or the Gulf and,
while often unstable, cannot supply copious rain for peri-
ods of even an hour. The graph (Figure 2.19) indicates
about 1.5 in. for the 100-year, 60-min event at Santa Fe.
This is about twice as high as for Seattle, but still not high.

Moving to the east, Chicago (Koeppen Dfa) and New
Orleans (Koeppen Cfa) are both supplied with warm,
moist Maritime Tropical air from the Gulf; the difference
is that New Orleans is on the Gulf, while Chicago is almost
800 miles inland. Thus, the 100-year, 60-min rainfall for
New Orleans is truly impressive, 4.5 in./h. Despite the
distance, the masses of Gulf air reaching Chicago are still
large, warm, wet, and unstable enough to give a 60-min
rate of 3.0 in./hr, understandably less than New Orleans,
but still twice as high as Santa Fe and almost four times
greater than Seattle. The implications are obvious for the
planner/hydrologist, who must in some way shunt the
runoff from these storms without flooding and also avoid
environmental damage such as soil erosion from new
urban developments.

A look now at the 24-h precipitation will show perhaps
unexpected disparities between short- and long-duration
events that will not show up in simpler techniques, like
the transfer from St. Louis to U.S. shown in Figure 2.17
and Figure 2.18. Looking at the 100-year, 24-h storm for
Seattle, we see a rate of about 0.15 in./h or about 3.6 in.
total in 24 h. While the low moisture-holding capacity of
the cool air there cannot produce high intensities, the
humid westerly winds coming directly off the ocean can
provide continuous lower rates that, given enough time,
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FIGURE 2.19 Frequency-magnitude graphs for Seattle, WA; Santa Fe, NM; Chicago, IL; and New Orleans, LA. (From Hershfield,
1961.)
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can provide a lot of rain. Seattle is the turtle of the turtle—
hare precipitation race. In Santa Fe, there is simply not
enough atmospheric moisture, either locally or regionally,
to deliver large, longer duration events. There, the 100-
year, 24-h rate is about 0.13 in./h or a 24-h total of about
3.1 1in.. So, while semiarid Santa Fe can deliver 1-h storms
almost twice as large as Seattle, the 24-h storm is only
about 85% of the value for Seattle.

Returning to the humid east, New Orleans, on the
Gulf, often has an unlimited supply of warm, moist, unsta-
ble air. Hence, the 100-year, 24-h rate is over 0.6 in./h, or
close to 15 in. in 24-h, about five times that of Santa Fe.
Chicago, 800 miles inland, cannot obtain the unlimited
supply of warm, moist, unstable air often available to New
Orleans, so its 100-year, 24-h rate is about 0.22 in./h or
about 5.3 in., only about half that of New Orleans. Chicago
and the continental interior of the U.S. are the rainfall hare.
That is, they have high short-duration rates, but relatively
lower long-duration rates. The turtle, Seattle, will catch up
with Chicago and pass it after about 10 days of rain. The
long- and short-term rates have important implications for
regional hydrology. High-intensity rates for even short
periods can cause severe soil erosion and flooding in
small-stream basins. Low intensities over long periods,
such as found in Seattle or Western Europe (Koeppen
Cfb), rarely cause severe soil erosion or flooding in small
basins, but they can cause severe flooding in larger rivers,
as demonstrated in the huge Central European floods of
2000.

Frequency—magnitude graphs like those of Figure 2.19
are desirable for use at any permanent location of the
hydrologist/planner, but there is a treasury of easily
obtained and accessible series of precipitation maps from
which the professional can quickly and easily find detailed
frequency—magnitude relationships for any location in the
contiguous U.S. for frequencies of 1 year to 100 years and
durations from 30 min to 10 days (Hershfield, 1961; J.F.
Miller, 1964; see Exercise 14.1, Chapter 14 for some
examples). Internet access to data is available at many
sites, such as that of the Western Regional Climate Center
(www.wrcc.dri.edu/pcpnfreq.html). More modern compi-
lations and analyses have given more detail and changed
some values. The professional will need to keep easy
access to these data, whether in hard copy or by Web
because they are indispensable.

2.8 PROBABILITY OF AN EVENT
OCCURRING

2.8.1 SEASONALITY OF STORM PROBABILITY

Probability is normally stated for a year with the implicit
assumption that the event has an equal chance of occurring
at any time of the year. But, discussion in Section 2.5
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showed how the seasonal presence of air masses controls
the occurrence of storms. Thus, it would helpful to know
the time of year a storm of any magnitude might be likely
to occur. Hershfield (1961) again masterfully worked this
out for different duration storms for various climatic
regions of the U.S. Such a seasonality graph for a 1-h
event in the Great Lakes region is shown in Figure 2.20.

2.8.2 ProBABLE MAXIMUM PRECIPITATION

In some situations, the cost of failure of a structure, such
as a large dam, is so great that planners desire to ensure
that the structure can store or pass the runoff from the
PMP likely to occur. PMP amounts are determined from
long-term records using principles described in Section
2.7, as well as considering the extreme fundamental mete-
orological events likely to lead to such an event. Values
from Figure 2.21 are generally adjusted based on the size
of a watershed and other site-specific conditions.
Figure 2.21 is an example of a map that is available to
assist in determining the PMP for a given duration and
area of coverage. Specialized references (e.g., Viessman
et al. 1977) should be consulted for more detailed discus-
sion of this topic.

2.9 RAINFALL EROSIVITY

The ability of rainfall to detach and transport soil particles
is the rainfall erosivity (EI). Soil erosion researchers have
found that the erosivity of a given storm can be estimated
from the product of the maximum 30-min intensity and
the amount of kinetic energy delivered by the storm. The
total storm energy is found by calculating the amount of
energy within each time increment and multiplying that
energy by the rainfall that fell during that time increment.
Figure 2.22 gives the relationship between rainfall energy
and the rainfall intensity. The total energy is the sum of
each of the time increments. This total is multiplied by
the maximum 30-min intensity and, to keep the numbers
smaller, the product is divided by 100.

ExamMPLE 2.8

Calculate the EI value of the storm summarized in
Table 2.8.

Solution

Table 2.8 is set up to determine the energy for each of
the time increments. The table was shortened for this
example by considering two 20-min increments instead
of each 5-min increment separately. Generally, the storm
should be divided into increments with approximately
similar intensities.
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FIGURE 2.20 Seasonal probability of intense rainfall of 1-h duration, Great Lakes region. (From Hershfield, D.N., Rainfall Frequency
Atlas of the United States, U.S. Weather Bureau Technical Paper 40, 1961.) The total probability for the year is shown on the right
ordinate. In the graph matrix, the probability is allocated or distributed by month. Note that adding the monthly probabilities will
give the total probability. The graph is best understood by first ignoring the curved lines. After the graph is understood, it is seen
that the curves are merely isolines of probability. Similar graphs for longer durations have a greater annual distribution.

The total energy is multiplied by the maximum 30-min PROBLEMS
intensity of 3.46 in./h, and the result is divided by 100:
2.1. The following cities are located on a similar

EI = 1948 x 3.46/100 = 67.4 100-ft-tons/acre latitude: Akita, Argan, Baku, Beijing, Columbus,
Denver, Hungnam, Istanbul, Lincoln, Madrid,

Answer Naples, New York, Rome, Sacramento, and Salt
Lake City. Select four cities from the list that are

The EI value is 67.4 100-ft-tons/acre. in different countries, then find their latitude,

mean annual temperature, and mean annual pre-
cipitation. What climatic zone and biome type
is associated with each of the four cities? Note:
Refer to A.H. Strahler and Strahler, 2002; Mac-

At each location throughout the U.S., such values are
added to give an annual cumulative value. The annual
long-term average (termed R) is indicative of the role of

precipitation alone in predicting soil erosion (Chapter 8). Donald, 2002; or an Internet search might be
These values indicate, for example, that areas along the helpful.

Gulf Coast would have about three times as much soil 2.2. Select from the list in Problem 2.1 four cities
erosion as Iowa in an average year, everything else being that are located in the U.S., then find their lati-
equal. Such is the erosive power of rainfall, and areas that tude, mean annual temperature, and mean annual
have high R values must have more care taken in agricul- precipitation. What climatic zone and biome

ture and urban development. type are associated with each of the four cities?
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FIGURE 2.22 Kinetic energy vs. rainfall intensity, E = 916 +
331 logl0 (intensity); if i > 3, E = 1074 ft-ton/acre-in. (Based
on Wischmeier, W.H., and D.D. Smith, Predicting Rainfall Ero-
sion Losses — A Guide to Conservation Planning, USDA Hand-
book 537, USDA-Science and Education Administration,
Washington, DC, 1978.)

2.3. What agricultural crops are grown in rural areas

near the four cities you considered in Problem 2.1
or 2.2? Are the crops irrigated, and if so, why?

2.4. In the late 1800s, you decided to leave New

England and explore the interior of the U.S.

2.5.

2.6.

Your journey went through the areas where the
following cities are located: Buffalo, Columbus,
St. Louis, New Orleans, Oklahoma City, Phoenix,
Los Angeles, and Seattle. What vegetation (biome
types) would you have found in each of these
locations, and why? How long do you think this
journey would have taken? Note: Refer to A.H.
Strahler and Strahler, 2002, or MacDonald, 2002.
After reaching Seattle, WA, in the late 1800s,
you felt that this location was too wet and
decided to follow the Columbia River inland.
You reached the Snake River, which is the main
tributary to the Columbia River, and followed it
into Idaho. How did the annual distribution and
amount of precipitation change as you moved
from the coast eastward across Washington State
and into Idaho? How did these changes influence
the vegetation and the selection of crops now
grown in this region?

The maximum rainfall for a 3-h storm was esti-
mated as 0.85 in. What would be the average
rainfall amount and average intensity if the
watershed area is 200 mi?? Hint: Look at
Figure 2.8.
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TABLE 2.8
Energy Analysis Summary for Example 2.8
Time Depth Amount  Duration Intensity Energy Total Energy
(min) (mm) (in.) (min) (in./h) (per acre-in.)  (ft-ton/acre-in.)
0 to 20 259 1.02 20 3.06 1074 1095
20 to 40 20.9 0.82 20 2.47 1040 853
Total 46.8 1.84 40 1948
TABLE 2.9 TABLE 2.10
Data for Problem 2.11 Data for Problem 2.13
Time Amount Time Amount Time Amount Rainfall
(min) (mm) (min) (mm) (min) (mm) Rain Gage Acres per Gage (in.)
10 3.0 110 2.8 210 2.0 A 400 2.1
20 0.8 120 10.9 220 0.3 B 300 2.5
30 0.5 130 3.0 230 0.8 C 200 2.3
40 33 140 2.0 240 0.3 D 100 2.7
50 0 150 1.8 250 0.5
60 0 160 0.3 260 0.3
70 0 170 0.8 270 0.3
80 0.3 180 0.8 280 0.3
90 03 190 9.9 290 0.5 TABLE 2.11
100 0.5 200 122 300 0.8 Rainfall Data for Problem 2.13
Rainfall Rainfall
Year (mm) Year (mm)
. . 1981 32.73 1991 31.53
2.7. A forest researcher wishes to locate a series of 1982 3116 1992 387
rain gages arlound the edge of a I.1ewly harvested 1983 3443 1993 39.45
area. The height of the surrounding unharvested 1984 39.04 1994 30.54
trees is 100 ft. What is the minimum distance 1985 32.26 1995 21.55
that should be allowed between the unharvested 1986 23.61 1996 27.21
trees and the rain gages? 1987 26.25 1997 26.33
2.8. A hydrologic study is planned for a watershed 1988 28.01 1998 21.97
of 6 mi>. How many rain gages are recom- 1989 27.31 1999 28.09
mended for this study? Hint: Look at Table 2.3. 1990 35.08 2000 34.63
2.9. You are studying a basin of 2000 mi? that has
20 rain gages. What percentage standard error
would you expect for a given rain event? If a 2.12. Compute the average rainfall for a 1000-acre

2.10.

2.11.

rainstorm there was measured as 3.0 in., what is
the probability that the storm was actually
greater than 3.6 in.? What is the probability that
it was less than 2.7 in.? Hint: Look at Figure 2.9
and Example 2.1.

On a snow course, the depth is measured as 7.5
ft. The density is measured as 30%. What is the
water equivalent? Hint: Look at Example 2.2.
From the data provided in Table 2.9, calculate
the storm duration, total rainfall amount (maxi-
mum intensities for 10, 30, and 60 min), and
average intensity.

2.13.

2.14.

watershed by the arithmetic average method and
by the Thiessen method with data from
Table 2.10. Hint: Read Section 2.6.

Use the Hazen method and probability paper to
determine the expected annual rainfall for return
periods of 2, 20, and 100 years for the annual
rainfall records in Table 2.11. Hint: Look at
Equation 2.2.

Use the Weibull method and a spreadsheet (use
a log-log or semilog scale) to solve Problem
2.13. Do the two methods give similar answers?
Hint: Look at Equation 2.3.
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2.15.

2.16.

2.17.
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TABLE 2.12

Rainfall Amounts Equaled or Exceeded for Periods of 5 min to 24 h
for Expected Return Periods of 2 to 100 years for Columbus, OH

Duration 2 years 5 years 10 years 25 years 50 years 100 years

5 min 0.35 0.45 0.51 0.59 0.61 0.71

10 min 0.55 0.72 0.83 0.98 1.08 1.18

15 min 0.65 0.88 1.05 1.22 1.38 1.50

30 min 0.90 1.20 1.40 1.70 1.87 2.07

lh 1.10 1.50 1.75 2.10 2.32 2.60

2h 1.26 1.72 2.00 2.40 2.65 3.00

4h 1.42 1.93 2.26 2.68 2.96 3.30

8h 1.61 2.16 2.52 2.96 3.30 3.64

12h 1.80 2.36 2.74 3.20 3.53 3.88

24 h 2.14 2.76 3.18 3.75 4.08 4.50
An irrigation reservoir was designed to with- in Table 2.5. Plot the extreme precipitation value
stand a 50-year storm event. During the first 3 from Problem 2.16 on your graph and draw a
years, the reservoir withstood the design storm line through the point that is parallel to your plot
runoff once. What was the probability that this of the world’s extreme point data. If we assume
reservoir would experience this 50-year storm at that this new line gives approximations of PMPs
least once in those 3 years? Hint: Look at Equa- for Pennsylvania, estimate the 24-h PMP at a
tion 2.4. point and across a 200-mi? watershed.
The maximum recorded point precipitation in 2.18. Rainfall rate—duration frequency data for

southern Pennsylvania is about 31 in. in a period
of 6 h. How does this value compare to the
information in Figure 2.21. (Remember that
Figure 2.8 can be used to convert point data to
an area estimate.)

Use a spreadsheet to make a plot of precipitation
depth vs. duration on a log—log scale for the data

Columbus, OH, are presented in Table 2.12.
How well does the 100-year, 6-h duration value
compare to estimates obtained using Figure 2.17
and Figure 2.18? What percentage of the PMP
for Columbus, from Figure 2.21, is your value?
If you live below a dam designed based on 100-
year values, should you be concerned?



3 Infiltration and Soil Water Processes

3.1 INTRODUCTION

Infiltration plays an important role in nature and human
activities. Infiltration is defined as the passage of water
through the surface of the soil, via pores or small openings,
into the soil profile. Water infiltrating into the soil profile
is a necessity for vegetative growth, contributes to under-
ground water supplies that sustain dry-weather stream-
flow, and decreases surface runoff, soil erosion, and the
movement of sediment and pollutants into surface water
systems. Infiltration directly affects deep percolation,
groundwater flow, and surface runoff contributions to the
hydrologic balance in a watershed. Accounting for infil-
tration is fundamental to understanding and evaluating the
hydrologic cycle.

Infiltration processes are complex and difficult to
quantify. Infiltration methods may be classified by theo-
retical equations based on the physics of soil water move-
ment, empirical equations based on parameters with phys-
ical significance, empirical equations that contain
parameters with no physical significance, or in sifu mea-
surement methods. Much research has been devoted to
measuring infiltration and developing and verifying
empirical methods. In recent years, advances in computer
technologies have made the solution and application of
complex equations that describe infiltration processes
more feasible.

This chapter presents a description of soil water rela-
tionships, infiltration processes, factors affecting water
movement through soils, methods for estimating infiltra-
tion rates, and methods for measuring infiltration rates and
soil physical properties that influence soil water movement.

3.2 SOIL WATER RELATIONSHIPS

A soil profile consists of a mixture of solid, liquid, and
gaseous materials. It is also the home of billions of micro-
organisms, such as bacteria, fungi, and protozoa. Solid
materials in a soil profile include particles of different
sizes, shapes, and mineral composition. The soil particles
consist primarily of disintegrated and decomposed rock
fragments. Simply crushing rock into fine fragments will
not produce soil, but might accelerate its formation. Rock
decomposition into soil occurs mainly due to oxidation,
carbonation, hydration, chemical corrosion, and biological
processes associated with microorganisms, the roots of
plants, and other life forms that inhabit the soil environ-
ment. Other solid materials in the soil profile are organic
matter from plants, animals, and microorganisms.
Description of the solid soil phase is commonly based
on the size of the soil particles. Soils usually contain a
mixture of clay, silt, and sand particles. Sand has large
particles, while clay has very small particles. Commonly
used soil texture classification systems are presented in
Figure 3.1. The USDA has established a classification

CE
USBR Fines (clay or silt) Fine Sand Coarse Sand
AASHO . ) )
ASTM Colloids Clay Silt Fine Sand Coarse Sand
Very | . . Very
. ) Fine |Medium | Coarse
USDA Clay Silt Fine Sand| sand | Sand Coarse
Sand Sand
ISSS Clay Silt Fine Sand Coarse Sand
0.0002 0.002 0.02 0.2 2.0

Particle size, mm

FIGURE 3.1 Soil classification based on particle size (AASHO = American Association of State Highway Officials; ASTM =
American Society for Testing and Materials; CE = Corps of Engineers; ISSS = International Society of Soil Science; USBR = U.S.
Bureau of Reclamation; USDA = U.S. Department of Agriculture).
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FIGURE 3.2 USDA triangle for determining textural classes.

scheme based on different particle size mixtures
(Figure 3.2). For example, a soil that is 30% clay, 10%
silt, and 60% sand is classified as a sandy clay loam. This
classification system is based on less than a few percent
of the soil mass having particles larger than coarse sand.

Between the soil particles and organic matter are open
spaces called voids or pores. Water that fills part or all of
the pores is commonly called soil water. When the pores
are completely filled, the soil is described as saturated.
Usually a small percentage of the water, called hygro-
scopic soil water, is held so tightly by molecular attraction
to the surface of soil particles that it is not removed under
normal climatic conditions. Pores that are empty or only
partially filled with water contain oxygen, water vapor,
and other gases. Chemicals and solid materials associated
with climatic processes and surface activities might also
be found in a soil profile. These materials and chemicals
might be attached to soil particles, trapped in pores, or in
the soil water.

If we approximate this complex system as three phases
consisting of air, water, and solids (Figure 3.3), then several
useful relationships can be established. The total volume
V, is the sum of the volumes for the three phases:

V=V +V +V 3.1
where the subscripts a, w, and s refer to the air, water, and
solid phases, respectively. Volume can be expressed in
cubic feet, cubic centimeters (cc), or as a depth (inches,
feet, or centimeters) per unit cross-sectional area. For
example, it is not uncommon in agriculture to talk about
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FIGURE 3.3 Soil matrix constituents.

the change in the soil water content of a soil profile as a

matter of some measured number of inches. To convert

this amount into a volume, it is necessary to multiply it

by the surface area of the land under consideration.
The volume of the voids or pores is

V=V+V (3.2)

If we substitute Equation 3.2 into Equation 3.1, rear-

range the equation, and divide the whole equation by V,,
a relationship is established for the porosity:

=1- (3.3)

n=

==
ENIAS

Porosity is an important property in problems involving
water volumes or water movement. It is commonly used
in calculations made by hydrologists, soil scientists, and
agricultural drainage engineers.

It is often necessary to know the actual soil water
content in a soil profile. Soil water contents can be
expressed either by volume or by mass. The soil water
content by volume 0, is the volume of water in a soil
sample divided by the total volume of the sample:

(34)

Normally, the volumetric soil water content is expressed
as a percentage, and the answer from Equation 3.4 will
need to be multiplied by 100.

The fraction or percentage of the pores that are filled
with water is called the degree of saturation. The volu-
metric soil water content, degree of saturation, and poros-
ity are related as follows:
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(3.5)

where S is the degree of saturation, and n is the porosity.
Use of the relationships presented in Equation 3.1 to Equa-
tion 3.5 is illustrated in Example 3.1.

ExamrLE 3.1

Determine the maximum depth of water that can be stored
in the top 3 ft of a soil profile with a porosity of 0.5. Also,
determine the volumetric soil water content if the degree
of saturation is 60%.

Solution
From Equation 3.3, the volume of voids V, = nV,. Therefore,
V,=0.5x3 ft X 12 in. = 18 in./unit surface area

The volumetric soil water content when the degree of
saturation is 60% can be determined from Equation 3.5:

0, =5Sn=0.6 x0.5=0.3 (in/in. or in.%/in.?)
Answer
The top 3 ft of the soil profile can store 18 in. of water.

The volumetric soil water content is 0.30 (in.*/in.’) when
the degree of saturation is 60%.

The total mass m, of a soil profile is

m,=m, + m, + m, (3.6)
where m, is the mass of air, m,, is the mass of water, and
m, is the mass of solids. The mass of the air is negligible
and the total mass is approximated as the sum of the water
and soil masses.

In Equation 3.4, the soil water content is expressed
by volume. However, the most common way of determin-
ing the soil water content is to obtain a sample of the soil,
weigh the sample, dry the sample, and then reweigh the
dry sample. This procedure is discussed in more detail at
the end of the chapter. When the soil water content is
determined as a function of mass or weight, it is called
the gravimetric soil water content 0, and is equal to

(3.7)

Use of Equation 3.7 is illustrated in Example 3.2.
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ExampLE 3.2

A sample of soil is placed in a soil tin with a mass of 25
g. The combined mass of the soil and tin is 140 g. After
oven drying, the soil and tin had a mass of 120 g. Calculate
the soil water content by mass.

Solution

By subtracting the mass of the tin, the mass of wet sample
is calculated as 115 g (140 — 25 g), and the mass of the dry
sample is 95 g (120 — 25 g). Therefore, the mass of water
in the sample is 20 g (115 — 95 g). Using Equation 3.7, the
soil water content by mass is

100X§=21%
95

Answer

The soil water content by mass (or weight) is 21%.

The behavior of a soil is very dependent on the bulk
density of the soil profile p,, which is the mass of soil per
unit volume and is related to other soil physical properties
as follows:

Py= (3.8)

<|3

The dry bulk density is the mass of dry soil divided
by the total volume:

Pyy = % (3.9)

t

The dry bulk density of the profile can be related to
the density of soil particles and porosity as follows:

Pay =P, (1-1) (3.10)

The density of the soil particles p, is defined as the
mass of dry soil divided by the volume of the soil (m,/V)).
The density of most soil particles is 160 to 170 1b/ft* (2.6
to 2.75 g/cm?). If the soil particle density is not measured,
a value of 165 Ib/ft® (2.65 g/cm?) is often assumed.

The ratio of the density of the soil particles to the
density of water is called the specific gravity:

@3.11)

s

G-
P
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where p,, the density of water, is usually assumed to be 1.0
glem? or 62.4 1b/ft3. Use of several of these equations is
illustrated in Example 3.3.

ExampLE 3.3

The dry bulk density of a soil sample is 84.24 1b/ft?, and
the density of the soil particles is 168.48 1b/ft>. Calculate
the porosity of the soil profile and specific gravity of the
soil particles. Also, determine the bulk density of the
sample if it is saturated.

Solution
In Equation 3.10, substitute 84.24 1b/ft* for the dry bulk

density pg,, and 168.48 Ib/ft* for the density of the soil
particles p,; then,

Pay =P,(1—1)
and

84.24 =168.48 (1 —n)

Dividing both sides by 168.48 1b/ft? and rearranging gives
n=0.5.

The specific gravity of the soil particles is found by sub-
stituting into Equation 3.11 the particle density of 168.48
Ib/ft® and the density of water, 62.4 1b/ft’:

_ P, 16848 (11;/&3)

Gr_ = 3
o, T 624 b/t

Therefore, the specific gravity of the soil particles is 2.7.

If the sample is saturated, all the pores are filled with
water, and the volume of water will be equal to the volume
of pores. From Equation 3.3, the volume of water will be
equal to the porosity times the total volume:

n=

and V =V

IR

Therefore,
V,=05YV,

The mass of water is equal to the density of water (62.4
Ib/ft?) times the volume of water. The mass of soil is the
density of the soil particles (168.489 1b/ft®) times the
volume of soil or the dry bulk density (84.24 1b/ft?) times
the total volume, Equation 3.9.
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Therefore, using Equation 3.8 and Equation 3.6, the sat-
urated bulk density is

TV,
and
b, = 0.5x62.4xV +84.24xV +0 —115.44 (Ib/ft)
14
Answer

The porosity 7 is equal to 0.5, and the specific gravity G,
is 2.7. V, in the numerator and denominator cancels and
p, = 115.44 1b/ft3.

3.3 INFILTRATION AND SOIL
WATER RETENTION

The downward movement of water through a soil profile
is caused by tension and gravitational forces in the soil
matrix. The soil matrix is generally heterogeneous and
consists of a labyrinth of pores of varying shape and size
connected by porous fissures and channels. Water is held
in the soil matrix by tension forces at the air—water inter-
faces in pores. These tension forces are also frequently
called suction, matric, or capillary forces. The term suc-
tion is often used because water is sucked or pulled into
the pores. A common example of capillary flow (flow due
to tension forces) occurs when a person’s finger is pricked,
and a blood sample is taken. The blood sample is drawn
into the thin sample tube due to capillary forces. To illus-
trate water movement due to tension forces, dip a dry
blotter or paper towel into water and note how quickly
water is sucked into the dry material against the pull of
gravity. Also, note that the rise of water is slower as the
height of the wetting front above the water surface
increases.

Soil water tension varies from less than 1 in. of water
head for a soil near saturation to as much as 10 million
in. of head for a very dry condition. The effect of surface
tension in a soil matrix during drainage can be described
by considering water held in a single pore within the soil
profile connected to the groundwater table (Figure 3.4).
The figure describes an equilibrium state at the meniscus
with radius r,. If it is assumed that the meniscus with
radius r, supports a column of water 4, then the gravita-
tional forces will equal the surface tension forces and

(i’ ) hp,, g =(27 1)t cosa (3.12)
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FIGURE 3.4 Water retention in a heterogeneous porous media.

where p,, is the density of water, g is the gravitational
constant, T is the surface tension force, and o is the angle
of contact of the meniscus with the soil.

Surface tension forces are due to adhesion and cohe-
sion. The attraction of water to the sides of the pore is
called adhesion, and the attraction of water to water is
called cohesion. Water is at a higher level on the sides of
a pore because of adhesion and creates a curved surface
that is called the meniscus. The drop in the surface of the
water at the center of the pore pulls water into the pore
until the weight of the water in the pore balances the
difference in the force of the atmosphere inside and out-
side the pore. The height (head) that water rises in the
pore is inversely proportional to the radius of the pore (or
area of the meniscus). Therefore, the smaller the radius,
the longer the column of water that can be supported. The
smallest pores will fill first as they exert the largest surface
tension forces. If the water table falls, 4 will increase, and
Equation 3.12 will no longer hold true. The largest pores
containing water will begin to drain until a smaller con-
trolling meniscus is reached and equilibrium is attained
between the suction and gravitational forces. For the soil
profile illustrated in Figure 3.4, a slight drop in the water
table might cause no drainage from the pore with radius
r, because the water in this pore is controlled by the two
smaller openings with radii r, and r;. Drainage would only
occur when the water table falls far enough that the small
opening r; begins to drain because it cannot maintain the
water column to the water table. It is evident that the soil
water content under drainage conditions is different from
that under adsorption (wetting) for a given soil water
tension.

During wetting, the small pores fill first, while during
drainage and drying, the large pores empty first. This
causes hysteresis in the system (Figure 3.5). Soil water
hysteresis, a different relationship between soil water and
soil suction during wetting and drying, will vary depend-
ing on the wetting and drying history of the soil. Other
hysteresis relationships are discussed separately. Retention

59

Boundary Drying Curve

BAIlISOd ——— 3

® ‘usjuo) Jarep

Boundary Wetting Curve

<«— Negative 0
Pressure Head, h

FIGURE 3.5 Hysteresis during drying and wetting.

and movement of water during wetting or drainage is a
function of the shape and size of the pores. They are also a
function of how well the pores are connected. Drainage is
also a function of the moisture or tension gradient. When
water is present, soil air is displaced from the pores, the
soil water content increases, and the soil tension decreases.
This results in decreased infiltration rates. Provided
enough water is present, this process will continue until
the soil is saturated (all the pores are filled). At saturation,
the soil suction will be zero. However, in most natural
environments, a small amount of air will be trapped in the
pores and prevent complete saturation. The final degree
of saturation will probably be 90 to 95%. When water
moves down into a pore the gravitational forces and ten-
sion forces work together; gravity pushes water into the
pore, and tension forces suck or pull water into the pore.
However, when a pore empties, the two forces work
against each other, and there is a tug-of-war between the
gravitational and suction forces. A similar tug-of-war
occurs when the root of a plant tries to extract water from
a pore. The plant has to apply sufficient pulling force to
overcome the opposite pulling force due to tension in the
pore.

Following wetting, there will be a redistribution of
soil water, and pores will drain due to capillary and gravity
flow. When gravity flow becomes negligible, the soil water
content of the profile will be at field capacity (FC). Field
capacity typically occurs at soil suctions of 0.1 to 0.33
bar (Figure 3.6). It will vary depending on the wetting
and drying history of the soil, soil texture, porosity, and
subsurface characteristics of the soil profile. The elusive
nature of field capacity is illustrated in Figure 3.7.

Without realizing it, you have probably experienced
a situation when gravity drainage occurred following wet-
ting of a soil. Consider watering a plant in a pot and adding
the water until you see water ponded at the top of the
container. If you come back a short time later, you discover
that the water has drained through the potting soil, filled
the saucer below the pot, and perhaps overflowed onto
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your table or desk (note that some of this water may have
simply flowed around the soil mass if there is any space
between the soil mass and the container).

Redistribution of water due to capillary flow will con-
tinue after gravity flow ceases. Such redistribution of soil
water is driven by soil water tension and not by soil water
content 0, measured either by volume or by weight. Thus,
a seemingly “drier” soil may actually give up water to an
ostensibly “wetter” soil. This is demonstrated in
Figure 3.8A, which shows three soil cores of varying
texture and wetness placed in mutual contact. Note that
soil water content by volume is highest in the clay (25%),
next highest in the loam (20%), and driest in the sand
(8%). A question that might be asked is, “In what direction
will the soil water move?” Intuitively, one would expect
the clay and loam to give up water to the sand, but it does
not happen that way. The reason is because the relation

of O to suction is largely a function of soil texture
(Figure 3.6). An example of that is given in Figure 3.8B,
which shows that, for a given value of soil water content
(say 20%), the clay will have the highest suction, sand the
lowest, and loam somewhere in between. Thus, the clay
is dynamically or functionally driest, while the sand is
wettest. For a given soil suction, say 200 mb, the clay,
conversely, will have the highest proportion of water,
while the soil will have the least. Thus, the answer to the
question regarding the soil cores becomes apparent. Since
soil water is drawn toward the relatively higher suctions,
water will move from the sand to both the loam and the
clay, but the loam will give up water only to the clay.
Given perfect capillary action within the three cores, their
capillary potential or suction will come to a common
equilibrium, as suggested in Figure 3.8B.
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FIGURE 3.10 Yield responses to soil water content for typical mesophytic crop plants.

Usually, upward movement of soil water will occur
due to drying of upper soil levels from evapotranspiration,
with a resulting higher capillary potential or head. The
depth that plants can remove water from the soil will
depend on the root distribution and mass, profile charac-
teristics, and climatic conditions. The soil water content
in the root zone will eventually reach the wilting point
(WP) unless there is further wetting or the soil water
content within 1 to 3 ft of the root zone is near saturation.
The soil suction at wilting point is typically about 15 bars
(15 Mpa) and is the point at which plants begin to wilt
and do not regain turgor if the soil is rewetted. For sand,
the soil water content at WP is very low. For clay, it is

much higher (Figure 3.6 and Figure 3.9). Soil water in
excess of the amount at the wilting point is available for
evapotranspiration (E7). The maximum amount of water
that can be extracted from the soil by plants is termed the
plant available soil water (PAW) (Figure 3.9 and
Figure 3.10). It is related to field capacity and wilting
point as follows:

6, = 6 —0

wp

aw (3.13)
where 60,,,, ., and 8,,, are the volumetric or gravimetric
plant available soil water content, the soil water contents
at field capacity, and at the wilting point, respectively.

fe>
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Note that field capacity is primarily a function of the soil
profile and soil properties; the wilting point also depends
on the type, growth stage, and health of the plants. Some
vegetable plants will wilt at soil suctions much less than
15 bars, while some trees can extract water at suctions
that are several times larger than 15 bars.

Knowledge of the wilting point, field capacity, and
plant available soil water content is particularly important
to agriculture. In arid areas, this type of information is
needed to design irrigation systems and determine irriga-
tion schedules. For most plants, there is a reduction in
yield when the soil water content falls below a critical
value, which is 40 to 70% of the plant available soil water
content. A typical relationship is shown in Figure 3.10,
and use of this type of information is illustrated in Exam-
ple 3.4. Note that the use of “plants” in this text generally
refers to mesophytic plants of humid to semihumid mid-
latitude regions (Figure 3.10). These include most field
crops. For the plant physiology and water use character-
istics of plants from other, more exotic regions, refer to a
text such as that by Nobel (1983).

ExampLE 3.4

Determine the amount of water needed to increase the soil
water content in the root zone of a clay loam soil from
the critical value for plant growth to field capacity. The
critical value occurs at 50% of the plant available water,
the root zone depth is 2 ft, and the soil has the soil water
properties presented in Figure 3.9 at the interface between
a clay loam and heavy clay loam.

Solution

From Figure 3.9, the soil water content at wilting point
is 2 in. of water in each foot of the soil profile. The soil
water content at field capacity is 3.8 in. of water in each
foot of the soil profile. Therefore, using Equation 3.13,
the plant available water content is

Bpaw = (3.8 — 2.0) in. water per foot of soil profile

The root zone is 2 ft deep, and PAW = 1.8 X 2 = 3.6 in.

Answer

If the critical value is 50% of the PAW, then 1.8 in. of
water (0.5 x 3.6 in.) are needed to increase the soil water
content in the root zone from the critical value to field
capacity.

Bodman and Coleman (1943) showed that soil water
movement into a uniform dry soil under conditions of
surface ponding could be divided into four zones as shown
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FIGURE 3.11 The infiltration zones of Bodman and Coleman
(Based on Bodman, G.B., and E.A. Coleman, Soil Sci. Soc. Am.
Proc., 7:116-122, 1943).

in Figure 3.11. The saturated zone usually only extends
from the surface to a depth of less than 1 in. Below the
saturated zone is the transition zone, which represents a
zone of rapid decrease in soil water content. Underlying
the transition zone is a zone of nearly constant soil water
called the transmission zone. This zone increases in length
as the infiltration process continues. Below the transmis-
sion zone is the wetting zone. The wetting zone maintains
a nearly constant shape and moves downward as the infil-
tration process proceeds. The wetting zone culminates at
the wetting front, which is the boundary between the
advancing water and the relatively dry soil. The wetting
front represents a plane of discontinuity across which a
high suction gradient occurs (for more detail, see
Figures 6-4 and 6-6 in Singer and Munns, 2002).

3.4 FACTORS AFFECTING WATER
MOVEMENT INTO AND
THROUGH SOILS

Infiltration may involve soil water movement in one, two,
or three dimensions even though it is often approximated
as one-dimensional vertical flow. Water movement into
and through a soil profile is dependent on many interre-
lated factors, both natural and human induced.

As mentioned, soil texture, bulk density, heterogene-
ity, cracks, and surface conditions will all influence water
movement. Also, hydraulic conductivity is an important
property of soils and is defined as the ability of a soil to
transmit water under a unit hydraulic gradient. Hydraulic
conductivity is often called permeability and is a function
of soil suction and soil water content. Fine-grained soils
tend to have lower hydraulic conductivity values than
coarse-grained soils. However, fine-grained soils, such as
clays, have smaller pores than coarse-grained soils. Remem-
ber, the smaller the pores, the greater the suction forces.
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FIGURE 3.12 Infiltration capacity of blotter is low, and there
is much runoff.

Therefore, water might move readily into a dry, fine-grained
soil even though the hydraulic conductivity is low.

If there is no spatial variability in soil properties, the
soil is described as homogeneous. Most soils are hetero-
geneous because they exhibit a considerable amount of
variability in properties, both laterally and vertically. Soils
are also described as isotropic or anisotropic. Isotropic
soils exhibit the same hydraulic conductivity in all direc-
tions, while anisotropic soils have different values in the
vertical and lateral directions.

Land surfaces can be likened to a blotter (Figure 3.12)
or a sponge (Figure 3.13). Infiltration rates of the blotter
are low. To visualize this situation, apply water to a blotter
that is tilted; a plastic squeeze bottle can be used. Note
how little water goes into the blotter and how much runs
off. The pores of the blotter are very fine and transmit
water slowly. Now, apply water from the squeeze bottle
onto a sponge. Note how little water runs off, even though
the water application is high. Most of the added water
infiltrates quickly into the sponge. Infiltration rates are
high and might exceed 2 in./h, as found in sandy areas or
in soil with many macropores and stable structure, such
as found in mature woodlands on well-drained soil. Sci-
entific literature is filled with a confusing number of dif-
ferent descriptions and definitions of macropores. We sug-
gest you think of macropores as places in the soil profile
where the dominant flow process is gravity flow, and soil
tension forces are negligible. You might hear people refer
to preferential flow, which does not have to occur in
macropores and simply means that, rather than moving
uniformly through the whole soil profile, there is a pre-
ferred path the flow will take. This might be the path that
offers the least resistance to flow; certainly, macropore
flow is one common and important type of preferential
flow. A good discussion on preferential flow mechanisms
is presented by Nieber (pages 1-10) and the work of other
authors in a volume by the American Society of Agricul-
tural Engineers (ASAE, 2001).
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FIGURE 3.13 Infiltration capacity of sponge is high, and there
is little runoff.

FIGURE 3.14 Infiltration capacity of the sponge is limited by
the overlying layer with low permeability.

The blotter might represent a slowly permeable clay
with very few large pores or a well-drained silt loam in
which the surface had been compacted by excessive tillage
and puddled and compacted by rainfall. Its infiltration
capacity might be less than 0.2 in./h. Now, place the blotter
on top of the sponge (Figure 3.14) and apply water. Note
the effect of the simulated thin, compacted layer of low
infiltration capacity overlying a soil with high infiltration
rates. Water will not enter the coarse-textured subsurface
layer until the suction forces at the interface between the
two layers is equal. This condition, called soil crusting
(dry) or sealing (wet) affects many soils, especially those
with low organic matter and unstable structure.

The sponge on top of the blotter (Figure 3.15) exem-
plifies a field situation in which a grass-covered, well-
drained soil overlays a layer of soil of low permeability.
This situation affects infiltration more than the sponge
alone or the blotter on top of the sponge. In this case, at
the start of the storm, infiltration rates into the sponge are
high. However, the blotter restricts the percolation rate,
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FIGURE 3.15 Infiltration capacity of the sponge is limited by

the underlying layer.

Environmental Hydrology

causing infiltrated water to accumulate in the pores of the
sponge, depleting its capacity for storing more water, and
slowing the infiltration rate until it corresponds with that
of the blotter.

Indeed, the soil and surface infiltration process is the
interface between the atmosphere and the earth’s hydro-
logic processes, both surface and subsurface. While infil-
tration capacity of soils is due to many natural factors, it
is the critical zone at which the human impact has one of
the greatest roles in affecting hydrologic processes as well
as geomorphological change (Chapters 5 and 6). Any pre-
cipitation not infiltrated becomes overland flow, which can
do all sorts of mischief. Factors of importance for infil-
tration include surface conditions, subsurface conditions,
factors that influence surface and subsurface conditions,
flow characteristics of the water or fluid, and hydropho-
bicity (Figure 3.16).

A O Horizon Qi Identifiable Organic Debris (leaves, etc.)
(plant litter) Oe Partly Decomposed Organic Debris
1 T A Zone of Maximum Humus Accumulation
Zone (usually dark colored)
of E Zone of Maximum Eluviation
Solum Eluviation (usually light colored)
(true soil) AB, BA | Transitional between A and B
Regolith EB, BE | Transitional between E and B
(all loose Zone orE/B | E Coatings Surrounding B Cores
material) pf . B Zone of Maximum llluviation
Illuviation
v i BC Transitional between B and C
C Layer Mineral Horizon Below the Principal
or C Root Zone; Usually Unconsolidated
Horizon but Sometimes Reconsolidated
R Layer R Consolidated Bedrock
B
A Horizon Dark Grayish-Brown
Surface Soil
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FIGURE 3.16 Typical soil horizons. (Based on Troeh and Thompson, 1993.) A. Soil horizon nomenclature. B. Typical soil profile

formed in glacial till with grass vegetation.
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FIGURE 3.17 Factors affecting water movement through soils.

Note that many of the factors discussed below are also
significant to other characteristics, such as percolation,
water storage and transmission, and plant growth.

3.4.1 SoiL PROPERTIES

Soil is the most important natural variable that influences
infiltration. Among the several properties of soils affecting
infiltration capacity are texture (coarse texture normally
permits more infiltration), category of clay (swelling or
nonswelling; see Section 3.4.2.7, Antecedent Soil Mois-
ture), structure, and organic material. We normally look
at the surface horizon or topsoil, but any horizon or layer
may be limiting. Soil horizons or layers are typically
described and represented by the capital letters A, B, C,
E, H, O, and R. An example of soil layers that might occur
in many parts of the U.S. is presented in Figure 3.17. The
A horizons are primarily mineral horizons that form at or
near the ground surface. They are characterized by humid-
ified organic matter mixed with the mineral fraction. They
have properties associated with a land management prac-
tice such as tillage, crop or vegetation type and rotation,

and a morphology that is different from the underlying
layers. Details on soil horizons and soil taxonomy can be
found in most soil texts. A particularly useful book is the
Soil Survey Manual (USDA, 1993), which describes how
field measurements are made, soils are mapped, and soils
are described.

In the U.S., the NRCS has conducted detailed soil
surveys that provide a wealth of information on the general
properties of soils within each county (see Exercise 14.9,
Chapter 14). There are numerous ways and levels of detail
that can be used to group and describe soils. If you are
not a soil scientist, an understanding at least of the terms
taxonomic class, soil series, and soil map unit is useful.
A taxonomic class has a set of soil characteristics with
precisely defined limits. In the U.S., these classes are
mainly based on the kind and character of soil properties
and the arrangement of the soil horizons in a profile. In
the U.S., the classification is based on the following six
categories: order, suborder, great group, subgroup, family,
and series. For example, a Gilpin Soil is a fine-loamy,
mixed, mesic, Typic Hapludults for which fine-loamy
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mixed is the family, Typic identifies the subgroup, Haplu
identifies the great group, Udults represents the suborder
and is from Ultisol, which is the order (for more details,
see USDA, 1975). The soil series is a group of soils that
have similar characteristics and a similar arrangement of
soil layers (horizons). A soil map unit is a delineation on
a map of an area dominated by one major kind of soil or
several soils with similar properties.

3.4.2 SoiL CoNDITION

In addition to general knowledge of the soil type (texture,
taxonomy, or series), specific knowledge of the physical,
chemical, and biological condition of the soil is often
needed. These conditions are discussed separately below,
but there are many interconnections.

Compaction. Compaction is a process that increases
density and reduces the pore size and pore space in the
soil so that less water can move through in a given time
period. Mechanical compaction can come from operating
heavy equipment over land, especially when the soil is
wet. But, on a worldwide scale, overgrazing is the biggest
culprit. A mature cow, for example, can weigh as much a
ton, but have all the weight on the relatively small basal
area of four hooves. Quite often, under conditions of
momentum (like climbing a hill), they have most of their
weight on one hoof, thus exerting tremendous pressure for
soil compaction. In more extreme cases, the net effect can
increase bulk density of the soil by 50% and reduce infil-
tration by 80% over field-size areas (Trimble and Mendel,
1995). Surveyors know the effects of soil compaction: In
noncompacted soil, “chaining pins” (steel stakes 4 mm in
diameter, acting here like a soil penetrometer) can be
easily pushed in the ground with the pressure from one
finger, while the body weight and strength of a large man
can hardly drive them into a highly compacted soil.
Often, the surface of two contiguous fields may lie at
different elevations, with the grazed one several inches
lower, with the difference due to compaction and perhaps
also to erosion.

Soil Structure. The textural particles of soils tend to be
formed into larger units (such as crumbs, plates, and
prisms) that allow more pore space and more infiltration.
These structural particles are held together by electro-
chemical bonds and chemical glues (see Section 3.4.2.3,
Organic Material). The particles may be broken apart by
mechanical compaction. Also, a reduction of organic
material, accumulation of sodium (see Section 3.4.2.13,
Water Quality), or soil nutrient depletion, especially of
divalent cations such as calcium and magnesium, can reduce
the structural strength and allow the soil to compact.

Environmental Hydrology

Organic Material. The role of organic material in infil-
tration is at least threefold. First, the organic material can
absorb moisture and form porous spaces through which
water can move. This is especially true of roots, particu-
larly dead ones. Second, the organic material can be
digested by bacteria to become organic glues (polysaccha-
rides) that help hold the structural particles together (think
of organic gels used for hair styling). Third, organic mate-
rial helps create a healthy habitat for soil flora and fauna,
which in turn can increase infiltration capacity. Organic
material in soil is reduced by conventional cultivation with
the removal of crops and crop residues and with conven-
tional plowing, which exposes the organic material to
oxidation (Singer and Munns, 1999).

Soil Fauna (Endopedofauna).  Soil fauna (endoped-
ofauna), microscopic to large in size, generally have pos-
itive effects on the hydraulic conductivity of soil by (1)
increasing the porosity and permeability, (2) improving
soil structure, and (3) increasing fertility, which increases
other biological activity (see later sections). Soil fauna
range from insects, to moles, to woodchucks, but the most
common and significant is the earthworm (Lumbricina).
It has been observed that a good pasture may have a
biomass of earthworms beneath the surface almost equal
to the biomass of cattle grazing on the surface. Not only
does the earthworm have a strong role in creating holes
through the soil and reducing bulk density, but it also helps
support higher vertebrates such as moles and voles that
help keep soil permeable (Wallworth, 1970; Hole, 1981).
Soil fauna populations can be vastly reduced by plowing,
overgrazing, and poor use of pesticides.

Soil Profile Truncation. The topsoil (A horizon,
Figure 3.17) tends to be coarser, have more organic mate-
rial, and have better structure than the subsoil (B horizon).
Thus, it usually has a higher infiltration capacity than the
subsoil and acts to relay water into the subsoil. When part
or all of the topsoil has been eroded, the soil takes on the
characteristics of the subsoil. Thus, soil erosion often pro-
vides a positive-feedback loop so that erosion proceeds
more rapidly as more topsoil is eroded.

Hydrophobicity (Water Repellancy). Water falling on
the surface of a hydrophobic soil will bead up rather than
enter the soil, even when suction forces are high. The
phenomenon occurs due to waxy organic materials (ali-
phatic hydrocarbons, among several others identified so
far) on the soil surface or at some depth, which create a
negative contact angle between the waxes and any applied
water. Fungi and other microorganisms may also affect
hydrophobicity. This effect, usually at the surface, can come
from leaching of organic material on the ground. This phe-
nomenon was originally identified in the Sclerophyllous
brushland (chapparral) of Mediterranean climates such as
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southern California (DeBano, 1981; Imeson et al., 1992)
More recent work shows that it occurs significantly in the
coniferous forests of the western U.S. and even appears
to some degree in grasslands and with certain crops
(DeBano, 2000; Doerr et al., 2000). While hydrophobicity
is temporary, it may last from hours to years. Thus, hydro-
phobicity is a widespread, if not ubiquitous, phenomena,
and its significance may be far greater than suspected in
the past.

Fire can exacerbate the effects of hydrophobicity,
especially under brushland and forest. Some hydrophobic
substances may be vaporized and driven to depths of up
to 20 cm, where they condense on soil particles. The result
can be a layer at some depth through which little water
can move. Water “piles up” in the permeable layer above,
and the result is greatly enhanced saturated overland flow
and erosion, sometimes with the removal of a soil layer
several inches deep (Shakesby et al., 2000). Soil texture
is also an important variable, with coarse texture less
affected because of lower specific surface area of particles.
That is, a finite amount of hydrophobic substance may
cover the relatively small surface area of sand and make
it hydrophobic, while the infinitely larger surface area of
clays might permit only partial coverage with reduced
effects. A third variable is soil moisture, with dry soils
most affected by hydrophobicity. As a dry soil gradually
“wets up” in the presence of water, however, it tends to
lose its hydrophobicity.

A similar, but often different, process to hydrophobic-
ity is a phenomenon recognized by many veteran farmers
as “dry soil hydrophobicity.” As water infiltrates, not all
air in the pores is freely displaced by the flow, and air
bubbles are trapped in the pores. Trapped air will block
some pores and will retard infiltration as air bubbles try
to move upward against the direction of water flow. If you
observe a puddle on bare soil immediately following a
storm event, it is possible that you will see bubbles of air
coming to the surface of the puddle. Entrapment of air is
also dependent on the physical properties of the soil, par-
ticularly soil pore sizes. The percentage of pore space
filled by trapped air will increase as the pore size
decreases. This is because the high suction forces pro-
duced by small pores oppose upward movement of air
and, when combined with the small pore sizes, result in
air trapped or pushed downward. The likelihood that air
gets pushed downward into the soil profile ahead of the
wetting front increases, and this causes a buildup of air
pressure that opposes the downward movement of water.

Antecedent Soil Moisture. Apart from the conditions
of hydrophobicity discussed in Section 3.4.2.6, initial
infiltration rates are higher for dry soil than for wet soil.
This is illustrated in Figure 3.18. Infiltration rates
decrease as the soil water content increases. This is
because soil suction decreases with increases in soil water
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FIGURE 3.18 Infiltration in top soil and spoil materials for dry
initial conditions and wet initial conditions.

FIGURE 3.19 Surface crusting and cracking can cause
macropore flow.

content. Some clay soils will swell during wetting and
will then shrink during drying. Swelling will inhibit infil-
tration; shrinking will create cracks and increase
macropore flow. As a soil becomes wetter during a rain-
storm, the infiltration capacity tends to decrease. Thus,
previous storms or irrigation can increase the runoff from
an area. The soil water content following a rainfall event
will depend on the rainfall depth, duration, and intensities.
Intermittent light rain will produce higher soil water con-
tent than if the same amount of rain occurred in a short
period. This is due, in part, to the fact that during light
intermittent rain, it is easier for air bubbles to escape
upward throughout the soil profile.

Surface Crusting and Surface Sealing. A crust will
form at the surface of some soils as they dry (Figure 3.19).
Crusting occurs when clay and silt-size particles dominate
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the upper soil materials. The crust will inhibit water move-
ment into the soil matrix. In other settings, especially
where clay-size soil particles dominate, infiltration is
dominated by macroporosity and surface fracturing of
finer-grained materials, and a lack of cover may actually
enhance infiltration rates. If flow through a pore occurs
primarily due to gravity flow, the pore is commonly called
a macropore. Gravity flow will occur down the cracks
provided a positive head of water is established at the top
of the crack. This might be due to water ponding on the
surface or surface runoff that flows across a crusted area
and into a crack. Where coarser grains of soil in the fine-
to-coarse sand sizes wash into the fracture structures, they
can create a bridging condition that holds the fractures
open even when the soils are rehydrated during times of
higher soil moisture. These settings may also be more
susceptible to the formation of ice wedging and freeze—
thaw cycles, which increases the presence of fractures,
than a setting where a well-developed root mass stabilizes
the surface soils.

Cracks might also form in the absence of crusting,
and gravity flow might occur in the absence of cracks.
Worm holes, coarse sands and gravels, and dry organic
matter (residue) extending to the soil surface might all
result in gravity flow. Water movement through
macropores will result in more rapid wetting at deeper
depths. In some cases, wetting of the soil matrix might be
due primarily to lateral movement of water that has pon-
ded in cracks or upward movement of water from an
impeding layer because of water that reached the impeding
layer by macropore flow.

Infiltration can also be impeded by surface sealing due
to the breakdown of surface structure. A breakdown can
be caused by the dispersion of clays or the physical
destruction of aggregates by the beating action of rain or
irrigation water. Infiltration through loosely packed, air-
dried, sandstone materials from Kentucky surface mines
was very rapid. However, after wetting and drying, it was
noted that infiltration rates were extremely slow during
any future applications of water. A very fine seal formed
at the soil surface, but water would flow readily through
any breaks in the seal (A.D. Ward et al., 1983). During
high-intensity rainfall or surface applications of water, soil
might be detached and then moved across the soil surface.
Some of the detached soil might then be redeposited in
cracks and large pores. This deposition of soil in cracks
and pores will tend to seal the surface, and infiltration or
percolation will be reduced.

Frozen Soil. The effect of frost on infiltration will depend
on the soil condition and soil water content at the time of
freezing. A very wet, frozen soil can be practically imper-
vious, causing a condition commonly called concrete frost.
This is common on cropland, especially when the soil is
degraded and compacted. On the other hand, a dry forest or
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grassland frozen soil is likely to be porous, providing nearly
normal infiltration rates and a condition called latfice frost.

Vegetation and Residue. Vegetation can play a role in
infiltration commensurate with that of natural soil charac-
teristics. First, of course, is the fact that vegetation protects
the ground from direct raindrop impacts. Excellent,
ungrazed deciduous forests of the eastern U.S., with their
profuse and deep rooting systems, organic material, and
encouragement of soil biological activity, can develop
infiltration and transmission rates higher than even the
very rainfall intensities characteristic of that region
(Hewlett, 1969). The result is that most runoff can be
transmitted in the subsurface as interflow (discussed in
Chapter 5).

Excellent grassland, such as the original prairie of the
U.S. Midwest, also has very high infiltration capacities.
In general, grass has an all-around beneficial effect on
soils. It provides a dense cover, imparts a large amount of
neutral to slightly basic organic material, and concentrates
basic, divalent cations (such as calcium and magnesium)
near the surface. Perhaps most hydrologically important,
it provides a welcoming habitat for soil fauna, which keep
the soil open and porous, as indicated by low bulk densi-
ties. If the ability of the soil profile to transmit infiltrating
water is not limiting, soil surface conditions usually gov-
ern infiltration. This is illustrated by curves of cumulative
infiltration for vegetation ranging from bare ground to old,
well-established pasture during the first 60 min of a rain-
storm (Figure 3.20). Vegetation provides a ground cover
that absorbs the energy of falling raindrops and prevents
soil puddling or packing. In more natural environments,
the type of vegetation, season of the year, and land man-
agement practices (such as tillage) that temporarily mod-
ify the near-surface soil conditions will greatly influence
infiltration processes. Some practices, such as no-till or
conservation tillage, are used to increase water movement
into the soil (Figure 3.21). In other situations, such as
sites used for land disposal of toxic wastes, efforts are
made to compact underlying soil to minimize water move-
ment into the soil profile.

Surface Detention (Roughness). It is important to
note that overland flow occurs as soon as the infiltration
rate is less than the water application rate, and surface
depressions have been filled with water. Once water is lost
due to runoff, it is obviously not available for infiltration.
Tillage practices that leave the soil surface rough with
many pockets for water storage are likely to have more
infiltration than where the surface has been worked down
and smoothed by tillage (Figure 3.22). In the latter case,
infiltration occurs primarily while it is raining. In the first
case with the rough soil surface, infiltration continues after
the rain has stopped until all stored water is absorbed. This
prolonged time for infiltration opportunity may be many
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FIGURE 3.20 Typical mass infiltration curves according to land use. (Redrawn from Holtan, H.N., and M. Kirkpatick, Trans. Am.
Geophys. Union, 31:771-779, 1950.)

FIGURE 3.21 Crop residue left on the ground surface after
harvesting will reduce runoff and detachment of soil due to
raindrop impact.

minutes, and in some cases, significant amounts of infil-
tration occur. Some specific agricultural practices to create
a storage opportunity for infiltration are contour plowing,
deep plowing, and terracing.

Water Viscosity. The viscosity of water can affect infil-
tration. The colder the temperature, the higher the viscos-
ity is, and the slower is the infiltration. In watershed stud-
ies, the viscosity of water flow is often neglected by the
practicing hydrologist. However, in most laboratory
research, viscosity of water is a significant factor.

FIGURE 3.22 High surface roughness due to tillage will result
in more infiltration and hence less runoff.

Water Quality. Under conditions of irrigation, sedi-
ment concentration becomes very important because sus-
pended sediment particles can block the soil pores and
severely restrict infiltration. A primary role of an irrigation
engineer is to remove the sediment from water before it
is applied to a field. Indeed, several prominent sedimen-
tation specialists in the past came from the irrigation field.
Another problem the irrigation engineer usually encoun-
ters is salt, primarily NaCl. Under certain conditions, the
monovalent cation sodium can cause collapse of soil struc-
ture or puddling, which can vastly reduce infiltration. Just
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FIGURE 3.23 Generalized seasonal soil water content trends and occurrence of percolation water.

to underline this point, salt or soda ash is often applied to
pond bottoms to keep them from leaking.

Hydraulic Depth. In addition to all the qualitative fac-
tors listed above, there is also the depth of soil or over-
burden through which water can move both vertically and
laterally. Most commonly, the restriction is depth to bed-
rock. Less common is depth to some impermeable strata,
such as a soil horizon.

Urbanization. The hallmark of urbanized land is inad-
vertent waterproofing of the surface. Roofs, streets, side-
walks, and parking lots are impermeable. Indeed, so much
uninfiltrated water can accumulate in an urbanized area
during an intense storm that civil engineers must design
extensive storm sewer networks to convey the overland
flow away. An unanswered challenge is to develop a
“porous pavement” that will allow significant infiltration.
The hydrologic effects of urbanization can be highly sig-
nificant and receive considerable coverage in Chapters 5,
6, and 12.

Time. Long-term soil management has effects on the
biophysical qualities that affect infiltration. For example,
continuous row crops such as corn or soybeans with poor
soil conservation management will cause a reduction in
organic material, faunal activity, and soil structure with
increases of bulk density. The result can be a significant
reduction in infiltration capacity on a decadal scale. Con-
versely, continuous grassland or even well-managed crop-
land can enjoy increases of organic material, faunal activ-
ity, and soil structure with decreases of bulk density and
increases of infiltration on a decadal scale (Trimble, 1988,
1990). There are obvious implications for soil conserva-
tion, streamflow, and stream channel stability, which are
covered in other chapters, especially Chapter 9.

3.5 SOIL WATER BALANCE

Changes in soil water storage occur throughout the year.
Increases occur due to precipitation, irrigation, and sub-
surface inflows. Depletion is caused by percolation, grav-
itational drainage, and evapotranspiration. A typical cycle
for Ohio is illustrated in Figure 3.23.
A water balance equation describing these changes for
any period of time is expressed as
ASM=P+IR—-Q—-G—-ET (3.14)
where ASM is the change in soil water storage in the soil
profile, P is precipitation, IR is irrigation, G is percolation
water, ET is evapotranspiration, and Q is surface runoff.
All quantities are expressed as a depth (inches or milli-
meters) of water over a study area for a specific period of
time. Monthly water budget data in Table 3.1 illustrates
changes in soil water as related to factors given in Equa-
tion 3.14. An increase in soil water of 2.78 in. in January
resulted from precipitation P of 3.48 in., runoff Q of 0.31
in., evapotranspiration ET of 0.31 in., and percolation to
groundwater of 0.08 in. These data were obtained on an
8-ft deep natural soil profile lysimeter for which the entire
soil block was weighed automatically at 10-min intervals.
For Ohio, soil water storage (Figure 3.23 and Table 3.1)
typically increases through January and February, stays at
high levels in March, depletes throughout the warm grow-
ing season, and then increases in the fall (September to
December). Excessive rainfall in August started the trend
of increasing soil water for the remainder of the year. The
soil water content curve in Figure 3.23 is only a trend,
and actual changes in soil water fluctuate markedly from
day to day above and below the trend. Three rainy periods
in June caused soil water increases (accretion) that inter-
rupted the general depletion trend for the month. In January,
there was a change in soil water content of 2.78 in. This
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TABLE 3.1

Monthly Accretion, Depletion, and Storage of Soil Water (in.) as Determined by Monolith Lysimeters,

Coshocton, OH, 1962

Precipitation P Runoff Q Evapotranspiration ET

Month (in.) (in.) (in.)
January 3.48 0.31 0.31
February 4.10 0.57 0.71
March 3.52 0.02 1.12
April 1.73 0.00 2.44
May 2.86 0.01 5.71
June 1.84 0.00 4.25
July 2.72 0.00 4.56
August 2.12 0.00 3.59
September 5.36 0.00 2.88
October 2.39 0.00 225
November 3.19 0.00 0.74
December 3.42 0.00 —0.342
Year 36.73 0.91 2822

2 Negative ET resulted from blowing snow.

Percolation G Total Depletion Profile Storage Change AS
(in.) (in.) (in.)

0.08 0.70 2.78
0.83 2.17 1.93
2.41 3.55 -0.03
1.49 3.93 -2.20
0.83 6.55 -3.69
0.30 4.55 -2.71
0.02 4.58 -1.86
0.01 3.60 -1.48
0.00 2.88 2.48
0.00 2.25 0.14
0.00 0.74 2.45
0.00 -0.34 3.76
5.97 35.16 1.57

represented the net amount of water that was added to the
soil profile during the month of January.

3.6 ESTIMATING INFILTRATION RATES
3.6.1 HortoN EQUATION

One of the most widely used infiltration models is the
three-parameter equation developed by R.E. Horton
(1939):

f=ft(f=f)ed (3.15)
where f'is the infiltration rate at time ¢, f, is the infiltration
rate at time zero, f, is the final constant infiltration capac-
ity, and B is a best-fit empirical parameter.

Advantages of the method are that the equation is
simple and usually gives a good fit to measured data
because it is dependent on three parameters. Main disad-
vantages are that the method has no physical significance,
and field data are required to calibrate the equation. The
equation does not describe infiltration prior to ponding.

Horton’s equation has seen widespread application in
storm watershed models. The most commonly used model
that uses Horton’s method is the Environmental Protection
Agency (EPA) Storm Water Management Model
(SWMM; Huber et al., 1981).

3.6.2 GREeN—AMPT EQUATION

In 1911, Green and Ampt developed an analytical solution
of the flow equation for infiltration under constant rainfall.
The method was developed directly from Darcy’s law and

assumes a capillary tube analogy for flow in a porous soil.
The equation can be written as
f=KH,+ S, + L)L (3.16)
where K is the hydraulic conductivity of the transmission
zone, H, is the depth of flow ponded at the surface, S, is
the effective suction at the wetting front, and L is the depth
from the surface to the wetting front. The method assumes
piston flow (water moving down as a front with no mixing)
and a distinct wetting front between the infiltration zone
and soil at the initial water content (refer to Figure 3.11).
The Green—Ampt method is often approximated by
the equation

A
f= F +B (3.17)
where fis the infiltration rate, F is the accumulative infiltra-
tion, and A and B are fitted parameters that depend on the
initial soil water content, surface conditions, and soil prop-
erties. This form of the method is used in the DRAINMOD
water table management simulation model (NCCI, 1986).

ExampLE 3.5

The results of an infiltration test are presented in
Table 3.2. Determine the empirical parameters A and B
in the Green—Ampt equation. Determine the infiltration
rate and accumulated infiltration after applying water for
6 h.
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Solution

The empirical parameters A and B can be estimated by
substituting values of the infiltration rate f and the accu-
mulative infiltration F into Equation 3.17. As there are
two unknown parameters, values need to be substituted
into the equation for two different times to form a pair of
equations that are then solved simultaneously.

Substitute values of f and F at times 0.5 h and 4.0 h. At
0.5 h,

1.41=L+B

(inches/hr)
0.85

and at 4.0 h,

0.53=—2 1B (inches/hr)
358

Subtracting the two equations from each other will elim-
inate B and gives

(141-053)=_A4 __ 4
085 3.58

Multiplying both sides by (0.85 x 3.58) gives
0.88 x 0.85% 3.58 = 3.58A — 0.85A

Therefore, 2.73A = 2.68, and A = 0.98 in*h. Substituting
this value in Equation 3.17 gives

0.53= 0.98 + B (inches/hr)
3.58

and B is equal to 0.26 in./h.

Therefore, the Green—Ampt equation can be written

f= O'T?S +0.26 (inches/hr)

After 6 h, the infiltration rate and accumulative infiltration
are unknown. Therefore, a trial-and-error solution needs
to be developed. We know that the infiltration rate will be
less than the value of 0.53 in./h at 4 h. Assume a value
of 0.4 in./h.

From 4 to 6 h, the average infiltration rate will be (0.53
in./h + 0.40 in./h)/2, which is 0.465 in./h. Therefore, the
infiltration volume during these 2 h will be 2 h x 0.465
= 0.93 in. The accumulated infiltration at 6 h will be the
accumulated infiltration at 4 h (3.58 in.) plus 0.93 in.,
which gives 4.51 in.
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TABLE 3.2
Infiltration Test Data for Example 3.5

Infiltration Accumulative
Time Rate Infiltration

(h) (in./h) (in.)
0.0 2.0 0.0

0.5 1.41 0.85
1.0 1.09 1.47
2.0 0.69 2.36
4.0 0.53 3.58

Substitute = 4.51 in. in the Green—Ampt equation:

0.98
=—-+40.26
f 4.51

(inches/hr)

and f = 0.48 in./h. This value is larger than the assumed
value of 0.4 in./h. Repeat the calculation with an infiltra-
tion rate at 6 h that is between 0.4 and 0.48 in./h. An
estimate of 0.47 in./h gives an accumulative infiltration
of 4.58 in. that, when substituted into the Green—Ampt
equation, gives a similar infiltration rate of 0.474 in./h.

Answer
The Green—Ampt parameter A = 0.98 in.?/h, and B =0.267

in./h. After 6 h, the infiltration rate is 0.47 in./h, and the
accumulative infiltration is 4.58 in.

The Green—Ampt equation was derived for application
when ponded infiltration occurred through a homogeneous
soil with a uniform initial soil water content. If the equa-
tion parameters are estimated based on fitting infiltration
results from field infiltrometer tests, good estimates of
infiltration can also be obtained in heterogeneous soils.
Applications of this nature result in good estimates because
the equation is treated as a fitted parameter procedure rather
than because it accounts for physical processes.

The methods described in this section are only appli-
cable to infiltration during ponded conditions. In many
situations, application of these models is limited. Mein
and Larson (1973) also developed a two-stage form of the
Green—Ampt equation to account for conditions prior to
ponding.

3.6.3 PHysicALLY BASED METHODS

In 1856, Henry Darcy developed the basic relationship for
describing the flow of water through a homogeneous soil.
Darcy used sand as the porous media and concluded that
the rate of flow is proportional to the hydraulic gradient.
Darcy’s law may be written as
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g=-—
where ¢ is the flux or volume of water moving through
the soil in the z direction (vertically or laterally) per unit
area per unit time, and d¢/dz is the hydraulic gradient in
the z direction (vertically or laterally). Darcy’s experi-
ments were limited to one-dimensional flow, but his results
have been applicable to three-dimensional flow. Further
discussion is presented in Chapter 11.

The hydraulic conductivity is also a function of the
soil water content 0 and the pressure head, ¢. Generally,
the hydraulic conductivity is dependent on the direction
of flow, and the soil is defined as anisotropic. For aniso-
tropic soils, a subscript is used to denote the direction of
flow. The hydraulic conductivity is usually expressed as
K(0), a function of the pressure head, or as K(0), a function
of the soil water content.

A theoretical differential equation for unsaturated flow
is obtained by combining Darcy’s equation with the con-
tinuity equation. This equation is referred to as the diffu-
sion equation or Richards equation (Jury et al., 1991). The
equation is expressed as

20 9 0| JK(0)
P _%1p e |+ 229
ot az[ a )az}- 0z

where D, (0), the soil water diffusivity, is defined as
K(0)0h/d6, and h is the matric potential or the negative
pressure head. The difficulty with solving the equation is
the nonlinear relationship among hydraulic conductivity,
pressure head, and soil water content.

Several solutions of the equation can be developed
based on the boundary conditions for the system under
evaluation. For a saturated soil, 00/9¢ is zero, K(0) reaches
a constant, and the pressure head becomes positive. Equa-
tion 3.19 reduces to the Laplace equation for one-dimen-
sional saturated flow (Jury et al., 1991). In recent years,
many researchers have examined solutions of the Richards
equation. Most of these solutions are only defined for a
particular aspect of the infiltration process or are approx-
imate solutions obtained using finite-difference or finite-
element methods.

(3.19)

3.7 A PERSPECTIVE ON INFILTRATION
METHODS

Based on the authors’ research, review of the literature,
and consulting experiences, it appears that while numer-
ous equations have been developed to model the infiltra-
tion process, no single equation works well for all situa-
tions. Most methods are inadequate because they require
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knowledge of equation parameters that are difficult to
determine on a site-specific basis.

The Richards equation and Green—Ampt methods best
describe infiltration processes in profiles in which a piston
type of infiltration process occurs and air effects may be
modeled by determining the model parameters at field
saturation. Thomas and Phillips (1979) and Quisenberry
and Phillips (1976) have shown that, in many agricultural
soils, a piston type of flow is not the primary mechanism of
infiltration. Their results, which were based on field mea-
surements, indicated that, initially, macropore flow through
fissures in the profile dominate. Surface-sealing effects have
also been found very important, especially in clayey soils.
In the last two decades, the scientific community has placed
considerable emphasis on better understanding flow pro-
cesses through soil profiles. The results of much of this
research are presented in scientific journals and specialty
conferences such as those of the ASAE (2001).

3.8 MEASUREMENT OF SOIL PROPERTIES

Understanding the hydrology of environmental or agricul-
tural systems (e.g., subdivision layout, landfill siting,
drainage system design) often requires the measurement
of one or more soil properties. Although you may not
perform the measurement work yourself, it is important
to understand measurement procedures, their application,
and their limitations. Many agencies and industries have
standard methods of measurement outlined in individual-
ized procedures (or available in a book of standard meth-
ods; for example, see ASTM, 1993, or Klute and Dirkson,
1986). This overview should help you understand why a
test is used for a certain situation or why some other test
may be more appropriate. Such tests should be judged (in
order of importance) on (1) relevance to the system studied
(i.e., purpose for which the measurements are made and
the nature of the physical system); (2) reliability/repeat-
ability/accuracy; (3) skills and knowledge of the per-
son/people conducting the test; and (4) time and equip-
ment considerations (availability/cost).

3.8.1 PArTICLE SiZE ANALYSIS

The size distribution of individual soil particles can tell
much about a soil. Many of the soil characteristics (hydro-
logic and otherwise) reported in soil surveys and other
reports or studies have been attributed to a soil based on
its particle size distribution. This characteristic of a soil
can give a general idea about the suitability of a given soil
for agricultural drainage, reservoir or landfill siting, or
other purposes or the susceptibility to chemical leaching
or soil erosion.

The measurement of particle size is based on the dis-
persion/destruction of soil aggregates into discrete units
and the separation (and measurement) of these particles
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into size groups by sieving and sedimentation. The size
distribution of larger particles (>0.05 mm diameter) is
determined by passing the sample through a series of
nested sieves of decreasing opening size.

The size distribution of smaller particles is found from
the relationship between settling velocity and particle
diameter known as Stokes’s law:

2

y=8PPIX (3.20)
18n

where v is velocity of the fall; 1 is fluid shear viscosity;
p, and p, are particle and liquid densities, respectively;
and X is the “equivalent” particle diameter. Gee and
Bauder (1986) described the theory and process in some
detail. The two primary methods of particle size analysis
are the hydrometer method and the pipet method.

In the hydrometer method, the soil sample (50 g in
250 ml of water) is dispersed using a combination of
chemical (Na-HMP) and mechanical (mixer or shaker) or
ultrasonic means. The sample is then poured into a 1-1
graduated cylinder topped off with water to the 1-1 mark.
The sample is shaken to disperse the sample completely
throughout the cylinder. A hydrometer (a device that mea-
sures specific gravity of a liquid) is introduced to the
cylinder, and readings are taken at times such as 30 sec;
1, 3, 10, 30 min; and 1, 1.5, 2, and 24 h (Gee and Bauder,
1986). Measuring the specific gravity (or density of the
soil solution) allows calculation of the percentage of the
soil sample that has settled out at a given time.

In the pipet method, the soil sample is dispersed in a
fashion similar to the hydrometer method and again is
poured into a I-1 cylinder. A small subsample is taken at
time ¢ and depth /4 using a pipet. At that point, all particles
coarser than X have settled below the sampling depth, and
the percentage of the original soil left in suspension can
be determined.

3.8.2 ParTICLE DENSITY

The particle density is measured by either the pycnometer
method or the submersion method (Blake and Hartge,
1986b). Both methods are based on the difference in
weight between a volume of water and that same volume
with some of the water displaced by a known weight of soil.

The particle density can be calculated from the rela-
tionship

__ pOK-W)
W, =W) =W, =W,

P, (3.21)

where p,, is the particle density (Ib/ft)); p,, is the density of
water (Ib/ft}); W, is the weight of pycnometer (or weighing
dish) plus oven-dry soil; W, is the weight of pycnometer (or

Environmental Hydrology

weighing dish); W, is the weight of pycnometer (or
weighing dish) filled with soil and water; W, is the weight

of pycnometer (or weighing dish) filled with water.

3.8.3 Buik Density

Four general methods are available for measuring bulk
density (Blake and Hartge, 1986a): (1) core methods, (2)
excavation methods, (3) clod method, and (4) radiation
method. The first three methods are based on direct mea-
sures of weight and volume, whereas the last is based on
the empirical relationship between density and the amount
of y-radiation that is transmitted through or reflected
(backscattered) by the soil.

In core methods, a volume of soil is collected using a
specially designed cylinder (called a coring tube) and drop
hammer or a hydraulic probe (Figure 3.24). Knowing the
diameter of the coring tube and the length of the sample
allows calculation of sample volume V. The sample is
weighed, and the bulk density is calculated using Equation
3.8. The dry bulk density can be determined from the same
sample by drying it at 105°C for 24 h and reweighing.
The oven-dry weight is taken as the weight of the soil
solids only, and the dry bulk density is calculated using
Equation 3.9. Extreme care must be taken such that the
sample volume is not compacted by the sampling process.

In excavation methods, a hole is dug with all of the
removed soil retained. The volume of the hole is then
determined by placing a plastic bag or balloon in the hole
and filling it with water (or air) until the fluid reaches the
surface of the surrounding soil. The displaced soil is either
weighed on a portable scale in the field or taken (in a
sealed container to prevent water loss) to the laboratory
to be weighed. Dry bulk density can be determined by
drying the soil in the laboratory to determine oven-dry
weight. The advantage of this method is that sampling
errors are minimal if the test is performed properly. A
major disadvantage is the amount of work involved, espe-
cially if the bulk densities of layers below the surface are
desired.

In the clod method, naturally forming soil units (peds
or clods) are coated with a substance, such as paraffin,
that prevents water from entering the clod. The clods are
coated by tying a string to the clod and dipping it into a
heated vat of the liquefied waterproofing agent. On cool-
ing, the waterproofing agent will solidify and form a
waterproof seal. Each clod is weighed and is then lowered
(submersed) into a beaker or graduated cylinder filled with
water. The amount of water displaced (as measured by the
rise in water level) is equal to the volume of the clod.
Equation 3.8 is then used to determine the bulk density
of the individual clod. The dry bulk density can also be
found by this method by oven-drying the clods before
coating and using Equation 3.9. The advantage of this
method is that it gives very specific density information
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FIGURE 3.24 A. Uhland drop hammer bulk density sampler. B. Hydraulic soil coring device.

about soil structural units (clods) of various sizes. How-
ever, the method has several drawbacks. This method will
not work for soils, such as organic soils, with bulk density
less than the density of water because the clods will float
instead of submerging. Many soils, particularly cultivated
or sandy soils, do not have stable structural units for per-
forming the test. The layer of waterproofing agent intro-
duces a small error that will vary, depending on its thick-
ness and the size of the clod. This method is also very
time consuming.

In the radiation method, an instrument known as a -
density gage uses a radioactive source (e.g., cesium'¥’) to
estimate soil density indirectly. The radioactive source
emits y-radiation at a known rate. The rate that this radi-
ation is transmitted through, or reflected by, the soil is
related to the density of the surrounding soil, as well as
the texture, chemical composition, and water content of
the soil. The y-density gage uses either two probes (one
containing an emitter, the other a receiver) that are placed
at a fixed spacing to measure transmitted radiation or a
single probe (containing both emitter and receiver) that
measures reflected radiation. Although calibration curves
are typically provided with commercial y-density gages,
the actual relationship will depend somewhat on local
conditions. The y-density gage may be used in conjunction
with the neutron probe (see section on measurement of
soil water content) to determine soil density and soil water
properties in situ.

3.8.4 Soi. HyprAuLIC PROPERTIES

The properties that describe the movement of water into
and through the soil are among the most important in
designing agricultural and environmental management
systems. They are also among the most difficult to quan-
tify. Measurement and prediction techniques for these
hydraulic properties are discussed below. The property or
combination of properties measured should depend on the
system to be analyzed or designed. Table 3.3 offers a
quick reference on the properties that should be used for
a particular application.

3.8.5 SoiL WATER CONTENT

Methods for measuring soil water content can be divided
into direct measures and indirect measures (Gardner,
1986; Jury et al., 1991). Direct methods are based on
determination of weight before and after oven-drying. To
measure the soil water content directly, a wet sample is
weighed, dried in an oven, and reweighed. The sample
can be dried in a conventional oven (at 105°C for 24 h)
or in a microwave oven (see Gardner, 1986). The gravi-
metric water content 8, is then calculated using Equation
3.7 (Jury et al., 1991).

Indirect measures depend on the change in physical
and chemical properties of the soil relative to the change
in soil water content. Indirect methods include (1) measures
of electrical conductivity and capacitance, (2) radiation
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TABLE 3.3

Application of Soil Hydraulic Properties

Application

Measurement Techniques

Above Water Table
(Unsaturated Hydraulic Conductivity)

Vadose zone models evaporation rate

For soil water/soil suction-type techniques; see Green
et al. (1986); Klute and Dirksen (1986); or Bouwer
and Jackson (1974)

Below Water Table
(Saturated Hydraulic Conductivity)

Agricultural drainage system design
groundwater exploration
investigation

Auger hole (Amoozegar and Warrick, 1986), pumping
test/slug test (Freeze and Cherry, 1979)

Surface Applications
(Infiltration)

Irrigation system design
Sprinkler
Surface
Urban/suburban drainage
Infiltration models
Erosion models

Sprinkler infiltrometer (Peterson and Bubenzer, 1986)
Furrow infiltration test (Kincaid, 1986)

Sprinkler or ring infiltrometer (Bouwer, 1986)
Sprinkler, ring, furrow infiltrometer

Sprinkler infiltrometer

Combination
(Saturated Hydraulic Conductivity and Infiltration)

Water table management models
Pesticide/nutrient movement to
ground and surface water

Sprinkler or ring infiltrometer plus auger hole
Sprinkler or ring infiltrometers plus shallow well pump-
in method

methods, and (3) reflectometry. Gardner (1986) described
the process of determining soil water content by means
of electrical conductivity methods. Electrodes are embed-
ded in blocks of some porous material (typically gypsum).
The blocks are then placed in the soil at the desired depth.
The porous blocks reach a degree of wetness that is in
equilibrium with the surrounding soil. The conductance
of the block is then determined by connecting specially
designed electrical equipment (commercially available)
that contains a power source and a circuit (called a Wheat-
stone bridge) that measures resistance. The resistance (the
inverse of conductivity) is empirically related to the water
content of the block and thus to the soil. The resistance of
the blocks is calibrated against a soil matric potential. To
find the soil water content of a given soil, the relationship
between soil water content and matric potential must be
established. The method is useful for distinguishing between
wet and dry conditions, but is not well suited for measuring
small changes in soil water content.

In radiation methods, soil water is determined by the
attenuation of either y- or neutron radiation. In y-ray atten-
uation, a radioactive source emits y-radiation at a known
rate. The rate that this radiation is transmitted through the
soil is related to the water content and density of the soil.
By measuring the soil density at a known soil water content,

that component can be removed from the calculations, and
a relationship between radiation transmitted and water
content is established (for further details, see Jury et al.,
1991). The y-radiation methods are normally used for
measuring changes in soil water content with time.

In neutron attenuation (Gardner, 1986; Jury et al.,
1991), a probe (containing both emitter and detector) that
measures “thermalized” radiation is lowered into an
access tube in the ground (Figure 3.25). The radiation
source emits high-energy neutrons that collide with the
nuclei of atoms in the surrounding soil. The energy of the
neutrons is substantially changed only by hydrogen nuclei
(present mostly in the form of water). The percentage of
neutrons that have had their energy changed (thermalized)
can be recorded by the detector. Calibration curves are
then developed to relate the output to water content
(removing background sources of hydrogen nuclei such
as organic matter and kaolinite).

In time domain reflectometry (Jury et al., 1991), the
dielectric constant of the soil is related to the soil water
content. A special apparatus is used that sends a step pulse
of electromagnetic radiation along dual probes inserted
into the soil. The pulse is “reflected” and returned to the
source with a velocity characteristic of a specific dielectric
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FIGURE 3.25 Indirect method for measuring bulk density or
soil moisture content of a soil.

constant. This instrument can be calibrated to give soil
water content based on the measured dielectric constant.

3.8.6 SoiL SucTtioN AND SoiL WATER
REeLEASE/RETENTION CHARACTERISTICS

As explained in Section 3.4, the movement of water into
and out of the soil matrix is controlled by suction (tension)
forces. Unfortunately, an accurate measurement of soil
suction is difficult and time consuming. Soil suction rela-
tionships are a function of the pore size distribution, soil
structure, soil water content, organic matter content, and
soil solution properties. The soil texture and the porosity
of the soil profile will have the most influence on soil
suction properties of the profile.

The most common approach to obtain a relationship
between soil suction and soil water content is to obtain
equilibrium conditions, for different soil water content
conditions, that allow the measurement of both soil suc-
tion and soil water content. This is most easily accom-
plished by drying a wet soil because the changes in soil
water content and soil suction are slow. However, it should
be recalled that there is hysteresis during wetting and
drying (see Figure 3.5). Therefore, information obtained
during drying needs to be adjusted if used to describe
wetting. Details in field and laboratory procedures to
determine relationships between soil water content and
soil suction were presented by Klute and Dirkson (1986).
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FIGURE 3.26 Pressure chamber for making laboratory mea-
surements of soil water release relationships.

The general approach that is used in many laboratory
procedures is first to obtain disturbed or undisturbed soil
samples from the field and then place the soil samples on
a porous plate in a pressure cell or chamber. The samples
are then wet to saturation, and the pressure in the cell is
raised to a selected value above atmospheric pressure. The
samples are then left until equilibrium has been reached
and water flow from the samples has ceased (normally at
least 24 h). The samples are then weighed to obtain the
gravimetric soil water content; this procedure is repeated
at several different pressures (Figure 3.26). If knowledge
of wilting point and field capacity are required, the test
will be conducted at pressures of 0.1 to 0.33 bar and 15
bars, respectively.

Field measurements of soil suction are made with
tensiometers or pressure transducers. Common types of
tensiometers are shown in Figure 3.27. They consist of a
porous cup that is connected to a top and a device to
measure pressure changes as water moves into or out of
the porous cup. As water moves out of the cup into the
soil profile, a partial vacuum is created in the tube. The
movement of water into the soil will depend on the size
of soil pores near the porous cup and the water content of
the pores. As the soil dries, more water will be “sucked”
from the porous cup, and the partial vacuum will increase.
If the soil water content increases, perhaps due to a rainfall
event, water might flow back into the porous cup. Tensi-
ometers will normally function only if the soil suction is
less than about 0.8 bar.
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FIGURE 3.27 Tensiometer methods for measuring in situ soil
suction.

3.8.7 INFILTRATION

Infiltration into soil is commonly measured by the cylinder
(single-ring or double-ring) infiltrometer or by a sprinkler
infiltrometer. The cylinder infiltrometer is the most com-
mon method used (and misused) because it is relatively
inexpensive and simple. This method, when used properly,
can provide useful information when the infiltrating water
is ponded on the surface. When the system to be studied
involves erosion, runoff, and infiltration of rainfall, the
sprinkler infiltrometer should be used. To determine infil-
tration information for surface irrigation systems, the bor-
der or furrow irrigation methods described by Kincaid
(1986) should be employed.

When using the cylinder infiltrometer method (Bou-
wer, 1986), a large ring (>1 m diameter) is installed in the
soil surface. The infiltration rate is measured using a Mar-
iotte device, which maintains a shallow head on the
exposed surface (Figure 3.28). The final infiltration rate
is taken as the rate of infiltration when soil suction at the
bottom of the ring equals zero (saturated condition). Water
flow is assumed to be one dimensional (in the vertical
direction), although flow in reality is three dimensional.
Users often attempt to “buffer” the effect of horizontal
infiltration by using a double-ring infiltrometer. A larger
ring is placed around the inner ring (Figure 3.29), and the
same water level is maintained in the inside and outside
rings. However, many users of this methodology assume
that, by using the second ring, they can use smaller-diam-
eter rings with the same accuracy. Bouwer (1986) stated
that: “When lateral capillary gradients below the cylinder
infiltrometer cause the flow to diverge, it does not help to
put a smaller cylinder concentrically inside the big cylin-
der and measure the infiltration rate in it, in hopes of
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FIGURE 3.28 Ring infiltrometer with a Mariotte hydraulic head
device.
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FIGURE 3.29 Divergence of streamlines during infiltration
buffered by using a double-ring infiltrometer.

getting a measure of the true vertical infiltration rate.”
Bouwer (1986) also cautioned that “while cylinder infil-
trometers in principle are simple devices ... the results can
be grossly in error if the conditions of the system... [i.e.,
water quality, temperature, soil conditions, surface condi-
tions, etc.] are not exactly duplicated in the infiltrometer
test.”

The sprinkler infiltrometer as described by Peterson
and Bubenzer (1986) provides the most detailed informa-
tion on the infiltration process. In this method, a rainfall
simulator is used to simulate natural rainfall characteris-
tics (rate of application, drop size). The amount and rate
of infiltration is determined by monitoring the rate of
runoff from a plot of known size and subtracting runoff
from rainfall. This method also allows the user to study
soil erodibility characteristics. However, this method
requires specialized equipment that can be costly to build
and operate.
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3.8.8 UNsATURATED HyDRAULIC CONDUCTIVITY

Unsaturated hydraulic conductivity is used to model water
movement and water content distributions above the water
table. Unsaturated hydraulic conductivity is a function of
soil water content and soil suction. Estimation of unsat-
urated conductivity requires soil water and soil suction
values over a range of soil conditions that may require
monitoring soil water conditions over several weeks.
Techniques for estimating unsaturated hydraulic conduc-
tivity were described by Klute and Dirksen (1986) for
laboratory techniques; Green et al. (1986) for field tech-
niques; or Mualem (1986) for predictive techniques.

3.8.9 SaturaTED HYDRAULIC CONDUCTIVITY

Saturated hydraulic conductivity can be found directly by
measuring water movement through a soil sample or indi-
rectly by estimation from associated soil properties. Meth-
ods that measure saturated hydraulic conductivity directly
can be divided into laboratory techniques or field tech-
niques. Field techniques can be further divided into meth-
ods that require a shallow water table and those that do
not. Klute and Dirksen (1986) stated that choosing a
method for determining hydraulic conductivity depends
on such factors as available equipment, nature of the soil,
kind of samples available, the skills and knowledge of the
experimenter, the soil water suction range to be covered,
and the purpose for which the measurements will be made.

The method for measuring hydraulic conductivity
should be selected so that the soil region and flow direction
used in the hydraulic conductivity measurement ade-
quately represent the soil and flow direction in the actual
system to be characterized (Bouwer and Jackson, 1974).
Hydraulic conductivity is difficult to measure, and esti-
mates are often based on other soil properties more readily
available or simpler to determine. Methods have been
developed to estimate hydraulic conductivity from related
soil properties, such as soil texture, porosity, and bulk
density. Studies that address estimation of hydraulic con-
ductivity from related properties include those of Rawls
et al. (1982), Puckett et al. (1985), Wang et al. (1985),
Bouma (1986), and Baumer et al. (1987).

The core sample method determines saturated hydrau-
lic conductivity on samples by either a constant head or
falling head test. Core samples are taken in the field and
kept from drying. In the laboratory, the samples are satu-
rated from the bottom to prevent air entrapment.

For the constant head test, water is supplied to the
bottom of the core samples at constant hydraulic head.
The volume of outflow is measured with time. The hydrau-
lic conductivity is found by rewriting Darcy’s law as

k=9

AR (3.22)
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where ¢ is the rate of outflow, L is the length of the core
sample, A is the core cross-sectional area, and / is the
depth of the constant head applied.

In the falling head test, used with low-permeability
soils, the hydraulic conductivity is determined from the
rate of change of velocity of a falling water column. A
manometer (cross-sectional area a) is placed on top of the
sample core (cross-sectional area A) and filled with water.
The hydraulic conductivity is determined as

k=L . h (3.23)
A(t,—-t) h,

where L is the length of the soil core, A, is the height of

the water column at time #,, and A, is the height of the

water column at time £,.

The laboratory core technique is relatively cheap, does
not require a water table, and enables sampling for layers
or anisotropy. However, this technique is limited by soil
disturbances during handling, small sample size, and loss
of head at the water—soil interface. Hydraulic conductivity
values resulting from this method are typically lower than
those calculated from field measurements, and there is
often large variability between samples.

When using field techniques for determining saturated
hydraulic conductivity above the water table, the hydraulic
conductivity calculations are based on infiltration into
unsaturated soil. Even under the best of circumstances,
some air is entrapped during infiltration, and the soil does
not become fully saturated. These methods give a value
for the field-saturated hydraulic conductivity that may be
significantly different between different methods, sites,
and initial water conditions.

The percolation test is the simplest test to conduct. A
hole is dug to the desired depth, water is ponded in the
bottom of the hole to saturate the soil, and the vertical
velocity of water entering the soil is measured. This tech-
nique relates well to subsurface seepage.

The shallow-well pump-in method, otherwise known
as the dry auger hole method or well permeameter method,
measures the rate of flow of water from a (cased or
uncased) auger hole when a constant height of water is
maintained in the hole. A float valve is usually used to
maintain the water level, with a large water tank providing
the water supply. Hydraulic conductivity values are cal-
culated using the steady-state outflow rate and a shape
factor determined from nomographs or equations. The
position of the water table or impermeable layer below
the bottom of the well must be known. This technique is
easy to use, but is limited by the time requirements needed
to reach steady state and to replicate measurements. A self-
contained version of the shallow-well pump-in method has
been developed by researchers at Guelph University
(Reynolds and Elrick, 1985). The Guelph permeameter uses
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a built-in Mariotte bottle to control the depth of water in
the augured hole. The saturated hydraulic conductivity is
determined from the difference in outflow rates for two
different water depths.

In the air-entry permeameter (Bouwer, 1986), a small
covered cylinder is driven into the ground. Water is applied
to the cylinder until all air is driven out. A large constant
head is kept in a reservoir at the top of the cylinder until
saturation is reached at the bottom of the cylinder. The
water level is then allowed to fall, and the conductivity is
calculated from falling head equations. The air-entry per-
meameter measures field-saturated hydraulic conductivity
in the vertical direction. An improved (for quickness and
ease of use) version of the air-entry permeameter, called
the velocity head permeameter, has been developed to
measure hydraulic conductivity in either the vertical or
the horizontal direction. A description of this method, now
commercially available, can be found in the work of
Merva (1979).

In the presence of a shallow water table, the auger
hole method is the most widely used method for deter-
mining hydraulic conductivity of soils in the field. A hole
is augured to the desired depth below the water table, and
water is allowed to rise until equilibrium is reached. The
hole is then pumped or bailed, and the rate of rise of the
water level in the hole is measured. The saturated hydrau-
lic conductivity is calculated as

2
K= TR @
Sh dt

(3.24)

where R is the radius of the Auger hole, § is a function
of hole geometry found from nomographs, / is the depth
of water in the auger hole, and dh/dt is the rise in the water
level over time increment dr.

The auger hole method is simple in conception and
practice, is relatively quick and cheap, and measures a
large sample area compared to other techniques. It is also
one of the most reliable methods. However, extensive
variability in repeated measurements can result from soil
heterogeneity, depth of auger hole, water table depth, and
depth of water removed from the auger hole. This tech-
nique is not suitable for layered soils and is unreliable in
some cases due to macropores or side-wall failure.

Other methods can be found in the work of Bouwer
and Jackson (1974) and Klute and Dirksen (1986). Several
tests are commonly used for exploring the saturated
hydraulic conductivity of groundwater systems. These are
the slug test and the pumping test. Laboratory core meth-
ods (see above) may also be used to describe individual
layers either in or above the aquifer. Special equipment
has been developed by some researchers to obtain large-
diameter soil cores that can then be transported to a lab-
oratory to conduct infiltration and solute transport studies
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(Figure 3.30). For more information on measuring satu-
rated hydraulic conductivity for groundwater systems, see
Freeze and Cherry (1979).

PROBLEMS

3.1. Based on the USDA classification scheme, deter-
mine the textural class of a soil that is 20% clay
and 40% sand.

3.2. How much clay would need to be added to the
soil in Problem 3.1 to make it a clay loam?

3.3. Determine the soil water content in percentage
by weight for a 120-g sample in a moist condi-
tion that, when oven-dried, weighed 90 g.

3.4. The combined weight of a soil sample and a tin
is 50 g. The tin weighs 20 g. After oven-drying,
the soil sample and the tin have a weight of 45
g. Determine the soil water content (by weight)
of the soil.

3.5. Determine the porosity of a soil profile if it has
a dry bulk density of 1.8 g/cc, and the density
of the soil particles is 2.7 g/cc. What would the
bulk density of the soil be if it was saturated?

3.6. Based on field tests, the bulk density of a soil
profile was 99.8 1b/ft>. The specific gravity of
the soil particles is 2.8, and the dry bulk density
of the profile is 87.4 1b/ft}. Determine the poros-
ity and soil water content (by weight) of the
profile.

3.7. The porosity of a soil is 0.4 (cc/cc). Determine
the volumetric soil water content as a fraction if
the degree of saturation is 60%. Also, determine
the depth of water contained in the top 50 cm of
a soil with a degree of saturation of 60% and
porosity of 0.4.

3.8. Determine the soil water content at field capacity
and plant available soil water content in inches
for a 30-in. soil column. The field capacity by
volume is 25%, and the wilting point is 10%.

3.9. The field capacity of a soil is 35%, and the
wilting point is 15% by weight. The dry bulk
density of the soil is 78 Ib/ft*. Determine the
available water content in percentage by weight
and by volume. Also determine the plant avail-
able soil water content in the top 2 ft of soil.
Express the answer as a depth of water in inches.

3.10. Determine the particle density of a soil based on
the following information from a laboratory pyc-
nometer test: W, =32 g, W, =20 g, W, = 37.5
g, and W,, = 30 g; use Equation 3.21.

3.11. Horton’s infiltration is fitted to the infiltration
curve, for the dry initial conditions, presented in
Figure 3.18. Determine the initial infiltration rate,



Chapter 3. Infiltration and Soil Water Processes

81

FIGURE 3.30 (A) A device that was designed by Professor Larry Brown at Ohio State University to obtain large-diameter undisturbed
soil cores. (B) Excavating the core is not simple.

3.12.

3.13.

final infiltration rate, and the best-fit empirical
parameter [3.

Determine the daily changes in soil water content
for the hydrologic conditions presented in
Table 3.4. What depth of irrigation water should
be added after 10 days to raise the soil water con-
tent of the root zone to the initial value of Day 1?
The initial soil water content in the root zone was
12 in. of water. Assume that all percolation passes
through the root zone and is not stored.

The root zone (1 m deep) of a silt clay loam soil
has an average dry bulk density of 1.35 g/cc, and
the specific gravity of the soil particles is 2.7.
Based on laboratory measurements, it has been
established that the degree of saturation at field
capacity and wilting point are 60% and 30%,
respectively. Irrigation is initiated by an auto-
matic irrometer system when 50% of the plant
available water has been depleted. The profile is

irrigated at a constant rate of 10 mm/h for 5 h.
Using the Green—Ampt equation, determine (a)
the infiltration rate at the end of the irrigation
application period; (b) the volume of runoff; and
(c) the soil water content of the root zone when
gravity flow has ceased. Based on a double-ring
infiltration test, the Green—Ampt parameters
have been determined as A = 30 mm/h and B =
3 mm/h. Hint: The problem is best solved on a
spreadsheet and will require several iterations.
Divide the irrigation application time into 30-
min time blocks. Assume the initial infiltration
rate is the irrigation application rate. Obtain a first
estimate of the accumulative infiltration in the first
30 min by assuming a constant infiltration rate.
You will then need to estimate infiltration rates at
the end of each time block and compare them
with values determined from Equation 3.17.
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3.15.

3.16.

1 0.0 0.0 0.15 0.0
2 1.5 1.0 0.05 0.2
3 0.0 0.0 0.10 0.0
4 0.0 0.0 0.15 0.0
5 1.0 0.3 0.05 0.1
6 0.0 0.0 0.10 0.0
7 0.0 0.0 0.15 0.0
8 0.0 0.0 0.10 0.0
9 0.0 0.0 0.15 0.0
10 0.5 0.2 0.05 0.1
11 0.0 0.0 0.10 0.0
12 0.0 0.0 0.15 0.0
3.14. Compute the infiltration rate (inches/hour and mil-
limeters/hour) if 0.1 gal of water moves downward
from the central ring of 10-in. diameter double-
ring infiltrometer in 30 min (1 gal = 231 in.%).
Determine the average infiltration rate (inches/
hour) into an irrigation furrow 200 ft long with TABLE 3.5
water covering a width of 1 ft. The measured rate Data for Problem 3.16
of flow into the 200-ft test section is 0.030 ft*/sec, . .

. Time Rainfall
and the outflow rate is 0.028 ft¥/sec. Period (min) @in.)
Determine the depth (inches and millimeters)
and rate of infiltration (inches/hour and millime- A 10 0.8
ters/hour) for each time period for a catchment B 15 1.0
with the rainfall and runoff depth data presented 1(): ;é 8'2
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TABLE 3.4

Daily Accretion and Depletion of Soil Water for Use in Problem 3.12

Accretion

Depletion

Day Precipitation P (in.)  Runoff Q (in.)

Evapotranspiration ET (in.)

Percolation G (in.)

in Table 3.5.

Runoff
(in.)

0.4
0.75
0.5
0.3




4 Evapotranspiration

4.1 INTRODUCTION

Evapotranspiration (ET) is the process that returns water
to the atmosphere and therefore completes the hydrologic
cycle. Students seem to have an intuitive feel for the
hydrologic cycle, and the idea that evapotranspiration
completes the hydrologic cycle is easily believed. This
was not always the case, however. As late as the mid-
1500s there was still a dispute over the source of water in
rivers and springs. The age-old theory was that streams
originated directly from seawater or from air converted
into water. In the mid-1500s, Bernard Palissy, a French
potter, stated that rivers and springs could not have any
source other than rainfall. Edmond Halley (1656-1742)
proved the other half of the concept of the hydrologic
cycle by showing that enough water evaporated from the
earth to produce sufficient rainfall to replenish the rivers
(Biswas, 1969).

Because evapotranspiration is a major component of
the hydrologic cycle, this chapter explores the processes
by which ET occurs. In addition, we discuss techniques
for estimating the amount (depth) and rate (depth/time) of
evapotranspiration. You may be asking yourself why you
would ever need to calculate evapotranspiration. If you
work with water or plants, chances are you will need to
estimate ET. The rate and amount of ET is the core infor-
mation needed to design irrigation projects, and it is also
essential for managing water quality and other environ-
mental concerns. Policymakers need to know how esti-
mates of ET are determined because these methods are
used in litigation and in negotiations of contracts and
treaties involving water. To predict meltwater yields from
mountain watersheds or to plan for forest fire prevention,
estimates of ET are needed. In urban development, ET
calculations are used to determine safe yields from aqui-
fers and to plan for flood control. Anyone involved with
resource management will likely need to understand the
methods available for estimating evapotranspiration.

Evapotranspiration can be divided into two subpro-
cesses: evaporation and transpiration (Figure 4.1). Evap-
oration essentially occurs on the surfaces of open water,
such as lakes, reservoirs, or puddles or from vegetation
and ground surfaces. Transpiration involves the removal
of water from the soil by plant roots, transport of the water
through the plant into the leaf, and evaporation of the
water from the leaf’s stomata into the atmosphere.

Evapotranspiration

Evaporation Transpiration
Open . Vegetation |
Water Soil Surfaces Plants
I I

FIGURE 4.1 Evapotranspiration divided into subprocesses.

4.2 EVAPORATION PROCESS

Evaporation occurs when water is changed in state from
a liquid to a gas. Water molecules, both in liquid and in
gas, are in constant motion. Some water molecules possess
sufficient energy to break through the water surface into
the atmosphere, and some water vapor molecules may
cross back into the liquid. When more molecules are leav-
ing the liquid than returning, net evaporation occurs
(Figure 4.2). The energy a molecule needs to penetrate
the water surface is called the latent heat of vaporization
(approximately 540 cal/g of water evaporated at 100°C).
Evaporation therefore requires a supply of energy, typi-
cally provided by received solar radiation or insolation,
to provide the latent heat of vaporization. In 1802, the
English physicist John Dalton (1766—1844) showed that
the main driving force of evaporation is vapor pressure def-
icit. That is, the rate of evaporation is largely the function
of the difference between (1) the ability of air to hold water
based on air temperature and relative humidity and (2) the
energy in the water (largely based on temperature) to make
it give up water to the air. This is Dalton’s law; we discuss
it in this chapter in modified form as the Meyer equation.
Consider a newly closed container half full of water.
With a sufficient supply of energy, water will evaporate;
initially at a high rate, but eventually the container will
equilibrate, and no net rate of evaporation will occur.
When the container was first closed, the concentration of
water molecules in the airspace above the water was very
small. The newly evaporated water molecules could move
(diffuse) easily into the airspace. The rate of diffusion of
water molecules is proportional to the difference in con-
centration between water molecules at the water surface
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‘@’ EVAPORATION:

Thermal agitation within
the molecule provides
energy for it to “escape”
the internal bonds of the
liquid and be absorbed
into the air.

O 0
00005000 & 000600000
00000000 000000000 O
00000000 000000000 0
O0O000000 000000000 O
O0O000000 000000000 O
00000000 000000000 O

Liquid water at 76°F

FIGURE 4.2 Schematic of the evaporation process.

and in the air space. As more molecules evaporate and
move into the air space, the concentration of water mol-
ecules in the airspace increases. Because the concentration
of water molecules at the water surface is essentially con-
stant and the concentration in the air space is increasing,
the difference between the two concentrations and the rate
of evaporation decrease. The net evaporation will eventu-
ally cease when the container equilibrates.

When net evaporation ceases, the air is said to have
reached the saturation vapor pressure e,. If evaporation is
to continue after the saturation vapor pressure is reached,
some mechanism to remove water vapor from the air
above the evaporating surface is needed. In an open sys-
tem, such as a lake or crop field, a layer of water vapor
can build up adjacent to the water or leaf surface and reduce
evaporation. For evaporation to continue, air movement
(typically provided by wind) is needed to remove the

vapor.

Therefore, two important factors in the evaporation
process are (1) a source of energy to supply the latent heat
of vaporization and (2) a concentration gradient in the
water vapor, typically provided by air movement, that
removes the water vapor adjacent to the evaporating surface.

4.2.1 Fick’s FirsT LAW OF DIFFUSION

Fick was one of the first to quantify the movement of
molecules from a region of higher concentration to a
region of lower concentration (Nobel, 1983), such as water
molecules moving from a water surface into air. He devel-
oped Fick’s first law of diffusion:

J. =-D —L

f = 4.1

where J; (the flux density) is the amount of species j
crossing a certain area per unit time and is typically
expressed in units such as moles of particles per square
meter per second. D; is the diffusion coefficient of species
Jj (analogous to resistance in electrical circuits). The term
dc;/ox represents the concentration gradient of species j
and is the driving force that leads to molecular movement
(Nobel, 1983). The negative sign indicates that the direc-
tion of flow is from high to low concentration.

4.2.2 POTENTIAL EVAPOTRANSPIRATION VS. ACTUAL
EVAPOTRANSPIRATION

A sometimes-difficult concept for students is the differ-
ence between potential evapotranspiration (PET) and
actual evapotranspiration (AET). While agricultural
hydrologists may have very precise definitions and distin-
guish carefully between evaporation and transpiration
(discussed later in the chapter), we now look at the PET
and AET in simpler terms. PET is the amount of ET that
would occur when there is unlimited water available. AET
is the amount of ET that actually occurs when water is
limited. An example might be for Lake Havasu on the
Colorado River between California and Arizona. There,
the annual average PET is about 7 ft. Since evaporation
from a lake approximates PET, we would expect Lake
Havasu, in an average year, to lose by evaporation about
7 ft of water over the entire surface of the lake. That is,
for the lake the actual evapotranspiration equals the poten-
tial evapotranspiration (AET = PET). However, when we
step up on the dry bank, we are in the Sonoran Desert,
where the PET is still 7 ft, but the average annual precip-
itation is only about 8 in. (Figure 2.6). So, without irri-
gation, the maximum ET that could occur on the bank
would be the 8 or so in. of water supplied by rain each
year. Thus, while the PET everywhere in the locale may
be 7 ft, the AET might equal the PET over the water, but



Chapter 4. Evapotranspiration

the AET on the nonirrigated land could average only 8 in.
As we discussed below, AET can be modified by other
variables.

4.2.3 EvAPORATION FROM OPEN WATER

Evaporation from open or “free” water has been well
studied. Open water in this context refers to lakes, ponds,
reservoirs, or evaporation pans (see Section 4.4). While it
is true that evaporation from lakes and reservoirs may be
of great local interest (for instance, to predict summer
water levels), the justification for studying open water in
such great detail is that open water provides a reproducible
surface. The state of crops and soils is dynamic, which
complicates evaporation from these surfaces. The surface
of open water is relatively unchanging, and the depen-
dence of evaporation on weather conditions alone is easier
to study. Crops and soil evaporation losses can be esti-
mated from open water evaporation predictions (Penman,
1948), but when available, measurements of lake evapo-
ration rates give a far better estimate of PET rates.

There are at least four minor factors that might affect
open or free water evaporation rates:

1. Barometric Pressure. Free water evaporation
increases slightly with decreasing pressure
(Veimeyer, 1964), but the effect is usually offset
by the cooler temperatures in cyclones and at
higher altitudes, where lower pressures exist.

2. Dissolved Matter. Dissolved matter lowers the
vapor pressure of water, thus reducing evapo-
ration. For salt (NaCl), the evaporation rate is
lowered about 1% for each 1% increase of spe-
cific gravity (Veimeyer, 1964).

3. Shape, Site, and Situation of Evaporating
Body. Ponds, lakes, and the like surrounded by
hills might decrease wind. Size and especially
length along the major axis of the wind (fetch)
give more near-surface velocity and surface
roughness (waves).

4. Relative Depth of Evaporating Body. Shal-
lower lakes retain more energy near the surface
and thus have higher evaporation than a deeper
lake. Deep lakes move energy away from the
surface due to rollover. This factor is considered
in the Meyer equation, discussed in Section 4.6.

4.2.4 EVAPORATION FROM BARE SoiL

Evaporation from bare soil is similar to evaporation from
open water if the soil is saturated. If the bare soil is not
saturated, the process is more complex because water
evaporates deeper in the soil, and the vapor must diffuse
into the atmosphere. The rate of evaporation from bare
soil is typically divided into two distinct stages. During
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the first stage, the soil surface is at or near saturation. The
rate of evaporation is controlled by heat energy input and
is approximately 90% of the maximum possible evapora-
tion based on weather conditions. The duration of the first
stage is influenced by the rate of evaporation, the soil
depth, and hydraulic properties of the soil. This stage
typically lasts 1 to 3 days in midsummer (M.E. Jensen et
al., 1990).

The second stage, sometimes called the falling stage,
begins once the soil surface has started to dry. At this
stage, evaporation occurs below the soil surface. The water
vapor formed in the soil reaches the soil surface by diffu-
sion or mass flow caused by fluctuating air pressures. The
evaporation rate during this stage is no longer controlled
by climatic conditions, but rather by soil conditions such
as hydraulic conductivity (M.E. Jensen et al., 1990). An
important control of hydraulic conductivity is texture, so
that for a given period of intensive drying, a given level
of soil drying might be found significantly deeper in sand-
textured soils than in clay-textured soils. Evaporation rates
from bare soil are highest when the soil is wet, so it stands
to reason that evaporative losses are greatest from a bare
soil that is frequently wetted; under natural conditions,
this might come from a climate where rainfall is frequent.
In western Europe, a West Coast marine climate (Chapter
2, Table 2.1, Koeppen Cfb), many areas have rain about
half the days of the year, so that bare soils may have
relatively high evaporative losses, similar to vegetated
plots. In more continental locations like the central U.S.,
rainfall is generally much less frequent, so that evaporative
losses would be relatively less.

The principles above apply to irrigation, especially
spray irrigation. Less-frequent, but more adequate appli-
cations of water on bare soil will minimize evaporative
water losses from the bare soil surface. The optimum
procedure is to bring the soil up to field capacity (FC)
without leaching soil nutrients and other chemicals into
groundwater.

Most of the concepts in the above paragraphs were
known to early settlers in the semiarid regions of the U.S.
Before the days of widespread irrigation, farmers often
used a technique called “dry farming,” by which the sur-
face of the soil was broken up by shallow plowing to
reduce upward capillary action and diffusion and thus
evaporative loss of the deeper soil moisture. Crops were
planted only every other year, with the fallow year used
to accrue moisture from rainfall in the hope that the soil
would be “filled” to near field capacity by the time the
crops started to grow. Note that the considerable water-
holding capacity of the soil was used to store the water in
a “savings account,” a principle we discuss regarding soil
water budgets. Dry farming continued in some places into
the 1950s, but eventually disappeared because (1) crops
were possible only every other year, which limited output
and income; (2) the loose surface soil layer was extremely
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Stomatal Pore
FIGURE 4.3 Schematic transverse section through a leaf.

susceptible to erosion by both wind and water; and (3)
irrigation water was increasingly made available, espe-
cially by the federal government.

4.3 EVAPOTRANSPIRATION FROM SOIL
AND PLANTS

When plants are introduced into the system, the complex-
ity of measuring or predicting ET increases because plants
are transpiring, in addition to water evaporating from the
soil surface or from the canopy surfaces.

4.3.1 [INTERCEPTION

Before precipitation gets to the ground, it normally must
pass through vegetation: canopies, stems, grass blades,
and vegetative bed litter (duff) on the ground. A small,
but significant, amount is intercepted and retained on these
surfaces. Evaporation of this retained intercepted water
starts even during the storm and continues afterward until
all the water is evaporated. Note that about the same
amount of energy is required to drive evaporation of free
water from the leaf as to drive transpiration from the leaf.
Thus, plant transpiration is reduced commensurate with
the amount of intercepted water to be evaporated from the
leaves. Typical total amounts are 0.1 to 0.2 in. per storm,
but greater values can occur. This means that smaller
storms may not even wet the soil beneath the vegetation.
The proportion of annual precipitation intercepted typi-
cally ranges from 10 to 25% (Lull, 1964). As discussed
for bare ground, a general rule is the more rain events, the
greater the proportion of annual rain intercepted.
Interception is an important consideration in spray
irrigation. As with bare ground, applications usually
should be of larger amounts and be applied less frequently.
To bring a soil up to field capacity, the abstraction or loss
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of water due to interception must be accounted for in
calculating the depth of water to be applied.

4.3.2 TRANSPIRATION

Transpiration was defined by Kramer (1983) as the loss
of water in the form of vapor from plants. We recognize
from this definition that transpiration is basically an evap-
oration process. The transpiration of water that moves out
of the leaves and into the atmosphere is responsible for
the ascent of water from the roots and the rate at which
water is taken in through the roots. The rate at which water
moves through a plant is critical to the plant’s functioning
because water is the vehicle that carries nutrients and
minerals into the plant. Water that falls on leaves due to
precipitation or irrigation and then evaporates is not asso-
ciated with transpiration. So, how does evaporation/tran-
spiration of water from within the leaf influence what
happens in the roots of the plant?

Figure 4.3 shows the structure of a typical leaf. An
epidermis is present on both the upper and the lower sides
of a leaf. The epidermal cells usually have a waterproof
cuticle on the atmospheric side. Between the two epider-
mal layers is the leaf mesophyll, which is usually differ-
entiated into two types of cells — the elongated, orderly
palisade cells and the more loosely packed, spongy mes-
ophyll cells. The unstructured arrangement of the spongy
mesophyll cells allows the intercellular formation of air-
spaces, which are the primary sites for transpiration. The
pore that connects the intercellular spaces with the atmo-
sphere is called a stoma or stomata. The plural forms are
stomata or stomates, respectively. Each stoma can open
or close by changing the size of the guard cells at the
edges of the pore.

The leaf mesophyll cells are saturated and are typi-
cally in contact with the intercellular spaces. Water from
a saturated surface in contact with the atmosphere will



Chapter 4. Evapotranspiration

Soil Surface

FIGURE 4.4 Schematic of the path of water through the plant.

evaporate if there is a source of energy and a difference
in concentration of vapor in the air (or “room” for new
water molecules to enter the air). The needed energy
comes primarily from direct solar radiation. Evaporation
will increase the vapor pressure in the intercellular space,
resulting in a vapor pressure gradient between the leaf and
the atmosphere under most atmospheric conditions. This
gradient will cause vapor to diffuse out of the stomates
into the atmosphere. The larger the vapor pressure gradi-
ent, the higher the rate of diffusion, and the faster evapo-
ration will occur (Fick’s first law of diffusion). As a prac-
tical example of this, consider a hot summer day when
the temperature is around 90°F. Is it more comfortable
when the relative humidity is 60 or 95%? Why? Most
people are more comfortable at 60% because there is more
room in the air for water vapor. The sweat on our skin
evaporates faster and helps cools us. The latent heat of
vaporization is absorbed during the change of state of
water, and this removes heat from the air—skin system.
Once some water is evaporated from the interior cells
in a leaf, more liquid water moves in to replace that droplet
(Figure 4.4). The process is similar to using a straw to
drink. The plant has many connected cellular pathways
that effectively act as the straws. The evaporation at the
intercellular space initiates the pull. The divisions and
subdivisions of the xylem (the main upwardly conducting
tissue) in the leaves allow for mesophyll cells to be no
more than three or four cells away from the xylem. Tran-
spiration effectively pulls water into the plant through the
roots, up the xylem in the stem, and out the leaves.
Transpiration is considered beneficial to the plant
because essential nutrients are brought in solution from
the soil water to the plant. Also, the process of transpiring
helps the plant absorb minerals and helps cool the leaves.
Kramer (1983) countered the second point, however,
because leaves in full sun are rarely injured by high tem-
peratures, and transpiration merely increases the amount
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of water moved. Kramer also noted that many plants thrive
in shaded, humid areas, where the rate of transpiration is
very low. Numerous harmful effects of excessive transpi-
ration resulting in water stress have been recorded. So,
why do plants transpire? Kramer hypothesized that tran-
spiration is an unavoidable evil because evolution favored
high rates of photosynthesis over low rates of transpira-
tion, and the leaf structure favorable for the entrance of
carbon dioxide (essential for photosynthesis) also allows
water vapor loss.

Many plants do have mechanisms to reduce transpi-
ration if necessary. Plants can reduce the leaf area (rolling
leaves or wilting) or change leaf orientation to reduce the
amount of tissue exposed to sunlight (reduce the energy
received). Plants can close the stomates to block the dif-
fusion of water vapor out of the leaf (this also blocks the
entrance of CO,). The ability of plants to adjust their rate
of transpiration constantly is one of the major difficulties
encountered when trying to estimate the actual transpira-
tion rate.

4.3.3 FAcTORS THAT AFFECT TRANSPIRATION RATES

Following is a brief discussion of some of the factors that
affect transpiration rates. The term plants, as used in this
book, normally refers to indigenous mesophytic plants of
humid, temperate, midlatitude regions. While some of the
crops mentioned may be exotic, their moisture regimes
are mostly mesophytic. For plants with more exotic mois-
ture regimes, refer to the work of Nobel (1983) and Mac-
Donald (2002).

Type of Plant. The type of plant has always been con-
troversial. Some have maintained that, as long as the total
planar surface of the earth is covered by leaves (thus
maximizing the receipt of direct insolation), then the
potential transpiration is at a maximum insofar as the
plants are concerned. Later work indicated that indirect
solar energy also plays a role, meaning that shaded leaves
or needles may be transpiring, although not at the higher
rate driven by direct solar energy. This would suggest that
taller plants would have higher potential transpiration
rates. Depth of roots, while often, but not always, corre-
lated with plant height, can give access to water at greater
depth. Indeed, often exotic pheatophytes (plants with root
systems that can reach into groundwater, or the phreatic
zone) continue to transpire huge amounts of water in the
Southwest with little or no economic return.

The idea that trees consume more water than lower-
growing vegetation is no longer in question (Bosch and
Hewlett, 1982). For a large part of the southeastern U.S.,
forested areas, over a period of decades, have continued
to transpire about 330 mm (area—depth) more than other
land covers (Trimble et al., 1987).
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FIGURE 4.5 A. Average moisture extraction pattern of plants growing in a soil without restrictive layers and with an adequate supply
of plant-available water (PAW) throughout the root zone. B. Moisture extraction patterns as determined by PAW in various parts of
soil profile. Width of each profile represents PAW; gross area of each profile represents total PAW in profile; shaded area shows
moisture extraction pattern for each profile. (From USDA-SCS, National Engineering Handbook, Irrigation.)

The ability to extract water from the soil is not directly
correlated with depth of roots. While more water may be
available to lower roots, the energy required to pull that
water up to the plant is great, so only a smaller amount
may be extracted. This principle is demonstrated in
Figure 4.5, which also shows that the proportional water
drawn from depths may be partially a function of soil
texture at those depths. Some small crop plants can have
extensive root systems, such as alfalfa, which has been
known to extend roots as far as 30 m. Some typical crop
root systems are shown in Figure 4.6.

Insolation, temperature, and relative humidity are the
three factors that drive the energy gradient between the
plant leaves and the atmosphere and largely control the
potential transpiration from the leaf stomata. As noted
here, direct insolation is most effective, but indirect inso-
lation is also important. Temperature and relative humidity
also show up in the vapor pressure deficit mentioned in
conjunction with Dalton’s law. The importance of these
three factors is demonstrated under irrigation in southern
California, where water consumption rates for several

crops (lemons, oranges, walnuts, and alfalfa) can more
than double between April and July (Veimeyer, 1964).

Wind. By breaking up the saturated layer of air closest
to the leaf, wind can increase transpiration rates. To pre-
clude excessive rates, however, leaf stomata have guard
cells that will curtail transpiration as the wind speed
increases, with 8 mph (12 ft or about 4 m/sec) a common
threshold. Even so, Santa Ana wind conditions in Los
Angeles can rapidly desiccate delicate plants like azaleas.

Plant Available Water. We again need to make the dis-
tinction between PET, the amount of ET that could pos-
sibly occur under given atmospheric conditions, and AET,
with the limitation here available soil water. We know that
plants can transpire at maximum rates at soil field capacity
and stop transpiring at the wilting point. The main question
here is how plant transpiration rates vary in the moisture
range between those two values, which is plant available
water (PAW; also termed by some as plant available moisture
[PAM] or available moisture content [AMC]). Harrold et al.
(1986) gave three primary models for mesophytic plant
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FIGURE 4.6 Root systems of field and vegetable crops in deep irrigated soils of the central U.S. (From USDA-SCS, National

Engineering Handbook, Irrigation.)

water uptake in the PAW range (Figure 4.7). The most
commonly accepted of these is the Pierce curve, which
shows plants transpiring at maximum rates (AET = PET)
from field capacity down to about 50% PAW, at which
point the transpiration begins to slow, falling off sharply
as the wilting point is approached. With the Veimeyer
model, transpiration remains high (AET = PET) through
the range of PAW until the WP is approached, when
transpiration drops sharply. The Thornthwaite model,
rarely used, shows the ratio AET/PET as a linear function
of percentage PAW. Because plant or crop growth and
productivity are roughly related to transpiration rates,
such models are more than just academic exercises.
Under irrigation, farmers will apply water to maximize

production, but they need to know the relationship. That
is often not clear.

For mesophytic plants, maintaining a soil water con-
tent above FC by overirrigating is problematic. Roots are
deprived of oxygen, and plant processes, including tran-
spiration, can be curtailed. When soil water content above
FC is prolonged, plant diseases may ensue. High levels of
gravity water may also be harmful in other ways. If the
water table is deep, percolating water may transport nutri-
ents into groundwater. When the water table is near the
surface, excess water may raise the water table high
enough so that capillary action can “wick” groundwater
solutes, such as salt, to the surface, where ET can con-
centrate them.
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4.3.4 TrANSPIRATION RATIO AND CONSUMPTIVE USE

Two terms frequently used relating to transpiration are
transpiration ratio and consumptive use. Transpiration
ratio is the ratio of the weight of water transpired to the
weight of dry matter produced by the plant. This ratio is
a measure of how efficiently crops use water. For example,
the transpiration ratios are approximately 900 for alfalfa,
640 for potatoes, 500 for wheat, 450 for red clover, 350
for corn, and 250 for sorghum. The least-efficient crop, in
terms of water use, would be alfalfa because it uses 900
kg of water for every kilogram of dry alfalfa it produces.
Sorghum is the most efficient crop listed because it uses
only 250 kg of water for every kilogram of dry matter
produced.

Consumptive use is the total amount of water needed
to grow a crop (the sum of the water used in ET plus the
water stored in the plant’s tissues). The term consumptive
use is generally used interchangeably with ET because the
amount of water retained in plant tissue is negligible com-
pared to the amount of ET.

4.3.5 POTENTIAL EVAPOTRANSPIRATION AND ACTUAL
EvAPOTRANSPIRATION CONCEPTS AND
PRACTICES IN AGRICULTURE

Evaporation and, especially, evapotranspiration are com-
plex processes because the rate of water vapor loss
depends on the amount of solar radiation reaching the
surface, the amount of wind, the aperture of the stomates,
the soil water content, the soil type, and the type of plant.
To simplify the situation, researchers have attempted to
remove all the unknowns, such as aperture of the stomates
and soil water content, and focus on climatic conditions. The
simplified calculations are termed potential evaporation and

TABLE 4.1

Conventional Abbreviations for Terms Relating
to Actual and Potential Evaporation and
Evapotranspiration

E, Potential evaporation

E, Potential evapotranspiration

E Actual evaporation

E, Actual evapotranspiration

E, Reference crop evapotranspiration

potential evapotranspiration. The definition given by
M.E. Jensen et al. (1990) for potential evaporation E, is
the “evaporation from a surface when all surface—atmo-
sphere interfaces are wet so there is no restriction on the
rate of evaporation from the surface. The magnitude of E,
depends primarily on atmospheric conditions and surface
albedo but will vary with the surface geometry character-
istics, such as aerodynamic roughness.” Surface albedo is
the proportion of solar radiation reflected from a soil and
crop surface. Conventional abbreviations for the terms
used in this section and the subsequent two sections are
summarized in Table 4.1.

Penman (1956) originally defined potential evapo-
transpiration E,, as “the amount of water transpired in unit
time by a short green crop, completely shading the ground,
of uniform height and never short of water.” Looking at
Penman’s definition, we can see the attempt to simplify
the situation. The crop is assumed to be short and uniform
and completely shading the ground so that no soil is exposed.
The crop is never short of water, so soil water content is no
longer a variable, and presumably the stomates would
always be fully open. These conditions theoretically provide
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FIGURE 4.8 Options available for measuring potential or actual evapotranspiration.

the maximum evapotranspiration rate based on the given
climatic conditions.

Many authors treat potential evapotranspiration and
potential evaporation as synonymous, but the original
intent was that actual evapotranspiration involved an
actively growing crop, and potential evaporation did not.

Potential evapotranspiration and evaporation may be
easier to estimate, but do not necessarily represent reality
in agriculture. In general, watersheds are not entirely cov-
ered by well-watered short green crops. Actual ET or
actual evaporation (E) is the amount or rate of ET occur-
ring from a place of interest, and it is the value we want
to estimate. In practice, actual ET is obtained by first
calculating potential evapotranspiration and then multi-
plying by suitable crop coefficients to estimate the actual
crop evapotranspiration. Crop coefficients are usually
residual terms from a statistical analysis of field data, so
it is essential that the methods for estimating potential
evapotranspiration be consistent with the crop coefficients.
Because potential evapotranspiration has been defined
vaguely (short green crop), some studies have used alfalfa
and some have used grasses to measure potential evapo-
transpiration. Other methods correlate evaporation from
free water surfaces to actual ET. The result is that the
methods for determining actual ET are variable and con-
fusing (M.E. Jensen et al., 1990). Scientists have
attempted to remedy this problem by introducing refer-
ence crop evapotranspiration.

4.3.6 REerereNcE CROP EVAPOTRANSPIRATION

Reference crop evapotranspiration E,, is defined as “the
rate at which water, if available, would be removed from
the soil and plant surface of a specific crop, arbitrarily
called a reference crop” (ML.E. Jensen et al., 1990). Typical

reference crops are grasses and alfalfa. The crop is
assumed to be well watered with a full canopy cover
(foliage completely shading the ground). The major
advantage of relating E,, to a specific crop is that it is
easier to select consistent crop coefficients and to calibrate
reference equations in new areas.

Many methods are available for quantifying evaporation
and evapotranspiration. Methods are selected based on the
accuracy needed, the timescale required, and the resources
available. The first decision that needs to be made is whether
ET will be measured or estimated from weather data. If we
want to determine ET for a time period that has already
elapsed, obviously our only choice is to estimate the ET
from weather data records. If we want to predict ET for
future time periods and money is available to purchase
instrumentation, then measuring ET would be an option.

4.4 MEASURING EVAPORATION OR
EVAPOTRANSPIRATION

There are several methods available for measuring evap-
oration or evapotranspiration. Since vapor flux is difficult
to measure directly, most methods measure the change of
water in the system. Figure 4.8 shows schematically the
options available for measuring potential evaporation,
potential evapotranspiration, or actual evapotranspiration.
An evaporation pan or ET gage can be used to measure
potential evapotranspiration. Actual evapotranspiration
can be measured in several ways. If we need a simpler,
less-expensive technique, measuring soil water depletion
or using a water balance would be possibilities. More
precise, but also more complex, methods include lysime-
ters, either weighing or nonweighing, or using an energy
balance or mass transfer technique. These methods are
discussed in more detail in the following section.
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4.4.1 EvAPORATION PAN

One of the oldest and simplest ways to measure evapora-
tion is with a pan. This involves placing a pan of water
outside and recording how much water evaporates during
a specific time. The type (steel, plastic, glass) and the size
of the pan affect how fast water will evaporate. To stan-
dardize pans, the U.S. Weather Bureau has chosen a stan-
dard pan, called a Class A pan. This is a cylindrical con-
tainer made of galvanized steel or Monel™ metal, 10 in.
deep and 48 in. in diameter. The pan is placed on an open
wooden platform with the top of the pan 16 in. above the
soil surface. The platform site should be nearly flat, well
sodded, and free from obstructions. The pan should be
leveled and filled with water to a depth of 8 in. Periodic
measurements are made of the changes in water level with
a hook gage set in a still well. When the water level drops
7 in., the pan should be refilled.

The problem with the Class A pan is that it overesti-
mates PET because energy enters the pan through the sides
and bottom. Thus, it overestimates lake evaporation by 20
to 40%, depending on where location in the U.S. (see later
discussion). As discussed, lake evaporation is a good sur-
rogate for PET, and the closest surrogate for a lake, and
thus for PET, is the buried pan. The buried pan is much
like the Class A pan, except that it is buried almost up the
rim so that the energy exchanges resemble those of a lake.
Many buried pans were in use at one time, but no longer.
A problem is that leaves and trash can easily blow onto
the water surface and affect the readings, so it requires
more maintenance than the Class A pan. However, the
superiority of the buried pan is clearly shown in
Figure 4.9, which shows how well a USDA buried pan

approximates PET as measured by a lysimeter at Davis,
CA. Conversely, the three Class A pans overpredict from
15 to more than 30%, depending on their surrounding
vegetation.

So what does a farmer using irrigation who hopes to
keep the crops at optimum ET and thus at optimum pro-
duction do? Many such farmers use a very simple device;
they cut a 55-gal barrel in half and bury one half, leaving
only 2 to 3 inches of circular rim above ground. They keep
the water level at ground level, replacing the loss each
day, carefully noting the daily water losses. Knowing the
moisture characteristics of their crops and soils, they
maintain a running soil water budget and thus know when
to water. Such a soil water budget is shown later in this
chapter.

Pan evaporation data can be used to estimate actual
evapotranspiration of a reference crop using the following
equation (M.E. Jensen et al., 1990):

=k E

=k, E 4.2)
where k,, is a crop or pan coefficient. Many k, values have
been determined in previous studies, but it is important
that the study have a similar climate (humid vs. arid) and
use the same pan (i.e., Class A pan) with similar nearby
surfaces and placement in relation to wind barriers at the
site of interest. The coefficients in Table 4.2 were devel-
oped for an alfalfa reference crop. The coefficients can be
used to convert pan measurements to an alfalfa reference
crop ET estimate or to convert estimates made with the
other methods discussed in Section 4.6. Table 4.2 should
be used with caution because the coefficients represent
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TABLE 4.2

Ratios of E,/E,,, and E,/Eenoq Developed from Kimberly, ID, data

E,/E ., and E,/E, (method)

Method April May June
E,, 0.75 0.86 0.92
E, 1.00 1.00 1.00
E,(P) 0.98 1.14 1.20
E,(JH) 1.33 1.25 1.18

July August September October
0.94 0.92 0.92 0.91
1.00 1.00 1.00 1.00
1.20 1.15 1.12 1.12
1.08 1.08 1.25 1.37

E,,, = measured Class A pan evaporation; E,, = reference ET, alfalfa, by combination equation using the 1982 Kimberly
wind function (Wright, 1982); E, (P) = potential ET, grass, modified Penman method using W, = (1.0 + 0.0062 u,)
with u, in km d™' and vapor pressure deficit Method 3 (M.E. Jensen et al., 1971); E,(JH) = reference ET, alfalfa,

Jensen—Haise method.

Source: Jensen, M.E., R.D. Burman, and R.G. Allen, Evapotranspiration and Irrigation Water Requirements, American
Society of Civil Engineers, New York, 1990. Copyright 1990 by the American Society of Civil Engineers. Reproduced

with permission of the American Society of Civil Engineers.

monthly averages, and the interrelationships of methods
may not be the same at all locations. To use Table 4.2,
select the appropriate month from the top of the table and
the appropriate method from the left-hand column, then
determine the adjustment coefficient.

ExamrLE 4.1

If the measured pan evaporation were 4.7 in. for June,
what would the reference crop equivalent be for alfalfa?

Solution

From Table 4.2, choose the method (E,qn), move to June
(Column 4), and select the E,/E,,, coefficient (=0.92).
Then, E ,, (E,/E,

pan pan) =47 x 0.92 = 4.3 in. of ET from
alfalfa.

Answer

The equivalent alfalfa reference crop ET is 4.3 in. of water
in June.

4.4.2 F,, Gages

Gages that estimate localized, real-time (as it is actually
occurring) potential evapotranspiration are commercially
available. A typical gage has a surface that simulates a
well-watered leaf. The surface is exposed to the atmo-
sphere, where it will experience the same energy source
and wind as the crop. Commercial literature claims excel-
lent agreement between the potential evapotranspiration
measured by the gage and potential evapotranspiration
calculated by the Penman—Monteith equation for daily ET.

4.4.3 SoiL WATER DEPLETION

AET from a crop can be estimated by observing the
change in soil water over a period of time. The average
rate of ET in millimeters/day between sampling dates
(denoted At) can be calculated using the following equa-
tion (MLE. Jensen et al., 1990):

E = ASM _ Zi:‘l(el -0,),AS,+1-D
Y’ o

4.3)

where E, is the actual evapotranspiration (mm/d); ASM is
the change in soil water content; At is the time between
sampling dates; n,, is the number of soil layers in the
effective root zone; AS; is the thickness of each soil layer
(mm); 0, is the volumetric water content of soil layer i on
the first sampling date (m?*/m?); 6, is the volumetric water
content of soil layer i on the second sampling date (m3/m?);
1 is the infiltration (rainfall-runoff) during At (mm); and
D is the drainage below the root zone during Af (mm).

Estimating AET by soil sampling may be possible if
the following precautions are observed: (1) take multiple
soil moisture measurements in the field to obtain an aver-
age soil water content representative of the entire field;
(2) only use this technique for sites where the depth to
the water table is much greater than the depth of the root
zone; and (3) use this technique for sampling periods when
runoff and drainage out of the root zone are zero. This
method can be problematic because (1) measurement of
soil moisture is problematic by whatever method and (2)
subsurface drainage from a soil may continue even after
field capacity has been reached (Figure 3.7).
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FIGURE 4.10 Large Chinese weighing lysimeters. A. The underside of the lysimeters. B. Research plots at the surface.

4.4.4 WATER BALANCE

The water balance approach is generally used on large
areas such as watersheds. The inflows and outflows are
determined from streamflow and precipitation measure-
ments, and the difference between inflow and outflow over
a relatively long period of time, such as a season, is a
measure of evapotranspiration. The area in question must
be confined so that other significant sources of inflow or
outflow do not exist. The results are applicable only to the
climate, cropping, and irrigation conditions similar to
those in the study area (see Exercise 14.2, Part III, Chapter
14).
The equation is
AET=P-Q+AGtAO 4.4
where P is the precipitation depth, AET is actual ET, Q is
runoff depth, AG is groundwater inflow or outflow, and
AB is soil water change. For the short term, AG and A6
should be measured, but over a period of years, they
become insignificant and can be dropped, so the equation
becomes

AET =P-Q 4.5)

4.4.5 LYSIMETERS

Lysimeters are devices that allow an area of a field to be
isolated from the rest of the field, yet experience similar
conditions to that of the growing crop. Typically, the
lysimeter is a cylinder inserted into the soil or a tank filled
with soil and placed in a field. Crops are grown on the
surface of the lysimeter to approximate the conditions of
the field. Since the lysimeter is isolated from the remainder
of the field, measurement of the individual components of
the water balance is possible, so an estimate of actual

evapotranspiration can be calculated. Reference crop ET
is typically determined using measurements made with
lysimeters planted with alfalfa or grass. Similarly, crop
coefficients can be determined by planting the crop of
interest in the lysimeter and measuring ET, then relating
this to the reference crop ET.

Lysimeters can be grouped into weighing and non-
weighing types. The weighing lysimeters allow changes
in soil water to be determined either by weighing the entire
unit with a mechanical scale or counterbalanced scale and
load cell or by supporting the lysimeter hydraulically
(ML.E. Jensen et al., 1990). A world-renowned example of
weighing lysimeters is the large lysimeters located in
Coshocton, OH, and the Chinese lysimeters shown in
Figure 4.10.

Nonweighing lysimeters are either of the percolation
type or of the constant water table type. In the percolation
type, the changes in soil water are determined either by
sampling or by an indirect method such as a neutron probe.
The drainage or “percolation” out the bottom of the root
zone is also measured. With knowledge of the rainfall, the
actual transpiration for the lysimeter can be determined.
The constant water table lysimeters are useful in locations
where a high water table exists. With this type of lysimeter,
the water table is maintained at a constant level inside the
lysimeter, and the water added to maintain water level is
a measure of actual ET.

4.4.6 ENERGY BALANCE AND MASs TRANSFER

The energy balance and mass transfer methods of deter-
mining actual ET require measuring the average gradient
of water vapor above the canopy. The instrumentation
needed and the technical procedures involved typically
limit these methods to research applications. Additional
details can be found in the work of ML.E. Jensen et al.
(1990).
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TABLE 4.3

Minimum Climatic Information Needs

of ET Estimation Methods

Method " RHPores
Penman X X
Jensen—Haise X

SCS Blaney—Criddle X

Thornthwaite X

2 Air temperature.

b Relative humidity.

¢ Actual vapor pressure of the air.
4 Solar radiation.

¢ Wind speed.

Latitude Elevation RS wu®

4.5 WEATHER DATA SOURCES AND
PREPARATION

Many empirical and physically based methods have been
developed for estimating evaporation and evapotranspira-
tion from measured climatic data. For example, evapora-
tion from a lake or reservoir can be estimated if wind
speed, relative humidity, and temperature are known.
Table 4.3 summarizes the weather data requirements for
the ET estimation methods discussed in the next section.

It is often difficult to find weather data for the area of
interest. Many irrigation projects have weather stations
from which data may be obtained, and some states have
weather station networks that may be a source of data. If
interested in data for an area in the U.S., monthly sum-
maries of each state’s weather are available from the
National Climatic Data Center in Asheville, NC, which is
associated with the National Oceanic and Atmospheric
Administration (NOAA). The summaries include daily
precipitation and daily maximum and minimum tempera-
tures from many observation points in each state. Daily
pan evaporation and wind speed are recorded for some
stations. These summaries also provide latitude, longitude,
and elevation for each recording station. Many libraries
subscribe to these climatological data summaries. More
detailed sources for climatic data acquisition are given in
Chapter 14 in conjunction with the exercises.

Once the data are located, they need to be prepared
for calculations using methods identical to those used by
the developers of the ET estimation methods. The most
obvious preparatory task would be to ensure that data are
in the proper units for the equations. In addition, there are
multiple ways some parameters could be calculated; the

method used must be matched to the ET estimation
method. Some of these methods are discussed below.

4.5.1 SATURATION VAPOR PRESSURE

Saturation vapor pressure e, is a property of air and is a
function only of temperature. It is known from everyday
experience that warmer air can hold more water vapor
than cooler air (see Figure 2.1). That is why water con-
denses out of air as it cools. An example of this is con-
densation on the side of an iced tea glass in the summer.
The glass is cooler than the surrounding air. When the
warm, humid air comes in contact with the glass, the glass
cools the air. Cooler air holds less water than warm air,
so water condenses out of the air onto the side of the glass.

The relationship between saturation vapor pressure
and temperature is shown in Figure 4.11 (note the simi-
larity to Figure 2.1). Temperature is shown along the hor-
izontal axis, and saturation vapor pressure in millimeters
of mercury, inches of mercury, and kilopascal (units of
pressure) is on the vertical axis. Find the temperature of
interest, move vertically up to the curved line, and then
move horizontally to reach the axis, which shows the
saturation vapor pressure.

Alternatively, Equation 4.6 can be used to compute
saturation vapor pressure e, in kilopascal if temperature 7
is in degrees Celsius:

0 =ex [16.78 T—116.9:| 4.6)
’ T+237.3

This equation is useful for writing a computer program to
compute some of these values. The equation is valid for
temperatures ranging from 0 to 50°C.
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FIGURE 4.11 Saturated vapor pressure as a function of temperature. (From Schwab et al., 1993. With permission.)

ExampLE 4.2

Find e, in kilopascal (using both Figure 4.11 and Equation
4.6) if the air temperature is 70°F.

Solution

From Figure 4.11, at 70°F, the ¢, = 2.5 kPa. Using Equa-
tion 4.6 and with the temperature in Celsius (70°F =
21.11°C), e, = 2.5 kPa.

Answer

The saturated vapor pressure is 2.5 kPa.

4.5.2 AcTtuAL VAPOR PRESSURE

Actual vapor pressure e, is the vapor pressure of the air.
Unlike saturation vapor pressure, actual vapor pressure
cannot be determined simply by knowing the temperature
of the air. To determine e;,, we need to know the air
temperature and either the relative humidity or the dew-
point temperature of the air. The actual vapor pressure is
dependent on the amount of water currently in the air,
whereas the saturation vapor pressure is based on the
maximum amount of water that could be absorbed by the
air. We need to know relative humidity or dewpoint tem-
perature because they are measures of the amount of water
actually in the air. The following equation can be used to
find actual vapor pressure:

e .= X——

4.7
d s 100 @7

where e, is the actual vapor pressure, e, is the saturation
vapor pressure, and RH is the relative humidity in percent.

4.5.3 VApOR PRressurRe DEericiT

Many methods exist for calculating the vapor pressure deficit
(e, — e,) (see MLE. Jensen et al., 1990). Three methods for
calculating vapor pressure deficit are shown here.

Method 1. Method 1 is the saturation vapor pressure
at mean temperature minus saturation vapor pressure at
dewpoint temperature; this can be written as

(es - ed) - es(’l:d\,g) B eS('rd) (4.8)
where e, is the actual vapor pressure, e, is the saturation
vapor pressure, T, is the mean temperature for time
period of interest, and 7, is the mean dewpoint temperature
for the time period of interest.

ExamrLE 4.3

Compute the vapor pressure deficit for June 17, 1993, at
Piketon, OH, using Method 1. The data are shown in
Table 4.4.

Solution

From Table 4.4, T,

> Tavg

as follows (Equation 4.6):

=22.05°C,and e, at T,

avg

is computed

¢ —ex [16.78(22.05)—116.9]
: 22.05+237.3

=exp [ 253.1 }=2.65 kPa
259.35
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TABLE 4.4

Piketon, OH, Weather Data for June 17, 1993

Hour R, (k/m¥h) T (C) e, (kPa) e, (kPa) (e, —e;) (kPa) RH (%)
1:00 a.m. 0.087 1608  1.827 1.765 0.062 96.6
2:00 a.m. 0.234 1528 1736 1.708 0.028 98.4
3:00 am. 0.362 1468  1.670 1.652 0.018 99.0
4:00 a.m. 0.255 1425  1.624 1.613 0.011 99.3
5:00 a.m. 0.281 1401 1.598 1.593 0.005 99.7
6:00 a.m. 1.213 1313 1510 1.510 0.000 100
7:00 a.m. 64.25 1316 1513 1.513 0.000 100
8:00 a.m. 368.7 1438 1.638 1.638 0.000 100
9:00 a.m. 720.0 1681 1916 1.810 0.106 947
10:00 a.m. 1154.0 2068 2442 1.988 0.454 816
11:00 a.m. 1665.0 2368 2931 2.099 0.832 71.8
12:00 noon 2164.0 2670  3.505 2.199 1.306 62.9
1:00 p.m. 2463.0 2826  3.837 1.925 1.912 502
2:00 p.m. 2568.0 29.19 4051 1.996 2.055 493
3:00 p.m. 2439.0 3026 4306 1.995 2311 46.3
4:00 p.m. 2231.0 3078 4437 2.026 2411 457
5:00 p.m. 1776.0 3096  4.483 2.103 2.380 46.9
6:00 p.m. 1269.0 3092 4472 2.139 2333 47.8
7:00 p.m. 869.0 3043 4349 2.193 2.156 504
8:00 p.m. 408.3 2956 4.139 2.424 1.715 58.7
9:00 p.m. 92.70 2708  3.588 2.496 1.092 69.8
10:00 p.m. 2.035 23.60 2917 242 0.497 832
11:00 p.m. 0.020 2176 2.604 2327 0.277 89.4
12:00 midnight 0.013 2078 2453 2.292 0.161 935

T = 31.4°C; T,

min

=12.7°C; T,,, = 22.05°C.

avg

Next, we need the saturation vapor pressure at the dew- RH

point temperature. If we knew the dewpoint temperature, (e,—e,)= €5 >(1 B 100) @.9)
we would substitute it into Equation 4.8 and obtain the e

saturated vapor pressure at 7,. However, we do not
know T, but €5y WaS recorded because e, = e,. From
Table 4.4, if we average e, we obtain 1

This equation is obtained by writing Equation 4.7 as

RH
e. =e = — (4.10)
224 @y T 100
e
e, = 2’72‘1 =1.98 kPa and then substituting Equation 4.10 into Equation 4.8.
avg
then, ExamrLE 4.4
e, —e,; =2.65-198=0.67 kPa Compute the vapor pressure deficit for June 17, 1993, at
Piketon, OH, using Method 2. The data are shown in
A Table 4.4.
nswer
The vapor pressure deficit is 0.67 kPa. Solution:
24
5w
Method 2. The vapor pressure deficit can be estimated RH A = # = 76.5%
from the saturation vapor pressure at the mean temperature
times the quantity 1, minus the relative humidity expressed T +T

. T — _min max =22.050C
as a proportion or 2
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e at T (from Figure 4.11)=2.65 kPa

avg
Using Equation 4.9,

e, —e,=2.65 (1 - %) =0.62 kPa

Answer

The vapor pressure deficit equals 0.62 kPa.

Method 3. For Method 3, compute the mean of satu-
ration vapor pressure at the maximum and minimum tem-
peratures minus the saturation vapor pressure at the dew-
point temperature determined early in the day, typically
at 8 am.

ExAMPLE 4.5

Compute the vapor pressure deficit for June 17, 1993, at
Piketon, OH, using Method 3. The data are shown in
Table 4.4.

Solution

From Table 44, T = 12.7°C. Cal-

max

=31.4°C, and T,

min

culating e , using Equation 4.6,

5T

16.78(31.4)-116.9
STnax) — %

31.4+2373
=exp [409'82] =4.6 kPa
268.69

Calculating e, at T,;, using the same equation,

16.78(12.7)-116.9
e, SEXp |

12.7+237.3
=exp [@] =1.47 kPa
250.0

Then, averaging these vapor pressures

+
) T

T,

o 460+1.47
2 2

=3.04 kPa

Environmental Hydrology

From Table 4.4, we can find e, at dewpoint temperature
at 8 a.m. because it is the same quantity as e, at 8 a.m.
(1.638 kPa). Subtracting the two vapor pressures (3.03
and 1.638 kPa), we find the vapor pressure deficit calcu-
lated by Method 3 is 1.39 kPa.

Answer

The vapor pressure deficit is 1.39 kPa.

The average of the 24 hourly vapor pressure deficits
is 0.922 kPa and is the most correct estimate of daily vapor
pressure deficit. Note that Method 1 underpredicted the
correct value by 32.4%, Method 2 underpredicted by
42.6%, and Method 3 overpredicted by 50.8%. The best
method would be to average hourly values of vapor pres-
sure deficit to obtain an average for the day. However, it
is unlikely that the necessary weather data will be avail-
able to do this. The ET estimation methods generally
indicate which method is preferred for calculating (e, —e,).

4.5.4 MEAN TEMPERATURE

Several methods are available for computing mean or aver-
age temperature for a given time period. Two of these are
discussed here.

Method 1. Average the individual mean temperatures
from the next smallest timescale. For example, if we
wanted a daily average of T, we could average the hourly
temperatures as follows: From Table 4.4, the sum of Col-
umn 3 (T) is 536.42°C. Then, divide by 24 h to obtain an
average; the average daily temperature is 22.35°C.

Method 2. Average the maximum and minimum tem-
peratures for the period of interest, which in this example
is 1 day. The daily maximum temperature was 31.4°C,
and the daily minimum temperature was 12.7°C. Averag-
ing these values equals 22.05°C. Similarly, if we were
interested in a monthly mean temperature, we could aver-
age the mean daily temperatures or average the maximum
and minimum temperatures for the month. Notice in the
example that the two methods did not result in the same
number; they differed by 1.4%. The mean temperatures
needed for Method 1 are generally not available, whereas
the maximum and minimum temperatures needed for
Method 2 are typically available. Method 2 is the method
generally used to calculate mean temperature.

4.5.5 SOLAR RADIATION

Some ET estimation methods require either R, (solar radia-
tion received on a horizontal plane at the earth’s surface) or
R, (net radiation). R, would be measured at a weather station
and is more likely to be recorded than R,, which requires

measuring both incoming and outgoing solar radiation.
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If R, is measured, such as in the data shown in
Table 4.4, we need to determine whether the data are
presented as instantaneous readings or as cumulative solar
radiation. The units associated with the values will help
determine this. If the units are per hour, per second, or the
like, then they are the average solar radiation for that time
period and are not cumulative.

If neither R, nor R, have been measured for a site and
these data are unavailable for a location near the area of
interest, we can estimate R, (and subsequently R,) if we
know the ratio of actual to possible sunshine and the
latitude of the site. Refer to the work of ML.E. Jensen et
al. (1990) for a detailed description of this procedure.

The most likely scenario is that R, has been measured,
and we need R, to use Penman’s method or a similar
method. It is possible to estimate R, from R, since R, is
the net short-wave minus the long-wave components of
the radiation.

R=(1-0)R{-R T (4.12)
where R, is the net outgoing thermal radiation in mega-
joules per square meter per day (MJ/m?/d) and o is the
albedo or short-wave reflectance, which is dimensionless.
The arrows in Equation 4.12 serve as reminders that R, is
incoming and R, is outgoing. The short-wave reflectance
or albedo o is typically set equal to 0.23 for most green
field crops with a full cover (M.E. Jensen et al., 1990).
Since we know R, and 0., R, is all that is needed. Equation
4.13 can be used to calculate this value (MJ/m?/d)

R
RSO

The coefficients a and b are determined for the climate of
the area of interest. For humid areas, a = 1.0, and b = 0;
for arid areas, a = 1.2, and b = —0.2; for semihumid areas,
a = 1.1, and b = -0.1. R, is the solar radiation on a
cloudless day and can be obtained from Table 4.5 (in
MJ/m?/d) based on the site’s latitude. R,, can be computed
from Equation 4.14.

4.13)

R,, =€e€oT* (4.14)
where the Stefan—Boltzmann constant 6 is 4.903 x 107
MJ/m?/d/K*, and T is the mean temperature for the period
of interest in Kelvin (273 + T in °C). The term € is the
net emissivity and is calculated using the Idso—Jackson
equation (Equation 4.15) with 7 in Kelvin.

£=-0.02+0.261 exp[-7.77x107*(273-T)*]  (4.15)

99

ExamrLE 4.6
Calculate R, from the R, data given in Table 4.4.

Solution

Step 1. The first step is to calculate € using Equation 4.15.

£=-0.024+0.261 exp[-7.77 x107*(273-295.05)*]
=0.159

Step 2. Calculate R, using Equation 4.14.
R,, = €oT*=0.159(4.903 x 10)(295.0)* = 5.90 MJ/m?/d

Step 3. Calculate R, from Equation 4.13 with a = 1.0 and
b =0 (Piketon, OH, is a humid area). For use in Equation
4.15, R, (Table 4.4) should be in units of megajoules per
square meter per day. Totaling the second column gives
R, =20,256.45 kJ/m?/d = 20.26 MJ/m?/d. R, is obtained
from Table 4.5 using the latitude of the place of interest
(Piketon, OH = 38°N) and the month of interest (in our
example, June); R, = 33.49 MJ/m?/d.

R, = [1'0 20.26
7 33.49

+0]5.91=3.58 MJ/m?/d

Step 4. Then, R, is calculated using Equation 4.12, assum-
ing the generally used 0.23 value for albedo.

R, = (1 —0.23)20.26 — 3.58 = 12.0 MJ/m?/d

Answer

The net radiation on June 17, 1993, at Piketon, OH, was
12.0 MJ/m?3/d.

4.5.6 EXTRAPOLATING WIND SPEED

Because of friction, wind is typically slower at the ground
surface, and the speed increases with height. Most meth-
ods for estimating ET that require wind speed specify the
height at which the wind speed should be recorded. How-
ever, in practice, the data have sometimes been recorded
at other heights. To estimate the wind speed u, at height
2,, knowing the wind speed u, at height z,, Equation 4.16
can be used (Allen et al., 1989).

u, _ In[z, —0.67h ] In[0.123} ] @16
u, In[z, —0.67h ]—In[0.123h ] '
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TABLE 4.5
Mean Solar Radiation R, for Cloudless Skies

Mean Solar Radiation per Month for Cloudless Skies (MJ/m?/d)
Latitude Jan Feb Mar  April  May  June July Aug Sept Oct Nov Dec

60° N 251 599 1382 2232 29.01 3195 2985 2332 15.78 8.50 3.64 1.55
55°N 431 8.67 1633 2416 2985 3266 3056 25.00 18.00 10.89 5.57 322
50° N 6.70 11.43 1855 25.83 3098 33.08 3153 26.67 20.10 13.52 8.08 5.44
45° N 9.34 1436 20.64 2721 3153 3337 3236 2805 2206 16.04 10.89 8.25
40° N 1227 17.04 2290 2834 3211 3349 32,66 29.18 2374 1842 1352 10.76
35°N 1495 1955 2458 2931 3211 3349 3295 30.14 2525 2052 1591 1352
30° N 17.46  21.65 2596 2985 3211 3320 3266 3044 26.67 2248 1830 16.04
25° N 19.68 2345 2721 30.14 3211 32.66 3224 3044 2763 2428 2039 18.30
20° N 21.65 2500 28.18 30.14 3140 31.82 3153 30.14 2847 2583 2248 2052
15° N 2357 2650 29.01 29.85 3056 30.69 30.56 29.60 29.18 2692 2428 2248
10° N 2525 27.63 2943 2960 29.60 2931 2943 2876 29.60 28.05 2583 24.4]
5°N 2692 2847 2985 2931 2818 27776 2793 2793 2973 2876 2721 2625
0°E 28.18 29.18 30.02 2847 2692 2625 26.67 2776 29.60 29.60 2847  26.80
5°8 28.05 2985 2985 2776 2554 2458 25.00 2667 28.09 2985 3044 2931
10°S 3069 3044 2943 2680 2470 2273 2273 2500 2755 2985 3044  30.69
15° S 31.53  30.69 2876 2554 2232 2081 2148 2386 2659 29.73 3128 3195
20° S 3236 30.69 2793 2399 2052 1871 19.26 2206 2554 2931 3153 3295
25° S 3295 3069 27.09 2232 1813 1675 17.58 20.64 2433 2876 32.11 33.62
30°S 3337 3044 2596  20.81 16.62 1478 1549 18.84 2294 28.05 32.11 3433
35° S 3349 2973 2458 1897 1453 1256 1340 16.87 2148 2721 3211 3488
40° S 3349 2876 2290 17.04 1241 10.17 11.30 1478 1930 26.08 31.82 35.17
45° S 3349 27776 21.23 1495 9.92 7.66 879 12,69 18.09 24770 3128  35.17
50°S 3295 2638 19.26  12.85 7.54 5.32 6.41 10.59 1620 23.15 3044  34.88
55° 8 3236 2483 17.17 1047 532 3.22 4.19 825 1390 2148 29.60 34.33
60° S 3153 2315  15.07 7.83 3.35 1.38 222 6.15 1147 19.68 2931 34.04

Note: August values in the Southern Hemisphere were corrected to obtain a smooth transition in monthly values. Also, 30-day
months were assumed because when actual days per month were used, a smooth transition between January, February, and
March did not occur.

Source: Jensen, M.E., R.D. Burman, and R.G. Allen, Evapotranspiration and Irrigation Water Requirements, American
Society of Civil Engineers, New York, 1990. Copyright 1990 by the American Society of Civil Engineers. Reproduced with
permission of the American Society of Civil Engineers.

where &, is the height of the vegetation, 0.67#, is the height L In[25 (0.67x6)]— In[0.123x 6]
at which the wind velocity approaches zero (known as the Uy =3 In[6 (=0.67 X 6)]— In[0.123 % 6]
roughness height), and 0.1234, is the surface roughness.

335 _102™
0.987 hr

The variables &, z,, and z, are expected to have the same =3x
units, then u, will have units identical to u,.

Answer

The wind speed at 25 ft was estimated as 10.2 mi/h.

ExampLE 4.7

4.6 ESTIMATING EVAPORATION AND

Find the wind speed at 25 ft if the wind speed at 6 ft is EVAPOTRANSPIRATION

3 mi/h. The vegetation is corn that is 6 ft tall.
4.6.1 EvAPORATION FROM OPEN WATER

Solution Monthly evaporation from lakes or reservoirs can be com-

. ) . puted using the empirical formula developed by Meyer
Using Equation 4.16, with &, = 6 ft,
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(1915), but based on Dalton’s law (1802) (Harrold et al.,
1986).

E= C(es—ed)(l—kuzs) (4.17)

10

where E is the evaporation in inches/month; e, is the
saturation vapor pressure (inches of mercury) of air at the
water temperature at 1 ft deep; e, is the actual vapor
pressure (inches of mercury) of air equal to e, 1, X RH;
U,s is the average wind velocity (miles/hour) at a height
of 25 ft above the lake or surrounding land areas; and C
is the coefficient that equals 11 for small lakes and reser-
voirs and 15 for shallow ponds.

ExampLE 4.8

Compute the monthly evaporation from a reservoir with
a monthly average water temperature of 60°F, measured
1 ft below the surface of the water, and a monthly average
wind speed of 3 mi/h, measured at 25 ft above the reser-
voir. The monthly average air temperature was 70°F, and
the monthly average relative humidity was 40%.

Solution

Determine the saturated vapor pressure of air at the water
temperature 1 ft deep (60°F) = 0.51 inHg (Figure 4.11).

Next determine e, for the air temperature (70°F) by first
finding the saturated vapor pressure of air at 70°F
(Figure 4.11 shows e, at 70°F = 0.73 inHg). Then, ¢, =
0.4(0.73) = 0.292 inHg from Equation 4.7.

Since we are interested in a reservoir, C = 11. Using
Equation 4.17,

inches

E=11(0.51- 0.292)(1 + i) =3.1
10 month

Answer

The evaporation was 3.1 in./month.

To estimate daily evaporation from Class A pans, there
is a handy nomograph available (Figure 4.12). The data
requirements are moderate and, for the average day at a
particular location in the U.S., are easily available (see
Chapter 14, Exercise 14.2, Part II). Consider a location
for which the following data are available: (1) mean daily
temperature is 80°F; (2) solar radiation is 600 Langleys
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(Ly) per day; (3) mean daily dewpoint temperature is
50°F; and (4) wind movement is 100 mi/d 2 ft above the
ground. As indicated in Figure 4.12, enter the nomograph
from the left ordinate at 80°F and proceed to the 600-Ly
isoline. From here, move down toward pan evaporation
and simultaneously to the right to the dewpoint isoline of
50°F, then down to the 100-mi/d isoline. Then, move left
and meet the vertical line intersecting at the value of 0.42
in. (about 1 cm) of Class A pan evaporation per day.

Depending on the source, the wind data may require
adjustment before use, but this is easily done using tech-
niques given in this chapter; see Chapter 14, Exercise 14.2,
Part II, for details. Conversion factors for Class A pan-to-
lake evaporation are given later in the chapter.

4.6.2 ESTIMATING EVAPOTRANSPIRATION

Figure 4.13 summarizes the decision process for selecting
a method for estimating ET. It is important to know what
weather data are available for the site of interest before
selecting an estimation method because each method has
different climatic information requirements (Table 4.3).

The majority of the ET estimating methods were
developed to predict evapotranspiration from a well-
watered short green crop (typically alfalfa or grass). Of
the methods described in Figure 4.13, only the Soil Con-
servation Service (SCS) Blaney—Criddle method was spe-
cifically developed for estimating seasonal actual ET. The
SCS Blaney—Criddle method can also be used to estimate
actual monthly ET, provided the method has been locally
calibrated.

An alternative approach to estimating actual evapo-
transpiration is to measure or estimate reference evapo-
transpiration, then adjust that value based on empirical
coefficients for converting to actual ET. The reference ET
values represent climatic demand, but environmental con-
ditions, such as soil water conditions and the crop canopy
status, need to be considered to obtain actual ET. Crop
coefficients that relate actual ET to potential or reference
crop ET have been derived from experimental data for
particular crops, growth stages, and soil water conditions
(M.E. Jensen et al., 1990). First, we explore available
methods for estimating reference crop ET, then we discuss
modifying these estimates with appropriate crop coeffi-
cients to obtain estimates of actual evapotranspiration.

Many methods are available to estimate reference crop
evapotranspiration. There are two critical questions: What
timescale (hourly, daily, 5 day, monthly, or seasonally)
needs to be estimated? How much weather data are avail-
able? If we need to estimate hourly ET, then the Pen-
man—Monteith method would be most applicable, but this
method requires a large amount of weather data. Daily
estimations of ET also require large amounts of weather
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FIGURE 4.12 Nomograph for estimating daily Class A pan evaporation. (From Kohler, M.A., T. Nordenson, and D. Baker, Evap-
oration Maps for the United States, U.S. Weather Bureau Technical Paper 37, 1959.)

data. Two methods are shown in Figure 4.13 for daily
estimates: the Penman—Monteith (estimating hourly val-
ues, then summing over 24 h) or the Penman method.
Penman’s formula is one of the classics in micrometeo-
rology and hydrology because it incorporated, for the first
time, a number of fundamental principles relating the
evaporation from a wet surface to its equilibrium temper-
ature (Monteith, 1981).

The next timescale, shown in Figure 4.13, convenient
for irrigation scheduling is 5 days. Again, if weather data
are available, we could compute daily ET with the Penman
method or hourly ET with the Penman—Monteith method
and sum the values over a 5-day period. Typically, a 5-
day time period is chosen because hourly or daily data are
not available. Five-day averages can be used in the Pen-
man and Penman—Monteith methods; however, accuracy

is lost compared to using these methods with daily or
hourly weather data. The Jensen—Haise method was spe-
cifically developed for a 5-day time period and requires
elevation and average solar radiation (Table 4.3).
Monthly estimates of ET could be obtained by all the
methods mentioned, either using shorter time periods and
summing over a month or using monthly averages in the
individual methods. The SCS Blaney—Criddle method (if
calibrated locally) and the Thornthwaite method will pre-
dict evapotranspiration on a monthly basis. Fewer weather
data are required for the Thornthwaite method, which
makes the method popular, but the estimate is less accurate
because of the simplified inputs (Amatya et al., 1992).
Seasonal ET can be computed by all the methods men-
tioned, either summing the estimates over the season or
using seasonal values for the variables in the equations.
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‘ SCS Blaney-Criddle,

If Calibrated Locally
\ SCS Blaney-Criddle

These methods require more weather data
than is included in the NOAA summaries.

FIGURE 4.13 Methods available for estimating ET using climatic data.

4.6.3 SCS BLANEY—CRIDDLE METHOD

The SCS Blaney—Criddle method estimates seasonal
(either growing season or irrigation season) actual evapo-
transpiration. This method is the standard method recom-
mended by the USDA-SCS, is well known in the western
U.S., and is used extensively throughout the world (M.E.
Jensen et al., 1990). The original relationships were devel-
oped around 1945 and were intended for seasonal estimates.
This method may be used to obtain monthly estimates if

monthly crop coefficients are locally available.
We know that the amount of evapotranspiration is

related to how much energy is available for vaporizing
water. The energy is provided by solar radiation, but mea-
suring solar radiation requires instrumentation not avail-
able at most field sites. Blaney and Criddle assumed that
mean monthly air temperature and monthly percentage of
annual daytime hours could be used instead of solar radi-
ation to provide an estimate of the energy received by the
crop. They defined a monthly consumptive use factor f as

fo

= 4.18
100 (*-18)

where ¢ is the mean monthly air temperature in °F (average
of daily maximum and minimum), and p is the mean
monthly percentage of annual daytime hours. The 100 in
the divisor converts p from a percentage to a fraction.
Table 4.6 summarizes p for latitudes 0 to 64° N of the
equator. Once f is computed for each month, then the
actual ET for the season is computed by Equation 4.19:
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Potential or
Reference ET
M| Monthly
Hourly Daily 5 Days and
Seasonal
! T T
Penman-Monteith I
Penman-Monteith
Penman
Penman-Monteith
Penman
Jensen-Haise
Penman-Monteith
Penman
Jensen-Haise
Thornthwaite
n
U=K) f 4.19)

where K is the seasonal consumptive use coefficient for a
crop with a normal growing season (Table 4.7), n is the
number of months in the season, and U is the seasonal
consumptive use in inches/season.

ExampLE 4.9

Estimate the evapotranspiration from alfalfa grown in
Hoytville, OH, for the 1992 growing period (June, July,
August, and September) using the SCS Blaney—Criddle
method.

Solution

Step 1. Obtain p (in percent) for Hoytville, OH, from
Table 4.6. To use this table, we need to know the latitude
for Hoytville (41°13’, obtained from NOAA Climatolog-
ical Data, Ohio, 1992). From Table 4.6,

Latitude June % July % August %  September %
42° 10.24 10.35 9.62 8.40
40° 10.09 10.22 9.55 8.50

We need to interpolate to obtain the required values of p.
Interpolating for June,

42-40  10.24-10.09
13 1024—x
2-412

solving for x =10.18
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TABLE 4.6
Monthly Percentage of Daytime Hours p of the Year for Latitudes 0° to 64° N
Latitude Month of the Year
CN) Jan. Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec
64 381 527 800 992 1250 13.63 1326 11.08 856 6.63 432 3.02
62 431 549 807 980 1211 1292 1273 1087 855 680 470 3.65
60 470 567 811 9.69 1178 1241 1231 1068 854 695 502 4.14
58 502 584 814 959 11,50 1200 1196 1052 853 7.06 530 4.54
56 531 598 817 948 1126 1168 11.67 1036 852 7.8 552 487
54 556 610 819 940 11.04 1139 1142 1022 850 728 574 5.16
52 579 622 821 932 1085 11.14 11.19 10.10 848 736 592 542
50 599 632 824 924 1068 1092 1099 999 846 744 6.08 5.65
48 6.17 641 826 9.17 1052 1072 1081 989 845 751 624 585
46 633 650 828 9.1 1038 1053 1065 979 843 758 637 6.05
44 648 657 829 905 1025 1039 1049 971 841 764 650 622
42 661 665 830 899 1013 1024 1035 962 840 770 6.62 639
40 675 672 832 893 1001 1009 1022 955 839 775 673 654
38 687 679 833 889 990 996 10.11 947 837 7.80 683 6.68
36 698 6585 835 885 980 9.82 999 941 836 7.85 693 681
34 710 691 835 880 971 971 988 934 835 790 7.02 693
32 720 697 836 875 962 960 977 928 834 795 711 7.05
30 731 702 837 871 954 949 967 921 833 799 720 7.16
28 740 707 837 867 946 939 958 917 832 802 728 727
26 749 7.2 838 864 937 929 949 911 832 806 736 737
24 758 7.6 839 860 930 9.9 940  9.06 831 810 744 747
22 767 721 840 856 922 911 932 901 830 813 751 1756
20 775 726 841 853 9.5 902 924 895 829 817 758 7.5
18 783 731 841 850 9.08 893 9.6 890 829 820 7.65 774
16 791 735 842 847 901 885 908 885 828 823 772 7.83
14 798 739 843 843 894 877 900 880 827 827 7176 7.93
12 8.06 743 844 840 887 869 892 876 826 831 7.85 8.01
10 8.14 747 845 837 88l 8.61 885 871 825 834 791 8.09
8 821 751 845 834 874 853 878 866 825 837 798 8.8
6 828 755 846 831 8.68 845  8.71 8.62 824 840 8.04 826
4 836 759 847 828 862 837 864 857 823 843 810 834
2 843 763 849 825 855 829 857 853 822 846 8.16 842
0 850 7.67 849 822 849 822 850 849 821 849 822 850

Source: Jensen, M.E., R.D. Burman, and R.G. Allen, Evapotranspiration and Irrigation Water Requirements,
American Society of Civil Engineers, New York, 1990. Copyright 1990 by the American Society of Civil Engineers.
Reproduced with permission of the American Society of Civil Engineers.

The other three values were calculated by similar interpo- June July  August September
lations.
64.2°F  70.3°F  65.7°F 61.6°F

Latitude June % July % August %  September % ) )
Step 3. Compute fand U from Equation 4.18 and Equation

42° 10.24 10.35 9.62 8.40 4.19:
41°13’ 10.18 10.30 9.59 8.396
4
40° 10.09 1022 955 8.39 ip _ 64.2(10.13) + 70.3(10.30)

100 100 100

Step 2. Next, we need average monthly temperatures for + 65.70.59) + 61.6(8:396)
the 4 months. These were also obtained from the NOAA 100 100
summaries. =25.25

i=1
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TABLE 4.7

Seasonal Consumptive Use Coefficients K for Irrigated Crops

in the Western U.S.2

Crop Length of Normal Growing Season®  Coefficient K°
Alfalfa Between frosts 0.80 to 0.90
Bananas Full year 0.80 to 1.00
Beans 3 months 0.60 to 0.70
Cocoa Full year 0.70 to 0.80
Coffee Full year 0.70 to 0.80
Corn (maize) 4 months 0.75 to 0.85
Cotton 7 months 0.60 to 0.70
Dates Full year 0.65 to 0.85
Flax 7 to 8 months 0.70 to 0.80
Grains, small 3 months 0.75 to 0.85
Grains, sorghum 4 to 5 months 0.70 to 0.80
Oil seeds 3 to 5 months 0.65 to 0.75
Orchard crops
Avocado Full year 0.50 to 0.55
Grapefruit Full year 0.55 to 0.65
Orange and lemon Full year 0.45 to 0.55
Walnuts Between frosts 0.60 to 0.70
Deciduous Between frosts 0.60 to 0.70
Pasture crops
Grass Between frosts 0.75 to 0.85
Ladino white clover Between frosts 0.80 to 0.85
Potatoes 3 to 5 months 0.65 to 0.75
Rice 3 to 5 months 1.00 to 1.10
Soybeans 140 days 0.65 to 0.70
Sugar beets 6 months 0.65 to 0.75
Sugarcane Full year 0.80 to 0.90
Tobacco 4 months 0.70 to 0.80
Tomatoes 4 months 0.65 to 0.70
Vineyard 5 to 7 months 0.50 to 0.60

2 From USDA (1970).

b Length of season depends largely on variety and time of year when the crop is
grown. Annual crops grown during the winter period may take much longer than if

grown in the summer.

¢ The lower values of K for use in the Blaney—Criddle formula are for the more humid
areas; the higher values are for the more arid climates.

Source: Jensen, ML.E. et al., Evapotranspiration and Irrigation Water Requirements,
ASCE, New York, 1990. ©1990 by ASCE. Reproduced with permission.

Step 4. Find K from Table 4.7 to adjust for crop. K =0.80
(choose the lower value since Hoytville is a humid area;
see table footnote).

Step 5. The estimated ET, U = K (Equation 4.19) = 0.8
(25.25 in.) = 20.20 in./season.

Answer

The predicted ET equals 20.2 in./season.

Out of curiosity, let us compare the estimated value
with the measured pan evaporation for the 4 months. The

pan evaporation recorded at Hoytville was 24.22 in./season,
but we need to adjust the pan evaporation by a coefficient
to estimate the ET from alfalfa. From Table 4.2, to adjust
E,, to E, (alfalfa), multiply by the coefficient 0.92. The
estimated ET from alfalfa using the pan method would be
22.28 in., or a 9.3% difference between estimation methods.

If we have monthly consumptive use coefficients
available for the specific crop and location, such as those
coefficients given in Table 4.8, then monthly consumptive
use u can be computed as follows:

u=k-P (4.20)
100
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TABLE 4.8
Blaney—Criddle Monthly Consumptive Use Factors k
Crop and Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Alfalfa
Mesa, AZ 0.35 0.55 0.75 0.90 1.05 1.15 1.15 1.10 1.00 0.85 0.65 0.45
Los Angeles, CA 0.35 0.45 0.60 0.70 0.85 0.95 1.00 1.00 0.95 0.85 0.55 0.30
Davis, CA 0.70 0.80 0.90 1.10 1.00 0.80 0.70
Logan, UT 0.55 0.80 0.95 1.00 0.95 0.80 0.50
Corn
Mandon, ND 0.50 0.65 0.75 0.80 0.70
Cotton
Phoenix, AZ 0.20 0.40 0.60 0.90 1.00 0.95 0.75
Bakersfield, CA 0.30 0.45 0.90 1.00 1.00 0.75
Weslaco, TX 0.20 0.45 0.70 0.85 0.85 0.80 0.55
Grapefruit
Phoenix, AZ 0.40 0.50 0.60 0.65 0.70 0.75 0.75 0.75 0.75 0.70 0.60 0.50
Oranges
Los Angeles, CA 0.30 0.35 0.40 0.45 0.50 0.55 0.55 0.55 0.50 0.50 0.45 0.30
Potatoes
Davis, CA 0.45 0.80 0.95 0.90
Logan, UT 0.40 0.65 0.85 0.80

North Dakota
Grain, small (wheat)

Phoenix, AZ 0.20 0.40 0.80 1.10
Grain, small (oats)

Scottsbluff, NE
Sorghum

Phoenix, AZ

Great Plains Field Station, TX

0.45 0.75 0.90 0.80 0.40

0.60

0.50 0.90 0.85

0.40 1.00 0.85 0.70
0.30 0.75 1.10 0.85 0.50

where k is an empirical coefficient (Table 4.8), and u is
the monthly consumptive use in inches/month.

4.6.4 JeNSEN—HAISE ALFALFA-REFERENCE
RADIATION METHOD

The Jensen—Haise method is termed a radiation method
because solar radiation is needed in the equation to incor-
porate the recognized link between a source of energy and
evapotranspiration. Jensen and Haise used over 3000
observations of actual evapotranspiration determined by
soil sampling and statistically related R, to E,. as shown
in Equation 4.21 (M.E. Jensen and Haise, 1963).

_GT-T)R

4.21
wr 7\‘ ( )

where E,. is the reference evapotranspiration in millime-
ters/day; C; is the temperature coefficient (Equation 4.22);
A is the latent heat of vaporization (MJ/kg) (Equation
4.26); R, is the solar radiation received at the earth’s sur-
face on a horizontal surface (MJ/m?/d); T is the mean

temperature for a 5-day period (°C); and T, is the intercept
of the temperature axis (Equation 4.25) (°C).
The temperature coefficient can be calculated as follows:

1
Co=——7—+ (4.22)
C,+173C,
and C,, which is needed to calculate C;, can be calculated
from

¢ —35_ 2D

4.23
305 “423)

where H is the elevation above sea level in meters. Cy,
which is also needed for Equation 4.22, is calculated as
follows:

_ 5.0KkPa

4.24
€ —e) (4.24)

H

where e, and e, are the saturation vapor pressures in kilo-
pascals at the mean maximum and mean minimum tem-
peratures, respectively, for the warmest month of the year
in an area.
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H

T =25-14 (e, —e)— 1L
x @=a)= 55

(4.25)

A=2501-2361x10" T (4.26)

where A is the latent heat of vaporization (MJ/kg), and T
is temperature (°C) (Harrison, 1963).

ExamrLE 4.10

Estimate the evapotranspiration from alfalfa grown in
Hoytville, OH, for August 7 to 11, 1992, using the
Jensen—Haise estimating method. Hoytville’s elevation is
700 ft above sea level. The climatic data for the period of
interest are shown below.

5-Day

August 7 8 9 10 11 Average

Max T (°F) 83 8 8 90 93 87.4

Min T (°F) 52 57 61 62 65 59.4
RS (Ly/d) 485 544 609 543 631 562.4
Pan (in.) 023 0.16 029 0.13 0.34
Solution

Step 1. Estimate A from Equation 4.26 using an average
temperature of 73.4°F for the 5-day period [(87.2 +
59.4)/2], which is 23.0°C. A = 2.447 MJ/kg.

Step 2. Estimate 7, from Equation 4.25. To use this equation,
we need the elevation in meters (700 ft = 213.36 m) and the
saturation vapor pressure at the mean maximum and mean
minimum temperatures for the warmest month of the year
in an area. The NOAA summaries for the summer months
in Hoytville, OH, show July is the warmest month of the
year. The mean maximum temperature for July in Hoytville
is 80.3°F, and the mean minimum temperature for July was
60.3°F. Computing e, for both these temperatures (Equation
4.4) results in e, = 3.532 kPa, and e, = 1.575 kPa. Substi-
tuting into Equation 4.25, Ty, = -5.63.

Step 3. Calculate C}, from Equation 4.24 using e, and e,
calculated in Step 2. C, = 2.55.

Step 4. Calculate C, knowing the elevation of Hoytville
and using Equation 4.23. C, = 36.6.

Step 5. Calculate C; from Equation 4.22 using C, from
Step 4 and C, from Step 3. C, = 0.0181.

Step 6. Calculate E,, from Equation 4.21. To use R, we must
first convert Langleys to megajoules/square meter/day
MJ/m?d) (1 Ly/d = 0.0419 MJ/m?d). E,. = 5.0 mm/d.

Answer

The estimated ET from alfalfa = 5 mm/d.
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It is interesting to compare this estimate to the pan
measurements for the same period. The pan evaporation
was 1.15 in. for the 5 days or 5.84 mm/d. The Jensen—
Haise method predicts evapotranspiration from alfalfa, so
we need to multiply E,,, by a coefficient (Table 4.2) of
0.92 to compare the pan measurement with the Jensen—
Haise estimate. The pan method estimated E, as 5.37
mm/d, or a 7.3% difference between the pan and Jensen—
Haise estimation methods.

4.6.5 THORNTHWAITE METHOD

Thornthwaite (1948) developed an equation to predict
monthly evapotranspiration from mean monthly tempera-
ture and latitude data (Equation 4.27). The small amount
of data needed is attractive because often ET needs to be
predicted for sites where few weather data are available.
Based on what we know about ET, we should be skeptical
about the general applicability of such a simple equation.
Thornthwaite (1948) was not satisfied with the proposed
approach: “The mathematical development is far from
satisfactory. It is empirical. ... The chief obstacle at present
to the development of a rational equation is the lack of
understanding of why potential ET corresponding to a
given temperature is not the same everywhere.”

Taylor and Ashcroft (1972), as cited in Skaggs (1980),
provided insight into the answer to Thornthwaite’s ques-
tion. They said:

This equation, being based entirely upon a temperature
relationship, has the disadvantage of a rather flimsy phys-
ical basis and has only weak theoretical justification.
Since temperature and vapor pressure gradients are mod-
ified by the movement of air and by the heating of the
soil and surroundings, the formula is not generally valid,
but must be tested empirically whenever the climate is
appreciably different from areas in which it has been
tested. ... In spite of these shortcomings, the method has
been widely used. Because it is based entirely on temper-
ature data that are available in a large number of localities,
it can be applied in situations where the basic data of the
Penman method are not available.

M.E. Jensen et al. (1990) warn that Thornthwaite’s method
is generally only applicable to areas that have climates
similar to that of the east central U.S., and it is not appli-
cable to arid and semiarid regions.

Thornthwaite (1948) found that evapotranspiration
could be predicted from an equation of the form

1OT]H 4.27)

Etp = 16 [I

where E,, is the monthly ET (mm), T is the mean monthly
temperature (°C), a is the location-dependent coefficient
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described by Equation 4.29, and [ is the heat index

described by Equation 4.28.
To determine a and monthly ET, a heat index I must

first be computed:

(4.28)

2 orr 1514
= _J
-2 [3]
j=

where T; is the mean monthly temperature during month
J (°C) for the location of interest.
Then, the coefficient a can be computed as follows:

a=6.75x1071P =7.71x107°
(4.29)

+1.792x10721 +0.49239

ExamrLE 4.11

Compute the monthly potential ET for August 1992 in
Hoytville, OH, using Thornthwaite’s method. The average
temperature for the month of August 1992 in Hoytville
was 18.72°C. Information from the NOAA summaries is
given below.

Solution

Step 1. Determine / using Equation 4.28. To use this
equation, we first need to know the mean monthly tem-
perature for all the months of the year in Hoytville, OH.
These were obtained from the NOAA summaries and are
shown below.

1992 Jan. Feb Mar Apr May Jun
TCC 27 =01 20 8.0 141 179

1992 Juu Aug Sep Oct Nov Dec
TEC) 213 187 164 94 4.7 -0.2

Calculate / using Equation 4.28; I = 39.9.

Step 2. Use Equation 4.31 to calculate a, knowing / from
Step 1. This results in a = 1.13.

Step 3. Substituting into Equation 4.29, E,, = 9.17
cm/month.

Answer

The potential ET for August 1992 at Holtville, OH, is
9.17 cm.

Environmental Hydrology

The pan evaporation measured in Hoytville in August
1992 was 5.83 in. or 14.8 cm/month. Adjusting by a pan
coefficient to obtain E,, (coefficients for E,, were not avail-
able), the ET estimated from the pan was 13.6 cm/month,
or 32.6% more than the Thornthwaite method predicted.

4.6.6 PENMAN’S METHOD

Penman (1948) first combined factors to account for a
supply of energy and a mechanism to remove the water
vapor near the evaporating surface. We should recognize
these two factors as the essential ingredients for evapora-
tion. Penman derived an equation for a well-watered grass
reference crop:

A
A+y

(R,~G)

+ A“’ 6.43 (1.0+0.53 u,)(e, —e,)

- Y
E, = n

(4.30)

where E,, is the potential evapotranspiration (mm/day); R,
is the net radiation (MJ/m/d); G is the heat flux density
to the ground (MJ/m/d); A is the latent heat of vaporization
computed by Equation 4.26 (MJ/kg); u, is the wind speed
(m/sec) measured 2 m above the ground; A is the slope
of the saturation vapor pressure—temperature curve
(kPa/°C); vy is the psychrometric constant (kPa/°C); and
e, — e, is the vapor pressure deficit determined by Method
3 (kPa).

The slope of the saturation vapor pressure—tempera-
ture curve A can be computed if the mean temperature is
known:

A =0.200 [0.00738 T +0.8072]” —0.000116  (4.31)
where A is in kilopascals per degree centigrade, and T is
the mean temperature in degrees centigrade.

To calculate the psychrometric constant, we must first
calculate P, the atmospheric pressure that Doorenbos and
Pruitt (1977) suggested could be calculated by Equation
4.32:

P=101.3-0.01055 H (4.32)
where P is in kilopascals, and H is the elevation above
sea level in meters. Using P, A calculated from Equation
4.25, and ¢, the specific heat of water at constant pressure
(0.001013 kJ/kg/°C), the psychrometric constant (in
kPa/°C) can be calculated from Equation 4.33:

c P
P

S 433
0.622 A (4-33)

Y
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The remaining value to calculate is G, the heat flux density
to the ground (MJ/m/d), and this can be determined from
Equation 4.34 when the mean air temperature for the time
period before and after the period of interest is known:

G — 42 (7;+1 - T;—l)

Ar (4.34)

where 7 is the mean air temperature (°C) for time period
i+ 1andi— 1, and At is the time in days between the
midpoints of time periods i + 1 and i — 1.

Penman (1963) developed Equation 4.30 using
Method 1 for computing the vapor pressure deficit. M.E.
Jensen et al. (1971) and Wright (1982) recommended
using Method 3 because they found more accurate predic-
tions when Method 3 was used with Penman’s equation.

ExampLE 4.12

Estimate the E,, for August 2, 1992 from a field close to
Hoytville, OH, using Penman’s method. Radiation data,
wind speed and pan evaporation were measured at the
site. The other weather data are taken from the Hoytville

daily summaries published by NOAA: T,,, (August 2) =
18.6°C; T, (August 2) = 24.4°C; T, (August 2) =
12.3°C; T,,, (August 1) = 15.0°C; T,,, (August 3) =

20.6°C; e, (8 a.m.) = 1.1759 kPa; u, = 1.83 m/sec; R, =
19.33 MJ/m?%d; ELEV = 213.4 m; and lat = 41°N.

Solution

Step 1. Calculate G from Equation 4.34.

_ 4.2(20.6-15.0)
2

G =11.76 MJ/m?*/d

Step 2. Calculate A from Equation 4.26.

A =(2.501-2.361x 107 x (18.6)) = 2.4571 MI/Kg

Step 3. Calculate P from Equation 4.32.

P =101.3-0.01055 (213.4) = 99.05 kPa

Step 4. Calculate y from Equation 4.33, remembering c,
=0.001013 kJ/(kg°C). y = 0.0657.

Step 5. Calculate A from Equation 4.31. A = 0.1340.

Step 6. Determine R, from R, as shown in the section on
solar radiation. From these calculations, € = 0.1795, R, =
6.363 MJ/(m?d), R,, = 28.95 from Table 4.5, R, = 4.25
MJ/m?d, and R, = 10.63 MJ/m?%d.
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Step 7. Determine (e, — e,) by Method 3 in the vapor
pressure deficit section. The calculated vapor pressure
deficit is 1.0927 kPa.

Step 8. Substitute into Penman’s Equation 4.30:

0.134
0.134+0.0657

400057 ¢ 43y140.53 (1.83))(1.0927)
£ = 0134400657

g 24571
=1.54 mm/d

(10.63-11.76)

Answer

The potential ET for a site near Hoytville for August 2,
1992, was 1.54 mm/d. The measured pan evaporation was
1.12 mm/d, and multiplying by the E,/E,,, coefficient of

0.92 results in a predicted potential ET of 1.03 mm/d.

4.6.7 PENMAN—MONTEITH COMBINATION METHOD

Penman (1948) developed an equation of great signifi-
cance (Equation 4.30) because it combined both aspects
of evaporation, namely, the required energy source and a
mechanism to move vapor away from the evaporating
surface. Penman developed an empirical equation for wind
that in practice accounts for the wind removing the water
vapor and allowing ET to continue. Penman did not, how-
ever, have much theoretical basis for this equation. It did
not include an aerodynamic resistance function (to quan-
tify boundary layer resistance), and it did not include
surface resistance to vapor transfer (to account for sto-
matal resistance). Several investigators have proposed
equations to remedy these omissions, but the one most
often cited is that of Monteith (1981). The modified equa-
tion is called the Penman—Monteith equation (M.E. Jensen
et al., 1990). Refer to the work of M.E. Jensen et al. (1990,
pp. 92-97) for suggestions on applying the Penman—Mon-
teith equation in practice.

4.7 CONVERTING POTENTIAL
OR REFERENCE CROP
EVAPOTRANSPIRATION
USING CROP COEFFICIENTS

The methods described above enable the estimation of
potential or reference crop ET. The equations account for
meteorological conditions, but do not account for crop or
soil water status. A more useful quantity is actual ET,
which estimates the amount of water the crop used during
a given time period.
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TABLE 4.9

Summary of the Type of Estimate Produced by Each of the Methods

in the Chapter for Estimating ET

Method Type of Estimate
Penman Potential
evapotranspiration
Penman—Monteith Reference crop
evapotranspiration,
either alfalfa or grass
Jensen—Haise Alfalfa reference

NRCS Blaney—Criddle  Evapotranspiration from
a specific crop

Thornthwaite Potential
evapotranspiration fora
standard surface

Remarks

Short green crop completely shading the
ground and never short of water

Reference type is dependent on surface
roughness and canopy or bulk stomatal
resistances used

Reference crop is alfalfa (lucerne) well
watered with 30 to 50 cm of growth;
coefficients derived from U.S. data

Evaluated for alfalfa and grass references
using SCS crop coefficients and adjustment
to negate the effects of cuttings

Grass solid cover with no water deficiency for
conditions similar to those in eastern U.S.

Source: Jensen, M.E., R.D. Burman, and R.G. Allen, Evapotranspiration and Irrigation Water
Requirements, American Society of Civil Engineers, New York, 1990. Copyright 1990 by the American
Society of Civil Engineers. Reproduced with permission of the American Society of Civil Engineers.

Crop coefficients can be used to estimate actual ET if
care and attention are used to ensure that the same proce-
dures and methods are used in applying the crop coeffi-
cients as were used in developing the methods. The coef-
ficients were obtained by relating potential or reference
crop ET to values of actual ET, typically measured with
lysimeters. With careful adherence to recommended pro-
cedures, estimates of actual ET within £10% can be
obtained (M.E. Jensen et al., 1990). When procedures and
coefficients are applied to a different climate (i.e., arid vs.
humid), testing is advisable because the coefficients are
likely to be invalid.

To estimate crop actual ET (E)):

E =kE,or E =kE, (4.35)

where E, is reference crop ET, E,, is potential ET, E, is
actual evapotranspiration, and k, is the experimentally
derived crop coefficient. Typical reference crops used to
develop the coefficients are alfalfa or grass. Table 4.9
shows which reference crop was used for each method
discussed in this chapter.

Table 4.10 presents crop coefficients k. for normal
irrigation and precipitation conditions for use with the
alfalfa reference E,. (M.E. Jensen et al., 1990). A word of
caution is in order because these values were based on
data from Kimberly, ID, which is an arid environment.
The coefficients should be usable in other areas if the
procedure has been verified locally. To use Table 4.10,
select the appropriate crop from the first column, then
select the applicable percentage canopy cover. If the crop

is less than completely closed over, use the first set of
rows in the table, but if 100% cover has been established,
the second group of rows is appropriate.

ExampLE 4.13

The alfalfa reference E, was calculated for June as 5
mm/day. The grower is interested in corn, however, not
alfalfa. Predict the ET if 30% of the time from planting
to effective canopy cover has elapsed at the time of ET
estimation.

Solution

From Table 4.10, select corn from the first column and
look in the 30% PTC column. The crop coefficient is 0.20.
Multiplying E,, by k., 5 mm/d (0.2) = 1.0 mm/d.

Answer

The estimated actual ET expected from corn in June with
a 30% canopy cover is 1.0 mm/d.

If the method used to predict ET did not compute
alfalfa reference E,, by the combination method, Table 4.2
can be used to convert the method’s prediction to alfalfa
E,. To use Table 4.2, select the appropriate month from
the top of the table, and the appropriate method from the
left-hand column, then determine the adjustment coeffi-
cient. Multiply the estimated ET by this coefficient to
obtain E,. Now Table 4.10 can be used to find kc, and
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TABLE 4.10

Mean E, Crop Coefficients k., for Normal Irrigation and Precipitation
Conditions, for Use with Alfalfa Reference E,,

Crop 0 10 20 30 40 50 60 70 80 920 100
PTC, Time from Planting to Effective Cover (%)
Spring grain® 0.20 0.20 0.21 0.26  0.39 0.55 0.66 0.78 0.92 1.00 1.00
Peas 0.20 0.20 0.21 0.26  0.36 0.43 0.51 0.62 0.73 0.85 0.93
Sugar beets 0.20 0.20 0.21 0.22 0.24 0.27 0.33 0.45 0.60 0.80 1.00
Potatoes 0.20 0.20 0.20 0.22 0.31 0.41 0.51 0.62 0.70 0.76 0.78
Corn 0.20 0.20 0.20 020 0.23 0.32 0.42 0.55 0.70 0.85 0.95
Beans 0.20 0.20 0.20 0.26  0.35 0.45 0.55 0.66 0.80 0.90 0.95
Winter wheat ~ 0.30 030 0.30 0.50 0.75 090 098 1.00 1.00 1.00 1.00
DT, Time Since Effective Cover Was Established (in elapsed days)
Spring grain® 1.00 1.00 1.00 1.00  0.90 0.50 0.30 0.15 0.10 — —
Peas 0.93 0.93 0.70 0.53 0.35 0.20 0.12 0.10 — — —
Sugar beets 1.00 1.00 1.00 1.00 0.98 0.94 0.89 0.85 0.80 0.75 0.71
Potatoes 0.78 0.78 0.76 0.74 0.71 0.67 0.63 0.59 0.36 0.25 0.20
Corn 0.95 0.96 0.95 094  0.90 0.85 0.79 0.74 0.35 0.25 —
Sweet corn 0.95 094 093 090 0.85 0.75 0.58 0.40 0.20 0.10 —
Beans 0.95 0.95 0.90 0.67 0.33 0.15 0.10 0.05 — — —
Winter wheat 1.00 1.00 1.00 1.00  0.95 0.55 0.25 0.15 0.10 — -—

2 Spring grain includes wheat and barley.

Source: Jensen, M.E., R.D. Burman, and R.G. Allen, Evapotranspiration and Irrigation Water Require-

ments, American Society of Civil Engineers, New York, 1990. Copyright 1990 by the American Society

of Civil Engineers. Reproduced with permission of the American Society of Civil Engineers.

Equation 4.37 can be used to calculate actual evapotrans-
piration. If the method used to estimate E, or E,, was not
developed for alfalfa, we can use the coefficients in
Table 4.2 to convert to an alfalfa reference crop. Multiply
the estimated ET by this coefficient to obtain E,. Now
Table 4.10 can be used to find k., and Equation 4.37 can
be used to calculate ET.

ExamrLE 4.14

The Penman method was used to estimate E,, for July as
12 cm/month. Estimate the actual ET that could be
expected from corn if it has been 20 days since effective
cover was established.

Solution

From Table 4.2, the coefficient [E,/E,(P)] needed to
adjust E,, for the month of July is 1.20. Multiplying 12
cm/month by 1.2 =14.4 cm/month = E,.. From Table 4.10,
k.=0.95. Multiplying E,. by k. (Equation 4.35) gives 13.7
cm/month for actual ET.

Answer

The actual ET expected from field corn in July is 13.7
cm/month.

4.7.1 EVAPOTRANSPIRATION AND Soi. WATER
BuDGETS IN SPACE AND TIME

At this point, the factors governing evaporation and tran-
spiration and methods for predicting ET and measuring
ET, primarily for short periods and small areas, have been
discussed. As the factors governing ET vary greatly in
space and time across the U.S., it could be expected that
ET would vary greatly across the U.S. in space and time.
These broader scales have been addressed by hydrologists,
and this section discusses some of this work, so is useful
for planning and management as well as regional studies.

Class A Pan. 'We looked at the Class A evaporation pan
as a way of measuring evaporation on a continuing basis
for the country. Its utility lies in the reasonably dense
network and the monthly reporting service. The average
annual values have a huge spatial variance, ranging from
as little as 25 in. per year in Maine and Washington to
over 140 in. per year in the Sonoran Desert of the South-
west (Figure 4.14). Of course, we know that these values
greatly overestimate lake evaporation, which is the best
surrogate for PET, but this exaggeration also has great
spatial variance, as shown by mitigating pan coefficients
(Figure 4.15). The pan coefficients are multiplied by the
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FIGURE 4.14 Mean annual Class A pan evaporation (in inches) 1946-1955. (From Kohler, M.A., T. Nordenson, and D. Baker,
Evaporation Maps for the United States, U.S. Weather Bureau Technical Paper 37, 1959.)

pan evaporation to obtain the lake evaporation. Note that
they vary from 81% in Maine to less than 60% in the
Sonoran Desert, with a mean of about 70%. The coeffi-
cients are controlled by climate in relation to water tem-
perature: If solar radiation, wind, dewpoint, and air tem-
perature are such that water in an exposed pan is warmer
than the air, the coefficient is greater than 0.7 and vice
versa (Kohler et al., 1959).

Lake Evaporation. Now, we arrive at the most useful
map, that of annual average lake evaporation (Figure 4.16).
This map, based on both measurements and estimates,
gives us the best available idea of average annual PET for
the U.S. Note that the values range from less than 20 in.
in Maine and Washington to over 7 ft in the Sonoran
Desert. Indeed, the value is greater than 5 ft for most of
the Southwest. This map is a key instrument in water
resource planning because it shows the PET that might be
expected for any hydrologic venture, such as reservoirs or
irrigation, for which water is exposed. Its utility is
increased by comparison with Figure 2.6, average annual
precipitation. For example, these two figures were com-
pared for Lake Havasu in this chapter. We saw there that
the average annual PET was over 7 ft, but the AET was
limited to a maximum of about 8 in. in the absence of

stored water. However, water is stored there, covering
large areas of former desert, and in many other locations
in the Southwest where the ET losses become staggering.
Using instruments like this to plan for increased water
storage in reservoirs along the Colorado River, Langbein
(1959) stated that the “gain in regulation [of streamflow]
to be achieved by increasing the present 29 million acre-
feet to nearly 50 million acre-feet of capacity appears to
be largely offset by a corresponding increase in evapora-
tion.”

Much has been written about these water losses from
reservoirs in the Southwest. Not only is there loss of water,
but also the concentration of salt and other solutes is
increased. The flow of the Colorado has been so reduced
by evaporation and extraction that only a saline trickle
now flows across the border into Mexico. While this is so,
some people then make the jump in logic that all reser-
voirs, by evaporation, reduce the quantity and quality of
downstream flow. Let us go now to Lake Hartwell on the
Savannah River between Georgia and South Carolina.
There, PET is about 40 in. (Figure 4.16). So, does evap-
oration from Lake Hartwell reduce streamflow? Even
without making measurements, we can say that the reduc-
tion is probably not much for most years. Why? Well, the
region gets annual average precipitation of about 56 in.
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FIGURE 4.15 Mean annual Class A pan coefficient (in percent) 1946-1955. (From Kohler, M.A., T. Nordenson, and D. Baker,
Evaporation Maps for the United States, U.S. Weather Bureau Technical Paper 37, 1959.)

(Figure 2.6). Comparing the free water reservoir surface
with the natural landscape of deep soils with deep-rooted
forests from which AET would be considerable (assuming
soils remain at optimal PAW), it would appear that such
a reservoir would have a moderate or minimal effect on
streamflow most years. The exception might be years with
low rainfall with higher than normal PET. At such time,
the reservoir, still evaporating at potential rates while the
PET from forest is suppressed by low PAW, might well
have a significant effect.

Time Patterns and Variance. In the preceding discus-
sion, variance over time was mentioned. If the mean value
is our predictor for the future, what might future variance
about that mean be? That is, what is the standard error of
the estimate? We do not have this for lake evaporation, but
we do have it for the Class A pan values (Figure 4.17). Thus,
we can use Figure 4.14 and Figure 4.18 to calculate a per-
centage standard error for pan evaporation. Thus, for Lake
Hartwell, the value would (3 in.)/(75 in.) or about 4%. With
the reasonable assumption that this proportion applied to
lake evaporation, the variance would be low. In central Kan-
sas, however, the standard error is about 20% (Figure 4.13
and Figure 4.16), indicating that PET is liable to much
greater variance.

A time variance shown spatially is the growing season
(May to October) proportion of Class A pan ET
(Figure 4.18). This figure gives quantification to the idea
that, in areas with cold winters, most of the annual PET
occurs during the short period of the growing season, the
period when water is critical for crops. Values range from
more than 84% in the north central U.S. to less than 60%
in Florida.

Soil Water Budgets. We discussed how critical soil
moisture is to mesophytic vegetation. The soil water bud-
get, using the annual march of precipitation as “income”
and the annual march of PET as potential “expenditures,”
shows the availability of soil water at all times of the year
(Figure 4.19). Note that, for most areas, soil water
recharge occurs during the water surplus of winter, when
precipitation is greater than PET. By late spring, PET
increases greatly and usually exceeds precipitation, giving
a deficit period. This is not a problem as long as the soil
can store enough water in a “savings account” to carry
plants through the deficit period, shown in the budgets as
“soil water utilization.” But, if the deficit is too great for the
savings account, soil water is reduced to the wilting point,
and vegetational stress begins. For most areas with crops
and other mesophytic vegetation, this means irrigation
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FIGURE 4.16 Mean annual lake evaporation, 1946-1955. (From Kohler, M.A., T. Nordenson, and D. Baker, Evaporation Maps for

the United States, U.S. Weather Bureau Technical Paper 37, 1959.)

before the WP is reached. Because the graph ordinates are
rates (amount of water per time) and the abscissa is time
(days of the year), areas under the graphs indicate volume.
Thus, a rough idea of required supplemental water (irri-
gation) is indicated on each water budget graph by the
area of the stress deficit shown. As expected by discussion
in this section, the Southwest has the greatest deficits and,
noteworthy here, the largest stress deficits. Since much of
U.S. agriculture takes place in this region, huge water
requirements are manifest.

Conservationists often point out the water costs of exten-
sive irrigation in the Southwest; it is true that the costs to
the environment are high. Not only is water diverted from
rivers, lakes, estuaries, and groundwater supplies with many
associated environmental costs, but also the irrigation pro-
cess itself is sometimes environmentally problematic, with
great ET loss of water and quality problems, like salinization
of runoff (return flow) from fields and often groundwater.
Improper management can also flush nutrients such as
nitrates and contaminants such as selenium into groundwa-
ter, streams, and estuaries. On the other hand, the
extremely high yields from these irrigated areas release
marginal farmland from use in the humid East, where
potential problems might be soil erosion from steep
slopes under intense rainfall (Chapter 2 and Chapter 9).

Such erosion would bring not only sediment, but also
nutrients and agricultural chemicals into eastern streams.
Most of these potential farmlands in the humid East are
presently in forest. But, as discussed in Chapter 10, even
forests can be hydrologically problematic from a water sup-
ply standpoint.

4.7.2 EVAPOTRANSPIRATION MANAGEMENT

Perhaps the greatest opportunity for saving water from ET
losses in the U.S. is to reduce waste in irrigation. Of all
water available annually in the U.S., about 3.4% (1962)
was withdrawn for irrigation; of this, about 60% was con-
sumed by ET. Many technical fixes for this are known,
such as genetically improved crops, point (drip) irrigation,
covering soil with plastic sheeting, applying water at such
optimal times as cool periods or night, sealing feeder
ditches, and using careful soil water budgets to ensure
that, while PAW remains optimal, gravity or percolation
water is minimal. But, the main problems are political and
economic: Farmers who use irrigation have often been
given the rights to government-supplied and subsidized
water with the proviso that unused allocation may be taken
away from them. The cost of this water to farmers has
often been as low as $15 per acre-foot, while open market
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value was $300 to $400 per acre-foot. Thus, the incentives
often have been to waste water rather than save it (Gottlieb,
1988; Harvey, 1994; Hundley, 1992; National Research
Council, 1992). One partial solution has been to allow farm-
ers to sell their unused allocations on the open market, mak-
ing it available for other uses and ensuring that it would not
be applied on fields simply to keep the allocation.

Control of ET on nonirrigated land is rarely used.
While wood mulch is often used on gardens, its use on
large fields is not practical. Besides its expense and diffi-
culty to spread, fresh wood mulch can tie up much of the
nitrogen in soil.

ET can be reduced from some nonirrigated areas by
vegetative control. One example considered in Chapter 9
is replacing forests with lower-growing vegetation to
reduce ET and increase streamflow. This can work well,
but there can be serious resource loss, such as soil erosion
and the loss of aesthetic values.

Evaporation from open tanks of water can sometimes
be controlled by a 1-molecule thick layer of a fatty alcohol
like hexadecanol, but this does not work for larger areas
like ponds and lakes because wind will push the alcohol
to one side, and the protection is lost. Very little can be
done about the ET losses from reservoirs.

PROBLEMS

4.1. If the measured pan evaporation was 3.2 inches
for May, what would the alfalfa reference crop
equivalent evaporation be if computed by the
combination equation?

4.2. If the reference ET for grass was computed as 4.5
in. for July, what would the reference ET be for
alfalfa computed by the combination equation?

4.3. (a) Find the saturation vapor pressure of air at
90°F. (b) Find the actual vapor pressure of air at
90°F and 80% relative humidity. (c) Find the
vapor pressure deficit. (d) The book lists three
methods for finding vapor pressure deficit.
Which method did you use in Part c?

4.4. If the average temperature on June 3, 1994, was
25°C, assuming a humid area (latitude 40° N)
with R, =23 MJ/m?/d, calculate the net radiation
(assume albedo of 0.23).

4.5. Find the wind speed at 25 ft if the wind speed
at 6.6 ft is 2.3 mi/h. The vegetation is soybeans,
which are 2.5 ft tall.

4.6. Compute the evaporation for the month of
August from a pond that had an average water
temperature of 65°F measured 1 ft below the
water surface and an average wind speed of 2
mi/h measured 25 ft above the pond. The average
air temperature was 78°F, and the relative
humidity was 52%.

4.7.

4.8.

4.9.

4.10.

4.11.

4.12.

4.13.
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The table below gives the average maximum and
minimum temperatures for a location close to
Columbus, OH. Using the SCS Blaney—Criddle
method of Equation 4.20, calculate the monthly
ET from corn grown there (latitude 40° N) for
the 1992 growing season.

Month June July  August September
Maximum 7 (°F) 77.6  82.7 79.4 75.3
Minimum 7 (°F) 569  64.2 59.3 54.1

Using the information presented in the table for
Problem 4.7 and the SCS Blaney-Criddle
method of Equation 4.20, calculate the seasonal
ET (June to September) for corn grown near
Columbus, OH.

Using the Jensen—Haise method, calculate the
reference ET in millimeters/day for the data
given below if the data were collected at an
elevation 219.5 m above sea level. July was the
warmest month of the year, with a mean maxi-
mum 7 of 27.8°C and a mean minimum 7 of
15.5°C.

June 1 2 3 4 5 Average

Maximum 7 (°C) 27 30 32 31 32 304
Minimum 7 (°C) 13 15 20 18 16 16.4
R, MJ/m?d) 24 20 27 25 26 24.4

Using Thornthwaite’s method, determine the ET
for the month of July if the average monthly
temperature was 21°C and if the heat index for
the location of interest was previously deter-
mined as 40.

Using Penman’s method, estimate the E,, for
July 15, 1994, from a field at an elevation of 200
m. The average temperature for July 15 was
16°C, with a maximum 7 of 22°C and a mini-
mum of 10°C. The previous day’s average tem-
perature was 14°C, and the following day’s
average temperature was 21°C. The early morn-
ing actual vapor pressure on July 15 was 1.3 kPa;
the wind speed was 2 m/sec, and R, was 15
MIJ/m?/d.

The alfalfa reference E, was calculated (by the
combination equation) as 3.2 mm/day. Predict
the E, from beans that have had full canopy cover
for 30 days.

The Jensen—Haise method was used to estimate
E,, for June as 10 cm/month. Estimate the actual
ET that could be expected from soybeans when
50% of the time from planting to full cover has
elapsed.
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5 Runoff and Subsurface Drainage

5.1 INTRODUCTION

Rivers, lakes, reservoirs, and dams provide more than 75%
of the water used in the U.S. Surface water systems are
also used for recreational purposes and in many cases are
important transportation conduits. The importance of sur-
face water in the development of the U.S. is illustrated by
looking at a map of the nation. Virtually all cities with
populations exceeding 150,000 are located on rivers, and
many smaller communities are located on rivers or lakes.
There are about 2 million streams and rivers in the U.S.,
including the mighty Mississippi River, which is the fourth
longest river in the world at 3710 mi long. Of the world’s
11 freshwater lakes with the largest surface area, 4 are
located in the Great Lakes system (Superior is 1st, Huron
is 5th, Michigan is 6th, and Erie is 11th). In addition to
the Great Lakes, we have many thousands of smaller lakes,
dams, reservoirs, and ponds. These include 25 lakes with
surface areas greater than 100 mi? and more than 200 with
surface areas larger than 10 mi2. All of these water bodies
depend on the phenomena of runoff.

Runoff is all water transported out of the watershed
by streams. Some of this water may have had its origins
as overland flow, while much may have originally infil-
trated and traveled through the soil mantle to streams as
interflow. In addition, water that infiltrates and goes down
into groundwater may later emerge far downstream
through seeps and springs to add to streamflow. At that
point, it also becomes runoff.

While runoff is usually benevolent, under extreme con-
ditions of rainfall or land use it can cause extensive damage
by eroding soils and stream banks; carrying off valuable
agricultural nutrients and pollutants; destroying bridges, util-
ities, and urban developments; and causing flooding and
sediment deposits in recreational, industrial, and residential
areas along stream systems. The hydrologic effects of defor-
estation, agriculture, and surface mining have been mani-
fested since European settlement. Since World War 11, we
have seen a dynamic reshaping of our landscape by rapid
urbanization and more intensive agriculture. These activities
have changed hydrologic responses, soil erosion, and sedi-
mentation in watersheds. For example, urbanization of farm-
land and forests causes more rapid runoff, higher peak dis-
charges, and larger runoff volumes.

Chapter 3 made the point that infiltration was the key
to maintaining good hydrologic conditions (Figure 5.1,
Ia). In Figure 5.1, Ib, we see a landscape in which most
of the rainfall infiltrates, recharges soil water and brings
it up to field capacity, and moves down through the soil

into groundwater, where it is available for use or eventual
flow into streams. Some of it may move down through the
soil as interflow, also furnishing water to the stream, but
both routes shown are subsurface and generally involve a
longer transit time to the stream. Stored ground and even
soil water is available to maintain streamflow during the
sometimes-lengthy period between storms (baseflow).
Since the soil and groundwater reservoirs are depleted
between storms, baseflow will decrease between storms,
a declining rate called the baseflow depletion curve. A
significant decrease in infiltration (Figure 5.1, Ib)
changes matters radically. Rather than infiltrating, water
is forced to move across the surface as overland flow;
moving rapidly, it can erode hillsides (Chapter 9) and
quickly flow into streams, creating flooding. Conversely,
streams in this situation carry less baseflow because of
reduced interflow and groundwater contributions.

Some of the concepts discussed in Chapter 3 are
graphed in Figure 5.1, IIa, which shows infiltration
capacity as a function of land use and time. Overland flow
(Figure 5.1, 1Ib) is the complement or mirror image of
infiltration rates. That is, any part of rainfall not infiltrating
or stored in surface depressions becomes overland flow,
bringing with it the problems mentioned here. The com-
partmentalization of runoff during a storm event and under
different watershed conditions is shown in Figure 5.2. All
three scenarios assume an even rate of rainfall for a few
hours and demonstrate how that water is allocated. In the
scenario in Figure 5.2A, a small constant proportion falls
directly into the stream as channel precipitation, and most
of the initial rainfall is intercepted. As the intercepting tree
and grass foliage become wet, more water gets to the soil
and recharges soil water, bringing it up to field capacity.
At about this time, gravity or percolation water begins to
move downward, where it can recharge groundwater or
create interflow, depending on the soil and regolith
beneath it. As the soil becomes increasingly wet, infiltra-
tion capacities are further reduced so that increasing pro-
portions of the rainfall move off across the surface as
overland flow. In the scenario of Figure 5.2B, intercep-
tion, soil water, and channel precipitation are as in the first
scenario, but the deep, very porous soil allows the gravity
water to move right down into groundwater; from there,
it can move into the stream as runoff. In the scenario of
Figure 5.2C, interception and channel precipitation are
the same, but the soil is frozen solid (this is called concrete
frost), so most water hitting the ground cannot infiltrate
and must leave as overland flow.
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FIGURE 5.1 Good vs. poor hydrologic conditions and their effects on runoff.

The conditions described above are reflected in the
stream response, that is, the amount of stormflow (stream-
flow during a storm) per unit of rainfall (Figure 5.1, III).
The scenario shown is how one stream might react to the
same-size storms under conditions of different land use
and thus different infiltration capacities. The top part of
Figure 5.1, I1I, shows the input (precipitation) in a form
called a hyetograph. It shows a storm of 3 cm on Day 2,

4 cm on Day 6, and another 3 cm on Day 11. The output
(stormflow) is the response to the rainfall and is shown as
discharge of water in cubic meters per second. The idea
here is to show how the same stream might respond to
identical rainfall events under three different types of land
use. Indeed, one might think of it as the same stream as
the landscape changes over time. In the primeval state with
excellent hydrologic conditions, the stream responds
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A. Shallow Soil or Low Infiltration Capacity
Constant Precipitation Rate\ Channel Precipitation

Overland Flow

B. Deep, Very Porous Soil (such as glacial outwash)
Channel Precipitation

Groundwater

C. Frozen Soil (concrete frost) Channel Precipitation

Overland Flow

Rain f Rain
Begins —Time — Ends
Rainfall Duration

FIGURE 5.2 Schematic of the disposal of storm rainfall in three
scenarios. (Redrawn from Ward, R.C., Principles of Hydrology,
McGraw-Hill, Maidenhead, U.K., 1967. With permission.)

slowly and moderately to rainfall events. Between events,
baseflow remains relatively high, although it will decline
as the soil and groundwater are depleted. As the watershed
is cleared and put into agriculture, however, soil infiltra-
tion gradually decreases, stream response increases, while
baseflow decreases. Note that a stream with a quick and
large response is said to be “flashy.” Eventually, the water-
shed is urbanized, and much of the area is “waterproofed”
with roofs, streets, parking lots, and sidewalks. The result,
as can be inferred by the graphs, is that most slope runoff
is overland flow, and stream response is much faster and
greater, truly a condition of “flashiness.” The first effect
is urban flooding, but the eventual effect is stream channel
erosion, enlargement, and destabilization. At the same
time, baseflow is radically decreased, sometimes convert-
ing permanent or perennial streams to intermittent ones.
The combined effects of flooding, channel erosion, and
decreased baseflow create ugly streams with little biotic
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life. An instructive history, similar to that above, is that
of Cherry Creek, a stream that flows through Denver, CO
(Costa, 1978).

Growing concern for the adverse effects of land use
changes has resulted in the establishment of many federal,
state, and local hydraulic and hydrologic design regula-
tions. Extensive research has resulted in the development
of numerous methods and computer models to estimate
the hydrologic response of watersheds to single storm
events or on a more continuous basis, such as a daily time
step. Yet, little information is available on how to select
an appropriate method and the likely accuracy associated
with using the method.

The main sources of water entering surface water sys-
tems will vary from one location to another, but might
include precipitation falling directly on the water body;
surface runoff from storm events; snowmelt; flows from
groundwater aquifers; interflow; subsurface drainage; and
return flows from water used for domestic, commercial,
industrial, mining, irrigation, and thermoelectric power
generation purposes. The need to have detailed knowledge
of each of these potential contributions will depend on the
geographic location, the size of the area that contributes
to flows at the location of interest, and the type of study
conducted. For example, overland flow will dominate if
flooding associated with severe storm events on small
watersheds is evaluated. In contrast, overland flow because
of storm events might be of less importance for a study
of baseline flow during severe drought.

This chapter focuses on flows associated with single
storm events and presents details on the factors that influ-
ence runoff; descriptions and examples of the use of sev-
eral common surface runoff techniques; a perspective on
the usefulness of these techniques; and information on
subsurface drainage that discharges back into surface
water systems shortly after a rainfall event.

5.2 FACTORS AFFECTING
RUNOFF PROCESSES

There are two basic models of runoff from slopes. The
first, the Horton Overland Flow Model, was developed in
the 1930s by an engineering hydrologist, Robert Horton,
and assumes that infiltration rates are less than rainfall
rates. As we shall see, it applies to areas devoid of vege-
tation, such as drylands and areas impacted by human
activity. The second model, the variable source—area or
interflow model, assumes that infiltration rates are usually
greater than most rainfall rates so that rainfall infiltrates,
recharges soil water, and moves through the soil mantle
toward the stream as interflow. This model was developed
by many researchers in the 1960s and 1970s, but the first
person to describe the concept was John Hewlett, a forest
hydrologist, so the concept is sometimes known as the
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FIGURE 5.3 The variable source—area concept (Hewlett model).

Hewlett Runoff Model (Ward and Robinson, 2000). It
applies to forests in excellent condition and on vegetated,
deep, well-developed soils where human impacts have
been minimal. As discussed here, these models are at two
ends of a continuum, and most land surfaces will give
runoff processes that fall somewhere between them.

5.2.1 THe HortON OVERLAND FLOW MODEL

The potential for overland flow exists whenever the rate
of water application to the ground surface exceeds the rate
of infiltration into the soil. Initially, when water is applied
to a dry soil (except with dry soil hydrophobicity), the
application rate and infiltration rate might be similar.
Howeyver, as the soil becomes wetter, the rate of infiltration
will decrease, and surface depressions will begin to fill
(surface detention). If all the surface depressions have
been filled and the surface water application rate exceeds
the infiltration rate, then overland flow will be initiated.
The soil profile near the soil surface need not be saturated
for overland flow to occur, and such unsaturated overland
flow is often termed Hortonian overland flow. By this
model, overland flow produces most stormflow in streams.

5.2.2 THE VARIABLE SOURCE AREA CONCEPT OR
HEwWLETT MODEL

Anyone who has walked in an old forest during a rain-
storm will have noticed that no overland flow may occur,
but the local stream still carries stormflow. Working in the
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humid Southeast with its extremely intense rainstorms
(Chapter 2), Hewlett and his U.S. Forest Service col-
leagues (Hewlett, 1961; Hewlett and Hibbert, 1967)
explained this puzzle by showing that water from a rain-
storm could often move through soil to furnish stormflow
in a stream, even when the soil was not saturated. Vari-
ously termed interflow or throughflow (Figure 5.3), this
movement of water to streams has been identified by many
researchers, but the complete physical processes involved
have not yet been fully explained (Ward and Robinson,
2000). Interflow is considered to occur if the lateral flow
returns to the land or a stream without first reaching
groundwater (Kirkby, 1978). In steep forested areas with
shallow soils, interflow might be the primary runoff process.

Many researchers think that the explanation for inter-
flow may lie in infiltrating water reaching discontinuous,
less-permeable strata so that some of the water soil is
forced to move laterally downslope (much like in a thatch
roof), but much more complex explanations have been
offered (Ward and Robinson, 2000). Some water will
move down into groundwater as explained in the Intro-
duction. As interflow accumulates downslope along
streams or ephemeral draws or where the soil may be
shallow, the soil will become saturated and may exfiltrate
and move across the surface, giving saturated overland
flow. This flow, of course, would be augmented by the
water from rainfall. Such areas of potential saturation, the
source area for saturated overland flow, can be mapped
over time (e.g., Dunne and Black, 1970; Kirkby and Chor-
ley, 1967; Kirkby, 1978). Their proportional size relative
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to the entire watershed is a function of rainstorm size and
antecedent soil moisture as well as factors already men-
tioned. Thus, it is the varying size of the source area of
saturated overland flow that gives this model its name
(Figure 5.3). The runoff from this saturated area is known
as quickflow. as opposed to water coming from ground-
water, which is known as delayed flow. However, the
actual distinction is much more complex. We discuss it
further in Section 5.4.

5.2.3 PRECIPITATION

Extensive discussion on precipitation is presented in
Chapters 2 and 3, but let us briefly review how vegetation
influences precipitation reaching the ground surface and
the factors that will most influence runoff. When precip-
itation falls on plants, some of the precipitation is inter-
cepted by the plant canopy and ultimately evaporates back
to the atmosphere. The amount of interception will depend
on the season of the year, the wind velocity, and the
vegetation type and growth stage. Dense mature forests
can intercept significant amounts of precipitation. Perhaps
you have walked through a forest during a rainstorm and
stayed dry. The season of the year will influence the dense-
ness of the plant canopy. In the autumn, plants that have
shed their leaves have little capacity for intercepting pre-
cipitation. It is important to distinguish between precipi-
tation that is retained on the canopy and that is only
temporarily delayed before reaching the ground. Water
that trickles down a plant stem or drips from the canopy
is not considered intercepted as it is still available for
infiltration and surface runoff. Similarly, water that falls
from the canopy when wind shakes the leaves should be
added back into that portion of the precipitation that
directly reaches the ground. However, precipitation tem-
porarily detained on the canopy sometimes reaches the
ground surface long after the precipitation event has ended
and might contribute little to runoff. Unfortunately, inter-
ception is difficult to measure or estimate.

Precipitation attributes that have the most influence
on runoff processes are the precipitation type (rain, hail,
sleet, etc.); the duration of the precipitation event; the
amount of precipitation; how the precipitation intensity
varied during the event; and spatial changes in the precip-
itation. Dams, runoff conveyance systems, flood control
systems, earthworks, and waste disposal systems are
designed to control a specified design storm event. Com-
monly used design storm events are the probable maxi-
mum flood (PMF) and events with return periods of 1, 2,
10, 50, and 100 years. On the average, an event with a
10-year return period might be expected to occur or be
exceeded once every 10 years. However, in the short term,
there might be several events with a 10-year return period
in a 10-year period and even a chance of more than one
of these events in a single year. It is also necessary to
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assign a rainfall duration to the return period of a rainfall
event. For example, the 100-year, I-h rainfall depth might
be 2 in., while the 100-year, 24-h rainfall depth could be
5 in. (see Chapter 2).

The PMF is defined as the flood that would result from
the most severe combination of critical meteorologic and
hydrologic conditions that might occur in a region. The
rainfall associated with the PMF is known as the probable
maximum precipitation (PMP) and is defined as the theo-
retically greatest depth of precipitation for a given dura-
tion that is physically possible over a watershed at a par-
ticular time of year. The PMF design event is the most
stringent hydrologic design criteria that can be practically
applied and is only used if the consequences of failure
might be catastrophic or if the design life of the structure
is long (at least 100 years).

The term design storm event is applied to both storm
rainfall and storm runoff. It should not be expected that
the 10-year rainfall event will produce the 10-year flood
event. Storm runoff is very dependent on antecedent soil
water conditions. A severe event following very dry con-
ditions may produce only a small amount of runoff, while
a small event following a wet period or falling on concrete
frost could produce a large volume of runoff. Although
not strictly correct, it is generally assumed that flood flows
for a given return period will be produced by storm events
with the same return period — an assumption that is
reasonable for extreme events. Therefore, the design
hydrologist will use the rainfall depth associated with a
100-year rainfall event to determine the 100-year peak
flood flow. The PMF is determined based on the PMP, and
if high runoff conditions are assumed (i.e., wet antecedent
soil water conditions or frozen ground), errors in associ-
ating the PMF to the PMP might be small. It should be
noted that, in regions where peak flows are caused by
snowmelt, it is not appropriate to make flood estimations
based on storm rainfall information.

The probability of exceeding a design storm event at
least once can be determined from Equation 2.3 in Chapter
2. If a channel with a design life of 100 years is designed
based on the 1:100 year event, the probability is about 0.63
(63%) that the design capacity will be exceeded (fail) at
least once during the design life. A design return period
in excess of 1:2000 years would need to be used to provide
a 95% confidence that the design condition is not
exceeded. For the most common combinations of design
life, return period, and probability of not failing (or being
exceeded), we offer a graph (Figure 5.4) to give you those
values quickly (to obtain probability of failing, subtract
probability of not failing from 100%). The graph may be
used in two ways. The first is to predict probable failure
or exceedence over some lifetime as discussed. The sec-
ond way is to show how big a structure must be built (and
thus how much money is to be spent). Remember that Ben
Franklin pointed out that the only things certain (100%
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FIGURE 5.4 A calculated risk diagram. The relationship
between design return period T years, design period 7, and
probability of not being exceeded (or failing) in 7, years. (From
Hershfield, D.N., Rainfall Frequency Atlas of the U.S., U.S.
Weather Bureau Technical Paper 40, 1961.)

probability) are death and taxes. Since we cannot guaran-
tee that a channel, reservoir, or any hydrologic structure
will never be exceeded or fail, we must deal with some
probability that it will, commensurate with how much we
and the client, or the taxpayers, are willing to spend to
keep it from failing.

Let us suppose the client wants to build a structure
and wants to ensure that there is a 5% or less probability
that it will fail or be exceeded in the next 50 years. Enter
the abscissa at 50 years, go to 95% probability of not being
exceeded, and it is clear that you must build a structure
to contain the 1000-year event. Now, we are not even sure,
in most cases, how big the 1000-year flood is, but let us
assume you do know, and the cost is $500 million. How-
ever, the client will spend only $250 million; for that, you
can build a channel that will contain only the 500-year
flood. Again, enter the graph, and you can see that there
is a 10% probability that it will be exceeded in the next
50 years, but that is all our client is able, or willing, to
finance. This provides better understanding of why most
things built or manufactured fail more often than we would
like.

Rainfall depth, duration, time distribution, and areal
distribution influence the rate and amount of runoff. If
runoff information is determined from an actual storm
event, then most of these rainfall characteristics will be
known. However, in making design or environmental
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FIGURE 5.5 Commonly used rainfall distributions.

impact assessments, the rainfall characteristics need to be
specified. In the U.S., the most commonly used synthetic
rainfall distributions are the NRCS Type 1 and Type 2 curves
(Figure 5.5). These curves should be used as follows:

Type 1: Hawaii, coastal side of Sierra Nevada in
southern California, and the interior regions of
Alaska.

Type 1A: Storm distribution represents the coastal
side of the Sierra Nevada and the Cascade Moun-
tains in Oregon, Washington, and northern Cali-
fornia and the coastal regions of Alaska.

Type 2: Remaining U.S., Puerto Rico, and Virgin
Islands.

The rainfall distribution used will have a major impact
on the analysis. A steady rainfall throughout the storm
duration might result in no runoff if the rainfall rate never
exceeded the infiltration rate. However, a storm with the
same duration and amount of rainfall might generate some
runoff if there is a period of intense rainfall at some point
during the event. The point in an event when the intense
rainfall occurs is very important. At the start of an event,
soils are the driest and infiltration rates are the highest, while
near the end of an event, soils are wetter and infiltration rates
are lower. Therefore, the advanced-type rainstorm in which
the highest rainfall rates occur at the beginning is likely to
result in less runoff than the delayed-type storm, in which
the highest rainfall rates occur later in the storm.

The Huff 1 distribution is an example of an advanced-
type distribution, while the Huff 4 distribution is a
delayed-type storm (Huff, 1967). For storms in central
Illinois, Huff divided the storms into four groups based
on the time quartile most of the rain occurred. The fre-
quency of occurrence of each group is as follows: Huff 1
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events occur 30% of the time; Huff 2 events occur 36%
of the time; Huff 3 events occur 19% of the time; Huff 4
events occur 15% of the time. Within each group, there are
families of curves with different probabilities of occurrence
(Barfield et al., 1981). For example, in Figure 5.5 the 90%
Huff 4 storm is illustrated. This signifies that, if a Huff 4
event occurs, then 90% of the time it will have this dis-
tribution. Note that, of all storm events, there is only a
15% probability that it will be in the Huff 4 group. There-
fore, of all storm events, the probability of the 90% Huff
4 storm is only 13.5% (0.90 x 0.15).

The areal (spatial) distribution of rainfall in a storm
is often large. Methods for determining areal distribution
are discussed in Chapter 2. On small areas (less than 1
mi?) such as a farm field or the subdivision of an urban
area, it is usually necessary to assume that the rain falls
uniformly across the area of interest. In making environ-
mental assessments or developing design details, this
assumption will have little influence on the analysis. Due
to a lack of information or scattered climatic stations, the
assumption of uniform rainfall coverage is often made for
very large drainage basins. In this case, the assumption of
uniform coverage can result in significant errors. In many
parts of the U.S., the most severe events are associated
with thunderstorms. These types of events result in dif-
ferent rainfall amounts and time distributions throughout
a watershed. Fortunately, rainfall characteristics for reg-
ulatory assessments are usually specified. However, there
are many applications for which specifications for the
rainfall characteristics are not adequate. For example, a
small community might require that stormwater drains
be designed to convey flow from a 1:10-year event. No
information is provided on the duration, time distribu-
tion, or assumptions on the areal distribution of this
event.

5.3 WATERSHED FACTORS
THAT AFFECT RUNOFF

The watershed factors affecting runoff are drainage area
size, topography, shape, orientation, geology, interflow,
and, perhaps most important, the soil and land use. The
depth from the ground surface to an impeding layer and
the interaction between surface and groundwater flow
regimes in some locations will have a major influence on
flows in streams and the response to precipitation of these
connected systems. Extensive discussion on land use is
presented in Chapter 3, and it is not discussed in this
section.

5.3.1 Size

The terms river basin, catchment, watershed, or subwater-
shed are used to delineate areas of different sizes that
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contribute runoff at their outlets. The terms are used inter-
changeably, and no clear guidelines are available to iden-
tify when each term should be used. We suggest that the
term river basin be used for large rivers that have several
tributaries, while the term watershed be used for tributar-
ies and small streams or creeks. Often, it is desirable to
subdivide a watershed into subwatersheds to reflect
changes in land use, soil type, or topography. For conve-
nience in this book, the term watershed is used to reflect
drainage areas of any size.

Determining the boundary or interfluve (between the
streams) of a watershed can be a challenging task and is
normally done using topographic maps and field surveys.
In the U.S., a typical starting point might be to obtain a
1:24,000-scale (1 in. = 2,000 ft) USGS (U.S. Geological
Survey) topographic map with 10 to 20-ft contour inter-
vals. A practical exercise on this topic is presented in
Chapter 14, Exercise 14.8.

A watershed boundary might consist of natural topo-
graphic features such as ridges or artificial features such
as ditches along roads and stormwater drains. No surface
flow will occur across a watershed boundary. All flow
within the boundary will drain to the watershed outlet,
while flow outside the boundary will be associated with
a different watershed. The boundary of a watershed is
often called the watershed divide or interfluve because it
divides the direction of flow. At a watershed divide, which
is a natural feature (such as a ridge), flow is perpendicular
to a tangent drawn anywhere along the watershed divide
(Figure 5.6).

In this chapter, empirical equations are presented that
relate discharge to climatic and watershed attributes (see
Section 5.6.2). The most significant factor in all these
relationships is the drainage area. Also, river or “fluvial”
geomorphologists often develop or use relationships
among drainage area, discharge, and the dimensions of a
channel (see Chapter 6).

5.3.2 ToPOGRAPHY

Common topographic features are illustrated in Figure 5.6.
The only time that a natural watershed divide will cross
a contour line will be when the divide runs along a ridge.
Surface runoff will occur in the direction of the land slope,
and the flow direction will normally be perpendicular to
the contours. Topographic maps of a watershed show areas
of steep and gentle slope, ridges, valleys, and stream sys-
tems. They also show the location of depressions with no
surface outlet that contribute to runoff from the watershed.
Overland flow slopes can be determined by measuring the
lateral change in distance between contours (Figure 5.7).
The land slope has little effect on infiltration rates or the
depth of runoff. However, it has a significant influence on
the velocity of water flow on land surfaces and in channels.
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FIGURE 5.6 Common features on a topographic map.

5.3.3 SHAPE

Circular or fan-shape watersheds (Figure 5.8A) have high
rates of runoff when compared to other shapes because
runoff from different points in the watershed are more
likely to reach the outlet at similar times. High rates of
runoff on small catchments of this shape are short-lived.
For long, narrow (elongated) watersheds (Figure 5.8B),
tributaries join the main stream at intervals along its
length. High flow rates from the downstream tributaries
pass the gage before high flows from the upper tributaries
arrive. Thus, peak flow at the gage is less than for a fan-
shape catchments, but persists for a longer time. The influ-
ence of watershed shape was found to be significant in
several studies by the USGS in which they statistically
related climatic and watershed properties to stream dis-
charge data. For example, in southern Arkansas, the peak

discharge associated with recurrence intervals of 2 to 500
years were significantly related to drainage area, elevation,
and a shape factor (Hodge and Tasker, 1995). The 100-
year recurrence interval discharge Q,,, (m?/sec) is related
to the elevation E (m) and the basin shape factor SH,
defined as the drainage area divided by the square of the
main channel length, as follows:

Qloo — 047 lA()A715E()A827SH0A472 (5 1)

The narrower the watershed, the longer the main chan-
nel and the smaller the shape factor becomes. This results
in lower peak discharge. For example, a square watershed
with the main channel running parallel to a boundary
would have a shape factor of 1, while a long rectangular
watershed with the main channel 10 times the mean width
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would have a shape factor of 0.1. From Equation 5.1, this
would result in the long watershed having a 100-year
recurrence interval peak discharge that is only 34% of the
discharge from the square watershed.

5.3.4 ORIENTATION OR ASPECT

The compass direction that the land surface faces is termed
the aspect or orientation. The aspect can be important
when there is only one major slope face. On large areas,
there is a multitude of aspects, and the average tends to
balance out to no specific direction. The aspect affects soil
water content, vegetation, and soil development. In the
Northern Hemisphere, north-facing slopes receive less
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solar energy, soil freezes to greater depth, and the period
of frost is longer.

Stream basins themselves also have orientation, and
east—west orientation can be important. Because weather
systems in midlatitudes move from west to east, west-
facing slopes and basins may receive more rain. Another
consideration, largely uninvestigated, is the movement of
a storm upstream or downstream. In an east-facing basin,
storms generally move downstream, so that the storm
moves with (but not necessarily at the same speed as) the
crest of runoff. That is, runoff from the head of the basin
as well as the foot, or outlet, of the basin gets to the outlet
at more nearly the same time. In a west-facing basin,
however, the storm and runoff are moving in opposite
directions. Thus, runoff from the foot of the basin may
have already left the basin before runoff from the head
arrives. Theoretically, the east-facing basin should have a
more peaked hydrograph than the west-facing one, but
few data are available for demonstration.

5.3.5 GeoLogy

Geology, the science of the earth’s crust and rocks, is a
significant factor in the historic formation of soil and the
physical characteristics of watersheds and the establish-
ment of surface and subsurface flow systems of the hydro-
logic cycle. Geological features (type of rock formations,
fractures, faults, etc.) and processes (such as the move-
ment of glaciers more than 10,000 years ago) have helped
define the surface divide or ridge between watersheds,
establish and control stream channel gradients, and
formed the subsurface boundaries that control the move-
ment of groundwater to surface streams. Groundwater
flow boundaries do not always coincide with watershed
divides and are more difficult to define.

The geology of a site may be described by identifying
and characterizing the bedrock and any deposits overlying
that bedrock. These unconsolidated deposits may include
alluvial sediments left behind by surface water processes,
windblown loess, and glacial deposits. During the last 2
million years, most of the northern half of the North Amer-
ican continent was repeatedly covered with glaciers. When
the glacial ice melted, it left deposits (a few inches to
hundreds of feet thick) of loose sediments on top of the
buried landscapes. Glacial tills are the most common and
heterogeneous of the deposits. Most tills are fine grained,
consisting of clay, silt, and sand with some gravel and
boulders. After the glaciers melted, the land dried out, and
vertical cracks began to form or expand in the deposits.
In addition to desiccation, fractures were also caused by
freeze—thaw cycling, shear stress from advancing ice, iso-
static rebound due to stress release when the glacier
melted, and propagation from fractures in the bedrock
below (Brockman and Szabo, 2000).
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FIGURE 5.9 Typical distribution of fractures in clay till. (Mod-
ified from Klint, K.E.S., and C.D. Tsakiroglou, A new method
of fracture aperture characterisation, in Protection and Restora-
tion of the Environment V. Proceedings of an International Con-
ference, Thassos, Greece, Vol. 1, V.A. Tsihrintzis, G.P. Korfiatis,
K.L. Katsifarakis, and A.C. Demetracopoulos, Eds., 2000, pp.
127-136. With permission.)

Figure 5.9 shows examples of these fractures. Frac-
tures may be vertical, horizontal, or angled, depending on
the forces that formed them. These features can extend
from the soil into the subsurface geologic strata, acting as
conduits for water and contaminant flow. In Figure 5.9,
the upper zone is weathered with polygonal desiccation
fractures and vertical biopores (root holes and earthworm
burrows). The central zone, above the groundwater table,
is characterized by glaciotectonic fractures (shearing, iso-
static rebounding, or bedrock initiated), as well as desic-
cation fractures. The lowermost zone is saturated, and only
glaciotectonic fractures are present. In these cracked
deposits, the soils formed.

In areas of soluble limestone, Karstic drainage may
form where subsurface flow may develop along fractures
and bedding planes. In such terrain, surface water may enter
bedrock through sinkholes so that there are few small
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streams. Even stormflow may be accommodated in extreme
cases so that it moves directly through the limestone and
into larger streams. Such a landscape is found near Mam-
moth Cave, KY.

5.3.6 SoiL

Soil properties that influence runoff are the same as those
that influence infiltration and are discussed in detail in
Chapter 3. Traditional soil parameters such as particle
size, bulk density, carbonate content, and clay mineral-
ogy may not be predictive of the effective hydraulic
conductivity expected in a fractured setting. Tornes et al.
(2000) determined that fractures could be maintained in
finer-grained materials with as little as 10% clay-size
materials included. Tornes et al. provided a readable
primer of basic soil characteristics as they relate to
macropores and preferential flow in soils and underlying
geologic materials.

The NRCS has conducted detailed soil surveys for
each county in the U.S.; paper copies of these studies are
available from the NRCS, county extension agents, or state
departments of natural resources. Digital maps of this
information are in preparation and can be acquired through
their Web site. Figure 5.10A shows a map of soil types
overlain onto a 1:24,000 ortho aerial photo mosaic that is
exactly the same scale and projection as the USGS
1:24,000 topographic map. The letters correspond to par-
ticular soil series, which can then be mapped according
to their hydrologic soil groups (see discussion in Section
5.5), as shown in Figure 5.10B. See also Exercise 14.9
on soils surveys in Chapter 14.

Earthworm populations can greatly affect soil struc-
ture and porosity and may contribute to a decrease in
runoff. In particular, the size and number of Lumbricus
terrestris burrows found in some agricultural fields sug-
gest that they may have a major impact on hydrology.
Field research indicates that the amount of rainfall trans-
mitted by L. terrestris burrows increases with storm inten-
sity and can amount to as much as 10% of the total rainfall
(Shipitalo et al., 2002). In the case of subsurface drained
fields, direct connection between earthworm burrows and
drainage tile may substantially increase the risk of sur-
face water contamination by surface-applied agricultural
chemicals and injected animal wastes. Likewise, soil
macropores may connect to subsoil fractures and con-
tribute to rapid water and chemical movement to ground-
water.

5.3.7 INTERFLOW AND BASEFLOW

Interflow and baseflow are two important flow processes that
contribute to streamflows. Interflow was discussed in Sec-
tion 5.2. Measuring or estimating interflow is difficult, and
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Soil Type Hydrologic Soil Group

AfB - Alford B
Ca - Carslisle A/D
ChB, ChC2 - Chili
FcA - Fitchville

GfA , GfB - Glenford
HoD2 - Homewood

oO00Ow
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Soil Type Hydrologic Soil Group
NeD2, NeF - Negley B

OcA - Ockley B

PaC2 - Parke B

SKA - Sleeth C

Ws - Westland B/D

FIGURE 5.10 Soil survey map for Licking County, Ohio. A. Soil type; the differences in background color are due to changes in
landcover and vegetation. B. Hydrologic soil groups. Original color: soil group C. Dark shading: soil group B. Light shading: other

soil groups.

because the flow has the potential to mix with surface
runoff, it is often quantified as part of runoff. The volume
and rate (or velocity) of the water moving as baseflow
can be significantly influenced or even controlled by
macropore and other fractured conditions (both vertical
and horizontal) in the soil and underlying shallow geologic
materials. This topic is discussed further in Section 5.7.

5.4 RUNOFF CHARACTERISTICS —
THE HYDROGRAPH

When evaluating or applying knowledge of runoff
responses to precipitation, we might be interested in the
depth or volume of runoff, the peak runoff rate, or the
relationship between runoff rate and time. Numerous
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FIGURE 5.11 Storm hydrograph relationships.

methods have been developed to estimate one or more of
these characteristics. Before looking at specific estimation
techniques, it is important to understand the hydrologic
response of complex climatic, watershed, and groundwa-
ter interactions. Understanding these responses is facili-
tated by considering the processes presented in Chapter 2
and Chapter 3 and in the beginning of this chapter and
then studying a hydrograph, which is a plot of runoff rates
against time (Figure 5.11). A rainfall excess (runoff
depth) hyetograph for a single block of time is plotted in
the upper left corner of the diagram. The runoff
hydrograph is developed by routing blocks of rainfall
excess to the watershed outlet. The volume of flow under
the storm hydrograph will be equal to the sum of the
rainfall excess in all the blocks of time associated with
the storm event, multiplied by the watershed area. In many
cases, there will be flow prior to the start of the storm
event. The flow associated with the storm event is added
to this baseflow. Baseflow separation lines are drawn from
the rising limb of the hydrograph to a point on the reces-
sion curve. If there is significant interflow, groundwater
flow, subsurface drainage, or delayed runoff (such as from
a forest), the receding limb will decay slowly, and it is
difficult to determine the point in time that flow from the
rainfall event ceased. A practical exercise on this topic is
presented in Chapter 14, Exercise 14.4.

Before getting into the clinical details of hydrographs,
it is instructive to review schematically some ways that
streamflow, as represented by the hydrograph, might
respond to a rainfall event under different conditions of
rainfall amount and intensity, soil infiltration capacities,
and antecedent soil moisture conditions (Figure 5.12).

Type 0 shows no response. Shown on the graph is
only the normal baseflow recession curve (A-B).
In this case, some combination of low antecedent

Time, hr
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= |A Curve A z
[
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- Overland Overland
2 Flow Flow
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——Time, hours or days —>  ——Time, hours or days ——>

FIGURE 5.12 Four basic hydrograph types. (From Ward, R.C.,
Principles of Hydrology, McGraw-Hill, Maidenhead, U.K., 1967.
With permission.)

soil moisture and low rainfall intensity allows the
soil to absorb the entire amount of rainfall, so
the hydrograph does not respond at all (of course,
channel precipitation is ignored).

In Type 1, infiltration rates are high or intensities
are not excessive, so that all the water infiltrates
and moves as interflow or groundwater flow into
the stream to create the hydrograph peak. Since
soil is wetted above field capacity and ground-
water storage has increased, baseflow also
increases, and a new, higher, baseflow recession
curve (Z-B1) ensues.
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ple, Figure 5.13 shows that urban and forested watersheds
had runoff for a few days after rain. However, the forested
watershed continued to have streamflow above baseflow
levels more than 5 days after the rainfall, indicating the
presence of soil or groundwater storage. The forested
watershed’s soil reservoir was recharged by stormwater
infiltration. The outflow into streams built up slowly and
continued at a high rate after rainfall. Storm runoff rates
from the urban watershed increased sharply during each
rain period, then fell back rapidly after rain stopped. These
sharp rises and falls indicate that much of the storm runoff
came as surface or quick-return flow with little or no storm
recharge to groundwater. As stated in Section 5.1, the
hydrograph of the urban watershed is termed flashy, which
indicates peak runoff rate shortly after the most intense
rainfall occurs. Conditions that can cause this type of rapid
response are a small watershed area, impervious areas
located adjacent to the stream channel, an impervious land
use (such as a parking lot), or steep land slopes.

A stream channel acts as a temporary storage reser-
voir, subduing (attenuating) the flashiness of runoff from
small headwater watersheds (Figure 5.14). The shape of
the headwater hydrograph reflects the individual rainstorm
characteristics. But, a point 50 mi or more downstream

FIGURE 5.14 Hydrograph attenuation in a stream.

shows mostly the effect of temporary storage on runoff
rates and practically none of the rainfall variations. Simple
assumptions of this sort are usually adequate to help iden-
tify, on the hydrograph, sources of water flow from small
headwater watersheds.

Runoff assessments often need to be made for water-
sheds where there is little or no streamflow information
or in areas that will undergo a land use modification, such
as an urban development or surface mining. Evaluation of
observed runoff information is of limited value if the land
features are going to be changed. Many surface runoff esti-
mation techniques have been developed for these situations
and used on ungaged watersheds. The most commonly used
approaches are empirical equations, unit hydrograph tech-
niques, the time—area method, and kinematic methods.
When assessing surface runoff, it is necessary to determine
one or more of the following attributes: (1) the depth or
volume of runoff, (2) the peak runoff rate, and (3) a storm
hydrograph. Common approaches to determining these
attributes are presented in the next three sections.
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5.5 PREDICTING VOLUME OF
STORMFLOW AND TOTAL RUNOFF

Rainfall excess (volume of runoff) could be determined
using one of the infiltration equations described in Chapter
3, but this approach has only been incorporated in a few
hydrologic computer models. The method most com-
monly used in the U.S. is the NRCS curve number pro-

cedure (NRCS, 1972).
In this approach, infiltration losses are combined with

surface storage by the relationship

P-1)
0= 7( ) 5.2)
(P-1,+9)
where Q is the accumulated runoff or rainfall excess in
inches, P is the rainfall depth in inches, and S is a param-
eter given by

g_looo o

N (5.3)

where CN is known as the curve number. The term 7, is
the initial abstractions in inches and includes surface stor-
age, interception and infiltration prior to runoff. The initial
abstractions term /, is commonly approximated as 0.2,
and Equation 5.2 becomes

_(P-028)

0= (P+0.89)

(5.4)

A graphical solution of Equation 5.4 is presented in

Figure 5.15.
The NRCS curve number is a function of the ability

of soils to infiltrate water, land use, and the soil water
conditions at the start of a rainfall event (antecedent soil
water condition). To account for the infiltration character-
istics of soils, the NRCS has divided soils into four hydro-
logic soil groups, which are defined as follows (NRCS,
1984):

Group A (low runoff potential): Soils with high
infiltration rates even when thoroughly wetted.
These consist chiefly of deep, well-drained sands
and gravels. These soils have a high rate of water
transmission (final infiltration rate greater than

0.3 in./h).
Group B: Soils with moderate infiltration rates when

thoroughly wetted. These consist chiefly of soils
that are moderately deep to deep, moderately well
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Direct Runoff Q, in

Rainfall P, in

FIGURE 5.15 Relationships of runoff to rainfall based on
NRCS curve number method.

drained to well drained with moderately fine to
moderately coarse textures. These soils have a
moderate rate of water transmission (final infil-

tration rate 0.15 to 0.30 in./h).

Group C: Soils with slow infiltration rates when
thoroughly wetted. These consist chiefly of soils
with a layer that impedes downward movement
of water or soils with moderately fine to fine
texture. These soils have a slow rate of water
transmission (final infiltration rate 0.05 to 0.15
in./h).

Group D (high runoff potential): Soils with very
slow infiltration rates when thoroughly wetted.
These consist chiefly of clay soils with a high
swelling potential, soils with a permanent high
water table, soils with a claypan or clay layer at
or near the surface, and shallow soils over nearly
impervious materials. These soils have a very
slow rate of water transmission (final infiltration
rate less than 0.05 in./h).

Typical curve numbers for Antecedent Soil Moisture
Condition II (AMC 1II) are shown in Table 5.1 (NRCS,
1984). A summary of common U.S. soils and their hydro-
logic soil groups is presented in Appendix D. Prior to
estimating rainfall excess for a storm event, the curve
numbers should be adjusted based on the season and 5-
day antecedent precipitation. Antecedent soil moisture
conditions are defined as follows:
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TABLE 5.1

Curve Numbers for Antecedent Soil Moisture Condition 11

Land Use Description

Commercial, row houses and townhouses
Fallow, poor condition

Cultivated with conventional tillage
Cultivated with conservation tillage
Lawns, poor condition

Lawns, good condition

Pasture or range, poor condition

Pasture or range, good condition

Meadow

Pavement and roofs

Woods or forest thin stand, poor cover
Woods or forest, good cover

Farmsteads

Residential quarter-acre lot, poor condition
Residential quarter-acre lot, good condition
Residential half-acre lot, poor condition
Residential half-acre lot, good condition
Residential 2-acre lot, poor condition
Residential 2-acre lot, good condition

Hydrologic Soil Group

A

80
71
72
62
58
39
68
39
30
100
45
25
59
73
61
67
53
63
47

B

85
86
81
71
74
61
79
61
58
100
66
55
74
83
75
80
70
71
66

C

90
91
88
78
82
74
86
74
71
100
77
70
82
88
83
86
80
84
71

D

95
94
91
81
86
80
89
80
78
100
83
77
86
91
87
89
85
87
81
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Roads

Source: From NRCS, 1984.

74 84 90 92

AMC I: Dormant season antecedent soil moisture
less than 0.5 in. Growing season antecedent soil
moisture less than 1.4 in.

AMC II: Dormant season antecedent soil moisture
between 0.5 and 1.1 in. Growing season anteced-
ent soil moisture between 1.4 and 2.1 in.

AMC III: Dormant season antecedent soil mois-
ture greater than 1.1 in. Growing season anteced-
ent soil moisture greater than 2.1 in.

Curve number adjustments for antecedent soil mois-
ture conditions can be made using the information pre-
sented in Table 5.2. If Equation 5.4 is used to determine
the runoff depth from an observed rainfall event, then the
5-day antecedent rainfall can be determined from rainfall
records. However, when the procedure is used to determine
runoff associated with a design storm event, an appropriate
antecedent soil water condition will need to be specified.
A conservative design approach is to assume wet condi-
tions (AMC III) as they produce the most runoff. It should
be recognized that, in arid and semiarid areas, the likeli-
hood of these conditions occurring would be much lower
than in semihumid and humid areas.

Determining the depth or volume of runoff from
watersheds with several land uses can be obtained by deter-
mining the volume of runoff from each land use and then
summing these amounts or calculating an area-weighted

TABLE 5.2
Adjustments to Runoff Curve Number (CN) for Dry
or Wet Antecedent Soil Moisture Conditions

Factors to Convert Curve Number
for AMC Il to AMC | or AMC 1lI

Curve Number (AMC 1) AMC I (dry) AMC I (wet)
10 0.40 2.22
20 0.45 1.85
30 0.50 1.67
40 0.55 1.50
50 0.62 1.40
60 0.67 1.30
70 0.73 1.21
80 0.79 1.14
90 0.87 1.07

100 1.00 1.00

curve number for the watershed and then using this single
value with Equation 5.3 and Equation 5.4. The first
approach is preferred as it retains the runoff characteristics
of the watershed, and small areas with high runoff poten-
tial will not be dwarfed by large areas with low runoff
potential. However, for convenience, the second approach
is often included in hydrologic computer models.
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ExampLE 5.1

Estimate the depth and volume of runoff from 2 in. of
rainfall on an 8-acre, grassed area in an urban park in
California. The grass is grown in San Joaquin soils with
good hydrologic conditions. Determine the runoff depth
for AMC 1, AMC II, and AMC III conditions.

Solution

From Appendix D, it is determined that a San Joaquin soil
is in Hydrologic Soil Group D. From Table 5.1, the NRCS
curve number for grass (lawns) on soils in Hydrologic
Soil Group D with good hydrologic conditions is 80.

For AMC II, substitute a curve number CN of 80 in
Equation 5.3:

Szw—IO:Z.S in.
80

Substitute S = 2.5 in. and P = 2.0 in. in Equation 5.4:

_[2.0-(02x2.5)
T [2.0+(0.8%2.5)]

0 =0.5625 in.

Therefore, Q = 0.5625 in., or 28% of the rainfall for AMC
II. (Note that an estimate of about 0.55 in. would be
obtained using Figure 5.15.) Generally, Q would not be
reported to more than two decimal places, and curve num-
bers should not be determined to more than one decimal
place.

The volume of runoff is determined by multiplying the
runoff depth by the area contributing to runoff. Therefore,
0 = 0.5625 in. X 8 acres = 4.5 acre-in. Runoff volumes
are normally expressed in acre-feet, so divide by 12 to
convert inches to feet, and the runoff volume is 0.375
acre-ft. For AMC I, the curve number becomes 0.79 x 80
= 63.2 (factor of 0.79 from Table 5.2). Substitute 63.2 in
Equation 5.3:

S=@—10:5.8 in.
63.2

Substitute S = 5.8 inches and P = 2.0 inches in Equation
5.4:

— 2 .

0= [2.0-(0.2x5.8)] —011 in.
[2.0+(0.8x5.8)]

Therefore, Q = 0.11 inches or 5.5% of the rainfall for

AMC 1. Multiplying by 8 acres and dividing by 12 to

convert inches to feet gives a runoff volume of 0.073 acre-ft.
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For AMC III, the curve number becomes 1.14 X 80 =91.2
(factor of 1.14 from Table 5.2). Using the same approach,
the runoff depth for AMC III is 1.18 in., or 59% of the
rainfall for AMC III. The runoff volume is 0.787 acre-ft.

Answer

AMC I, Q = 0.11 in. or 0.073 acre-ft. For AMC II, Q =
0.56 in. or 0.375 acre-ft, and for AMC III, Q = 1.18 in.
or 0.787 acre-ft.

EXAMPLE 5.2

Determine the depth and volume of runoff for a I in 25-
year, 24-h storm on an agricultural watershed in north
central Ohio. The watershed has a 100-acre area of Hydro-
logic Group D soils that are cultivated with conventional
tillage and a 50-acre wooded area, with good cover, on
soils in Hydrologic Group C.

Solution

From Table 5.1, the cultivated area with conventional till-
age has a curve number of 91, while the woods have a
curve number of 70. No information is provided on the
AMC. However, in northern Ohio, severe storms often
occur in the spring when there are wet antecedent soil
water conditions (AMC III).

Solving for the cultivated area, from Table 5.2 the cor-
rection factor is 1.07 for a curve number of 90 and 1.0
for a curve number of 100. Use linear interpolation to
determine the correction factor for a curve number of 91:

(X-1.07) _ (91-90)
(1.00—1.07) ~ (100 -90)

and X = 1.0063. Therefore, the AMC III curve number is
1.063 x 91 = 96.7. Substitute 96.7 in Equation 5.3:

Szw—10=0.34 in.
96.7

From Appendix C, the | in 25-year, 24-h rainfall is 4.0 in.
Substitute S = 0.34 in. and P = 4.0 in. in Equation 5.3:

_[40-(02x 0.34)
[4.0+(0.8x0.34)]

0 =3.62 in.

The runoff depth Q is 3.62 in., and the runoff volume is
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0 =3.62 inchesx100 acres X &
12 inches
Therefore, the runoff volume is 30.17 acre-ft. Solving for
the woods, from Table 5.2, the correction factor is 1.21
for a curve number of 70. Therefore, the AMC III curve
number is 1.21 X 70 = 84.7. Substitute 84.7 in Equation
5.3:
_ 1000

S=——-10=1.81 in.
84.7

Substitute S = 1.81 in. and P = 4.0 in. in Equation 5.4:

_[40-(02x1.81)]

= =2.43 inches
[4.0+(0.8%x1.81)]

Q

The runoff depth Q is 2.43 in., and the runoff volume is

Q=243 inches X 50 acres X % ft =10.12 acre-ft

The total runoff volume is 40.29 acre-ft (30.17 + 10.12).
The average runoff depth is

100 acres

0=3.62 inches X +2.43 inches

150 acres

S0 acres _ 5 o5 i,

150 acres

Answer

The average runoff depth is 3.22 in., and the total runoff
volume is 40.29 acre-ft.
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FIGURE 5.16 Geographic regions for NRCS Types I, IA, II, and III unit peak discharge responses g, for the graphical peak discharge
method.

5.6 PREDICTION OF PEAK RUNOFF RATE

Information on peak runoff rates is often used to design
ditches, channels, and stormwater control systems. A prac-
tical exercise on this topic is presented in Chapter 14,
Exercise 14.6. For presentation purposes, commonly used
approaches have been grouped into the following three
categories: (1) empirical runoff methods, which are best
suited to watershed areas smaller than a few square miles;
(2) empirical regression models based on stream discharge
data; and (3) computer methods.

5.6.1 GRraPHICAL PEak DISCHARGE METHOD

The graphical peak discharge method (NRCS, 1986) was
developed for application in small rural and urban water-
sheds. It was developed from hydrograph analyses with
TR-20 Computer Program for Project Formulation -
Hydrology (NRCS, 1973b) and has seen widespread appli-
cation. The peak discharge equation is

q=qAQF (5.5)

where ¢ is the peak discharge (runoff rate, ft¥/sec), g, is
the unit peak discharge (ft’/sec per square mile per inch
of runoff, csm/in.), A is the drainage area (mi?), Q is the
runoff depth (in.) based on 24 h, and F is an adjustment
factor for ponds and swamps. The method depends on the
NRCS curve number method (Equation 5.2 to Equation
5.4) to obtain Q and the necessary information to deter-
mine g, The unit peak discharge ¢, is determined from
Figure 5.16 and Figure 5.17 and requires knowledge of
the time of concentration and the initial abstraction I, from
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FIGURE 5.17 Unit peak discharge g, for rainfall distribution: A, NRCS Type [; B, NRCS Type IA; C, NRCS Type II; D, NRCS Type III.

Equation 5.2 and Equation 5.4. Figure 5.16 shows the
geographic location of the regions for the different runoff
types presented in Figure 5.17A B.

The method is intended for use in watersheds that are
hydrologically homogeneous and have only one main
stream or stream branches that have equal times of con-
centration. The F factor can only be applied to swamps
and ponds that are not along the main flow path used to
determine the time of concentration. Values of the adjust-
ment factor F are presented in Table 5.3.

Intuitively, we would expect to calculate a runoff
depth Q by selecting an appropriate antecedent soil mois-
ture condition as presented in Section 5.5. However, this
poses a problem when using Figure 5.17 for AMC III
conditions. Often, for AMC III the I,/P ratio will be less
than 0.1. An interpolation approach could be used to
develop a solution, or additional curves could be added to
the plot. However, it will be found that use of AMC III
conditions with the graphical peak discharge method will
usually result in overestimations of runoff. Commonly
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FIGURE 5.17 (continued)

used computer methods that include the graphical peak
discharge method use AMC II to develop a solution
(NRCS, 2002).

Numerous equations have been developed for deter-
mining the time of concentration and lag time. The time
of concentration is the time it takes water to travel along
the hydraulic length; the lag time is the average of the
flow times from all locations in the watershed. These
methods may give results that are one or two orders of
magnitude different from each other. Commonly used
methods include those of the NRCS (1972), Kirpich

s Loy

(1940), and A.D. Ward et al. (1980). Several different
methods developed by the NRCS are commonly used with
the graphical peak discharge method. One recommended
approach is to use the NRCS lag equation:

3 L()X(S + 1)().7

ooop0s . (S0<CN<95)

(5.6)

L

where ¢, is the lag time in hours, L is the hydraulic length
of the watershed in feet, S is a function of the NRCS curve
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TABLE 5.3
Adjustment Factor F for Ponds and Swamps Spread Throughout the
Watershed
Swamp and Pond Areas (%) F
0.0 1.00
0.2 0.97
1.0 0.87
3.0 0.75
5.0 0.72
TABLE 5.4

Flow Characteristics for Sheet, Overland, and Channel Flow,
Equation 5.9 to Equation 5.11 and Figure 5.17

Type  Surface Description

6 Smooth surfaces
4 Fallow (no residue)

Manning’s n?

Flow Depth® (ft) K,

0.01 0.05 2
0.05 0.2 1

Cultivated Soils

4 Residue cover <20% 0.06 0.2 1
2 Residue cover >20% 0.17 0.5 0.5
Grass
5 Grass waterway 0.025-0.035 0.2-0.4 1.5
3 Short prairie grass 0.15 0.5 0.65
Dense grasses 0.24
Bermudagrass 0.41
3 Range (natural) 0.13 0.4 0.65

Woods and Forest

1 Light underbrush
Dense underbrush

0.40 0.5 0.25
0.80

Streams and Rivers

7 Cobble bed or weedy 0.04-0.07 1-3 3
8 Sand and gravel bed 0.03-0.05 1-3 5
9 Deep, fast flowing 0.03-0.04 4-5 10
10 Concrete lined and large river ~ 0.016 and 0.035 2 and 7 15

2 The n values are a composite of information compiled by Engman (1986). Values were

rounded to two decimal places.
® Flow depths used to estimate K,.

number (see Equation 5.2), and Y is the average land slope
in percent. The lag time is related to the time of concen-
tration as follows:

t, =0.6¢, (5.7

Lag time is an estimate of the average flow time for all
locations on a watershed. The coefficient of 0.6 in Equa-
tion 5.7 accounts for the fact that the average flow time
will be 0.45 to 0.65 of the maximum flow time, depending

on the watershed shape. Often, the average land slope is
approximated as the slope along the hydraulic length.

The TR-55 computer model (NRCS, 1986) calculates
the time of concentration as the sum of the travel times
due to sheet flow, shallow concentrated flow, and open
channel flow along the hydraulic length. For sheet flow,
the travel time ¢, in hours is estimated as

_0.007(nL)"*

[ (Pz)().S(S)OA (58)
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where n is Manning’s roughness factor, L is the flow length
in feet, P, is the 24-h 2-year return period rainfall in
inches, and S is the land slope or slope of the hydraulic
grade line in feet/feet. Manning’s n values for sheet flow
are presented in Table 5.4. For shallow concentrated flow,

L
f =— 5.9
t Kl( S)O.S ( )
where K, is 58,084 for unpaved surfaces and 73,182 for
paved surfaces.
For open channel flow,

= nL
t 5364(%7 y)0,67(S)0.5

(5.10)

where a is the cross-sectional area of flow in square feet,
L is the channel length in feet, and p,, is the wetted perim-
eter in feet. Equation 5.8 to Equation 5.10 were developed
based on Manning’s equation (see Chapter 7). An approx-
imate simplification of Equation 5.9 and Equation 5.10 is
obtained by determining the flow velocity from the equa-
tion

v=K,($)" (5.11)

where v is the flow velocity (ft/sec), K, is obtained from
Table 5.4, and S is the slope in percent.

ExAmPLE 5.3

Use the graphical peak discharge method to determine the
1:25-year peak storm runoff rate (ft*/sec) for a 300-acre
watershed located near Minneapolis, MN. The watershed
has an overland slope of 0.5%, is Hydrologic Soil Group
B, and is cropped in corn-conservation practice. It has a
4000-ft hydraulic length with a grassed waterway that has
an average bed slope of 0.2%.

Solution

The graphical peak discharge method is described by
Equation 5.5 as follows:

q9=9AQF

The time of concentration can be determined using the
NRCS lag time method described by Equation 5.6:

B LO.S(S+ 1)0,7

=000 305 (0<CN<95)

139

From Table 5.1, the NRCS curve number for cultivated
land with conservation tillage and Hydrologic Soil Group
B is 71. Therefore, S is equal to

S=@—10=@—10:4.08 inches
CN 71

The average land slope is 0.5%, so by substituting for §
and ¥,

_4000°%(4.08 +1)*7
L 1900 x 0.5%°

and 7, = 1.74 h. Using Equation 5.7,

t;,=0.6 1,; therefore, 1.74=0.6 1,

and ¢, is equal to 2.9 h.

Using Appendix C, the rainfall amount P for a 25-year,
24-h storm event is about 4.5 in. (note that, for this
method, the time of concentration is not used to calculate
the rainfall amount P). The initial abstraction 7, is 0.2 or
0.82 in. (0.2 x 4.08 in.). Therefore, the ratio of I/P is
0.82/4.5 or 0.18. From Figure 5.17C, the unit peak dis-
charge ¢, is about 170 csm/in.

The runoff volume Q can be estimated from Figure 5.15
or calculated from Equation 5.3:

_(P-0.2S)
© (P+0.85)

(4.5-0.82)°

and O =
Q (4.5+3.26)

0 =1.75 inches

Therefore, the peak discharge is

300
=g AQF, =170x 22 %1.75% 1.0 =139 cfs
1=9.4QF, 640

Answer

The peak discharge based on the graphical peak discharge
method is about 139 ft¥/sec.

ExAMPLE 5.4

Redo Example 5.3, but use the velocity approach
described by Equation 5.11, Table 5.4, and Figure 5.18.

Solution

From Table 5.1, the NRCS curve number for cultivated
land with conservation tillage and Hydrologic Soil Group
B is 71. Therefore, S is equal to:
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100.00 A

\

(1) Forest with dense litter

(2) Conservation tillage or
woodland

(3) Short grass pasture

10.00

7

\

1.00

(4) Short row, fallow, and
alluvial fans

(5) Grassed waterway

Velocity (ft/s)

-

0.10

D)

(6) Paved area and upland
gullies

(7) Small stream with cobble
bed

DAY

0.01

(8) Streams with sand and
gravel beds

(9) Deep (4+ ft) fast flowing
rivers with low roughness

0.

o
=

0.1

—_

10
Slope (%)

100 (10) Concrete lined

channels, storm drains, large
fast flowing rivers

FIGURE 5.18 Sheet, overland, and channel velocity. (Based in part on the NRCS upland velocity method; NRCS, 1986.)

Szw—m:@—10=4.08 inches
CN 71

The time of concentration can be estimated from
Figure 5.18 based on a bed slope of 0.2% and Curve 5
for a grassed waterway. It also can be calculated using
Equation 5.11; K, is obtained from Table 5.4 and is 1.5
for a grassed waterway. Therefore, the flow velocity is
0.67 ft/sec. The time of concentration is then calculated
by dividing the hydraulic length by the velocity and con-
verting to hours:

t = & =1.66 hours
© (3600)(0.67)

Using Appendix C, the rainfall amount P for a 25-year,
24-h storm event is about 4.5 in. (note that, for this
method, the time of concentration is not used to calculate
the rainfall amount P). The initial abstraction /, is 0.25 or
0.82 in. (0.2 x 4.08 in.). Therefore, the ratio of I,/P is
0.82/4.5 or 0.18. From Figure 5.16C, the unit peak dis-
charge ¢, is about 250 csm/in.

The runoft volume Q can be estimated from Figure 5.15
or calculated from Equation 5.3:

(4.5-0.82)°
(4.5+3.26)

_ 2
0= (P-025y and Q= =1.75 inches
(P+0.85)

Therefore, the peak discharge is

300
=g AOF =250x >0 4 175%1.0 = 205 cfs
9=4,AQF, 640

Answer

The peak discharge based on the graphical peak discharge
method and the velocity method for calculating the time
of concentration is 205 ft¥/sec.

5.6.2 THE RATIONAL EQUATION

In the U.S., the rational equation is the most widely used
empirical method:

q=1.008 CiA (5.12)
where ¢ is the peak flow (ft¥/sec), C is an empirical coef-
ficient, i is the average rainfall intensity (in./h) during the
time of concentration, A is the drainage area (acres), and
1.008 is a unit conversion factor (1 in./h X 1 ft/12 in. X 1
h/3600 sec x 1 acre x 43,560 ft%/1 acre). The unit conver-
sion factor of 1.008 is usually approximated as 1.0 because
of the uncertainties associated with determining each of

the other equation parameters. The time of concentration
is the time it takes flow to move from the most remote
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TABLE 5.5
Runoff Coefficients C for Use in the Rational Equation
Hydrologic Soil Group and Slope Range
A B C D
Land Use 0-2% 2-6% 6%+ 0-2% 2-6% 6%+ 0-2% 2-6% 6%+ 0-2% 2-6% 6%+
Industrial 0.67¢ 0.68 0.68 0.68 0.68 0.69 0.68 0.68 0.69 0.69 0.69 0.70
0.85° 0.85 0.86 0.85 0.86 0.86 0.86 0.86 0.87 0.86 0.86 0.88
Commercial 0.71 0.71 0.72 0.71 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72
0.88 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.90 0.89 0.89 0.90
High-density* residential 0.47 0.49 0.50 0.48 0.50 0.52 0.49 0.51 0.54 0.51 0.53 0.56
0.58 0.60 0.61 0.59 0.61 0.64 0.60 0.62 0.66 0.62 0.64 0.69
Medium-density? residential 0.25 0.28 0.31 0.27 0.30 0.35 0.30 0.33 0.38 0.33 0.36 0.42
0.33 0.37 0.40 0.35 0.39 0.44 0.38 0.42 0.49 0.41 0.45 0.54
Low-density® residential 0.14 0.19 0.22 0.17 0.21 0.26 0.20 0.25 0.31 0.24 0.28 0.35
0.22 0.26 0.29 0.24 0.28 0.34 0.28 0.32 0.40 0.31 0.35 0.46
Agricultural 0.08 0.13 0.16 0.11 0.15 0.21 0.14 0.19 0.26 0.18 0.23 0.31
0.14 0.18 0.22 0.16 0.21 0.28 0.20 0.25 0.34 0.24 0.29 0.41
Open spacef (grass/forest) 0.05 0.10 0.14 0.08 0.13 0.19 0.12 0.17 0.24 0.16 0.21 0.28
0.11 0.16 0.20 0.14 0.19 0.26 0.18 0.23 0.32 0.22 0.27 0.39
Freeways and expressways 0.57 0.59 0.60 0.58 0.60 0.61 0.59 0.61 0.63 0.60 0.62 0.64
0.70 0.71 0.72 0.71 0.72 0.74 0.72 0.73 0.76 0.73 0.75 0.78

@ Lower runoff coefficients for use with storm recurrence intervals less than 25 years.

Y Higher runoff coefficients for use with storm recurrence intervals of 25 years or more.

¢ High-density residential areas have more than 15 dwelling units per acre.

4 Medium-density residential areas have 4 to 15 dwelling units per acre.

¢ Low-density residential areas have 1 to 4 dwelling units per acre.

 For pastures and forests, we recommend using the lower runoff coefficients listed for open spaces (our addition to original source).

Source: Erie and Niagara Counties Regional Planning Board, Storm Drainage Design Manual, Erie and Niagara Counties Regional Planning Board,
Grand Island, NY, 1981.

point on a watershed to the outlet of the watershed. This function of the time of concentration. This can result in
longest flow path is called the hydraulic length.

The rational equation has been in use since 1851, is
the simplest of the available methods, and has spawned
numerous ways of computing the coefficient C and the

time of concentration. The method has many limitations

erroneous predictions and inconsistencies in tabulated C
values. The empirical coefficient C can be determined
from the information presented in Table 5.5. If the rational
method is applied on a watershed with several different

and is based on the following assumptions: (1) rainfall
occurs uniformly over the drainage area; (2) peak rate of
runoff can be reflected by the rainfall intensity, averaged
over a time period equal to the time of concentration of
the drainage area; (3) time of concentration is the time
required for flow to reach the point in question from the
hydraulically most remote point in the drainage area; and
(4) frequency of runoff is the same as the frequency of
the rainfall used in the equation. The method is best suited
for use on watershed areas smaller than 1 mi?.

Statistical fitting of data to Equation 5.12 results in
dependency of the input parameters on each other. For
example, if a particular approach is used to determine the
time of concentration, then the fitted C values will be a

land uses, a single-area weighted C value should be cal-

culated for use with Equation 5.13.
A commonly used time-of-concentration method that

is used in conjunction with the rational method is the
following equation, which was developed by Kirpich
(1940):

t. =0.00778 L"7'$70% (5.13)
where L is the hydraulic length (maximum length) in feet,
S is the mean slope along the hydraulic length expressed

as a fraction, and ¢, is the time of concentration in minutes.
Solutions to Equation 5.13 are presented in Table 5.6.
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TABLE 5.6

Small Watershed Time of Concentration t. Determined with the Kirpich

Method, Equation 5.13

Time of Concentration t. (min)

Mean Slope S along the Hydraulic Length

Hydraulic Length L (ft)

% ft/it
0.05 0.0005
0.1 0.001
0.2 0.002
0.5 0.005

1 0.01

2 0.02

5 0.05

500 1000 2000 3000 4000 5000

30 52 69 86 102

23 39 53 66 78

10 17 30 40 50 60
7 11 20 28 33 42
6 16 22 27 32
4 7 12 17 21 25
3 5 9 12 15 17

ExAMPLE 5.5

Use the rational method to solve the question in Example
5.3.

Solution

Determine the time of concentration using the Kirpich
equation, Equation 5.13:

t.=0.00778 L7 §70%

where L is the hydraulic length (maximum length) in feet,
S is the mean slope along the hydraulic length expressed
as a fraction, and ¢, is the time of concentration in minutes.

t, = 0.00778(4000)*”(0.002)*** = 50 minutes

Using Figure 2.17 and Figure 2.18, the rainfall intensity
is 3.0 in./h X 0.8 = 2.4 in./h. Using Table 5.5 to determine
C, then C = 0.21 for an agricultural land use, slopes of
5%, and a 1:25-year storm event. Therefore, from Equa-
tion 5.12:

q=CiA=0.21x2.4%x300=150 cfs

Answer

The peak runoff rate based on use of the Kirpich equation
and the rational method is 150 ft¥/sec.

A difference in prediction of 139 ft¥/sec vs. 150 ft¥/sec
is not meaningful given the various approximations used.
Also, for Example 5.3, knowledge that the flow was col-
lected and concentrated in a grassed waterway resulted in

the highest discharge rate. If a grassed waterway had not
been used, the discharge based on the velocity of flow
across the agricultural field would have given similar
answers to Example 5.2 and Example 5.4. Therefore, all
three results are surprisingly close. However, the reader
might wish to evaluate what happens if the bed slope is
0.4%.

In Example 5.2 to Example 5.4, the graphical peak
discharge method was solved using different time-of-con-
centration methods, and a solution obtained with the ratio-
nal method gave very different answers for the same set
of hydrologic conditions. The main reasons for the differ-
ences are the methods used to compute time of concen-
tration. Many studies have shown that the Kirpich equa-
tion estimates time-of-concentration values that are too
rapid. For example, on 48 watersheds located in 16 states,
McCuen et al. (1983) compared 14 different time-of-con-
centration methods with the NRCS upland velocity
method (NRCS, 1986; see Figure 5.18). It was found that
the Kirpich method (Equation 5.13), NRCS lag method
(Equation 5.6), and the NRCS velocity method
(Figure 5.18) had mean time-of-concentration values of
0.81, 1.81, and 3.09 h, respectively. Also, of all methods
evaluated, the NRCS lag method had one of the lowest
biases, while the Kirpich method had one of the largest
biases.

5.6.3 USGS EmriricAL REGRESSION MODELS

USGS rural regression equations are available for all 50
states, Puerto Rico, and American Samoa. Urban regres-
sion equations have been developed for the nation and the
following states: Alabama, Georgia, Montana, North
Carolina, Ohio, Oregon, Tennessee, Texas, and Wisconsin.
The rural and urban regression equations are based on
observed stream discharges, are simple to use, and are
accepted by the Federal Emergency Management Agency
(FEMA) and many state and federal agencies. Due to the
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short record length of the stream gage data used to develop
many of the equations, there are 15 to over 100% estima-
tion errors in peak discharges estimated using the USGS
equations. The period of record of stream gage data used to
develop equations for urban watersheds is shorter than for
rural watersheds. This leads to standard errors associated
with urban regression equations that are larger than those
for rural regression equations — typically in the range of
30 to over 100%. Most of the urban equations are only
suitable for use on small watersheds (less than a few
square miles). The application of the rural equations varies
from watersheds that are smaller than a few square miles
to more than a thousand square miles. Therefore, it is
recommended that to check with the USGS for the most
current equations available for the region in question and
for the applicable size of watershed.

Most of the USGS regression equations have the fol-
lowing common form:

Q,, = a(DA)’(S)(P—X)"(13—- BDF)*
(5.14)
(D (U (STR+ 1) (E)(Q,.) ......

where Qy, is the peak discharge for a particular recurrence
interval (ft¥/sec), DA is the drainage area, S is the channel
bed slope, P is an index of precipitation (often the 2-year
24-h precipitation depth or the mean annual depth in
inches), BDF is the basin development factor for urban
areas, I is the percentage impervious area, U is an index
(or indices) of land use (percentage forest, etc.), STR is
the percentage of the contributing drainage area occupied
by lakes, ponds, and wetlands, E is a function of the
elevation (thousands of feet for central coastal region of
California), where Q,, is the peak discharge for a return
period T years and an equivalent rural watershed, and X,
a, b, ¢, d, and so on are empirical coefficients that are a
function of the recurrence interval and region. All equa-
tions contain the drainage area DA and then just a few
(sometimes none) of the other variables. Examples of
equations for a few locations are presented later in this
section.

The USGS urban and rural equations have been incor-
porated in the National Flood Frequency (NFF) computer
program; the WMS, which was developed at Brigham
Young University; and various commercially available
software applications. The NFF program is a Windows
program for estimating the magnitude and frequency of
peak discharges for unregulated rural and urban water-
sheds. NFF includes about 2065 regression equations for
289 flood regions nationwide. It can be used to estimate
peak discharges with recurrence intervals between 2 and
500 years and contains procedures to calibrate the regres-
sion equations based on measured stream data. At the time
this book was prepared, the USGS hydrologic analysis
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software was available at no charge through the World
Wide Web at http://water.usgs.gov/software/. Examples of
rural and urban equations for several locations in the U.S.
are presented in Table 5.7 and Table 5.8.

EXAMPLE 5.6

Calculate the 2-year recurrence interval discharge for a 3-
mi? watershed in a rural area outside Los Angeles, CA.
The mean elevation of the watershed is 330 ft, and the
mean annual precipitation is 14.8 in.

Solution

Use Equation 5.14 with coefficients for the central coastal
region of California from Table 5.7, which gives

0, = 0.0061(DA)0'92(P _ 0)2.54(E)71,1

and DA = 3 mi2, P = 14.8 in., E = 330 ft or 0.33 thousand
ft; therefore,

0, =0.0061(3)***(14.8 — 0)>**(330/1000) "' = 53.3 cfs

Answer

The 2-year recurrence interval discharge is 53.3 ft3/sec.

Sauer et al. (1983) developed national empirical peak
discharge relationships for urban areas based on an anal-
ysis of discharge for 269 gages in 56 cities and 31 states.
A similar approach for urban areas in Ohio with drainage
areas less than 6.5 mi?> was developed by Sherwood
(1993). The BDF varies from O to 12 and is a measure of
the urban development within a watershed. The empirical
coefficients for the nation, Ohio, and several other loca-
tions are summarized in Table 5.8. For Sauer’s national
method, the rural peak discharge O, can be computed
from regional flood frequency data or regional empirical
methods for rural watersheds.

The BDF is based on the occurrence of the following
features in each third of the watershed: (1) channel
improvements, (2) channel lining, (3) storm drains, and
(4) curb and gutter streets. The BDF is a measure of urban
development within the watershed. The drainage area is
divided into thirds (lower, middle, and upper) by drawing
two lines across the watershed that are approximately
perpendicular to the main channel and principal tributar-
ies. Flood-peak travel times for streams in each third
should be about equal.

More than 50% of a feature within each third results
in an incremental BDF of 1, while less than 50% of a
feature within each third gives an incremental BDF of 0.
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TABLE 5.7

USGS Equations for Estimating Peak Discharges on Ungaged Rural Watershed
Regression Recurrence Interval (years)

Coefficient 2 5 10 25 50 100

Central Coast California

a 0.0061 0.118 0.583 291 8.20 19.7

b 0.92 0.91 0.90 0.89 0.89 0.89

d 2.54 1.95 1.61 1.26 1.03 0.84

i —1.10 —0.79 —0.64 —0.50 —0.41 —0.33

X 0 0 0 0 0 0
Central Minnesota

a 7.15 14.1 19.8 28.2 35.1 42.5

b 0.796 0.796 0.794 0.792 0.791 0.790

c 0.449 0.475 0.488 0.503 0.513 0.522

h —0.401 —0.411 —0.414 —-0.416 —-0.416 —-0.416

Ohio

a (Region A, central Ohio) 56.1 84.5 104 129 148 167

a (Region B, northwest) 40.2 58.4 69.3 82.2 91.2 99.7

a (Region C, southeast) 93.5 133 159 191 214 236

b 0.782 0.769 0.764 0.76 0.757 0.756

c 0.172 0.221 0.244 0.264 0.276 0.285

h -0.297 -0.322 —0.335 —0.347 —0.355 -0.363
Eastern Tennessee

a 411 556 648 757 833 905

b 0.523 0.550 0.563 0.577 0.586 0.595
Northwest Nevada

a 13.1 22.4 4.86 4.11 3.31 2.62

b 0.713 0.723 0.727 0.737 0.746 0.752

i 0 0 —0.353 —0.438 —0.511 —0.584

New York (Northwest, Region 6)

a 8.8 13.3 16.2 19.7 22.1 24.1

b 0.870 0.869 0.869 0.869 0.869 0.870

c 0.233 0.302 0.334 0.360 0.374 0.385

d 0.481 0.408 0.379 0.360 0.356 0.359

h —0.217 —0.216 —-0.217 —0.220 —0.224 —0.228

X 20 20 20 20 20 20

North Carolina Coastal Plain
a 64.7 129 188 281 367 468
b 0.673 0.635 0.615 0.593 0.579 0.566
Northwest Washington State (Region 2)

a 0.09 — 0.129 0.148 0.161 0.174

b 0.877 — 0.868 0.864 0.862 0.861

d 1.51 — 1.57 1.59 1.61 1.62

X 0 0 0 0 0 0

Eastern Washington State (Region 9)

a 0.803 — 154 41.1 74.7 126

b 0.672 — 0.597 0.570 0.553 0.536

d 1.16 — 0.662 0.508 0.420 0.344

Note: Coefficient applies to Equation 5.14; unless stated, all other coefficients are zero.
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TABLE 5.8

USGS Equations for Estimating Peak Discharges on Ungaged Urban Watershed in Ohio

Recurrence Interval (years)

Regression
Coefficient 2 5 10 25 50 100
Georgia Region 2: Columbus/Atlanta/Augusta/Macon
a 145 258 351 452 548 644
b 0.70 0.69 0.70 0.70 0.70 0.70
f 0.30 0.26 0.21 0.20 0.18 0.17
National and New York Urban
a 13.2 10.6 9.51 8.68 8.04 7.70
b 0.21 0.17 0.16 0.15 0.15 0.15
e -0.43 -0.39 -0.36 -0.34 -0.32 -0.32
j 0.73 0.78 0.79 0.80 0.81 0.82
North Carolina Coastal Plain
a 26.9 68.2 109.0 209 280 363
b 0.722 0.655 0.625 0.570 0.558 0.547
f 0.686 0.572 0.515 0.436 0.396 0.358
Tampa Region
a 3.72 7.94 12.9 214 245 282
b 1.07 1.03 1.04 1.13 1.14 1.16
c 0.77 0.81 0.83 0.73 0.74 0.76
e 1.042 0.87¢ 0.75° -0.59 —-0.55 -0.51
h -0.11 -0.10 -0.10 0 0 0
Ohio Urban
a 155 200 228 265 293 321
b 0.68 0.71 0.74 0.76 0.78 0.79
d 0.50 0.63 0.68 0.72 0.74 0.76
e —-0.50 -0.44 -0.41 -0.37 —0.35 —-0.33
X 30 30 30 30 30 30

Note: Coefficient applies to Equation 5.14; unless stated, all other coefficients are zero.

& (BDF)¢ not (13 — BDF)* for the Tampa Region 2-, 5-, and 10-year recurrence interval equations and (STR) not (STR + 1).

Of the watershed, 2% is impervious. Calculate the per-
centage increase in the discharge if the watershed is devel-
oped and the impervious area increases to 10%.

Therefore, the minimum and maximum BDF for each
third are 0 and 4, respectively. BDF scores for each third
must be totaled to give a score for the whole watershed.
It should be noted that a BDF of O for the whole watershed
does not equal a pristine natural environment or even a
typical rural watershed; it simply means that, in each third
of the watershed, none of the four features has exceeded
the 50% threshold. There can still be some channel
improvements, channel lining, storm drains, and curbs and
gutter. Also, a BDF of 12 does not imply that the watershed
is completely developed. Suburban areas with large lots,
parks, playing fields, and storm drains and ditches connected
to streams often have a BDF in the 6 to 10 range.

Solution

Use Equation 5.14 with coefficients for Atlanta from
Table 5.8, which gives

0, =145(DA)""(1)*?

with DA = 1.5 mi?, and I = 2% for the predevelopment
condition. Therefore,

Q, =145(1.5)"7(2)"* =237 cfs

ExAmpLE 5.7 ) .
Following development, [ increases to 10%; therefore,
Calculate the 2-year recurrence interval discharge for a

1.5-mi? watershed on the southeastern side of Atlanta, GA. 0, =14501 5)*7(10)** =384 cfs
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Upper Third

| <50%, BDF =0
L <50%, BDF =0

Middle Third
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BDF =7

D <50%, BDF =0
C <50%, BDF =0

BDF =1
L >50%, BDF =1
D >50%, BDF =1
C <50%, BDF =0

| >50%,

Lower Third

| >50%, BDF =1
L >50%, BDF =1

D >50%, BDF =1
C >50%, BDF =1

Outlet

D: Storm Drains

| : Channel Improvements L: Channel Lining
C: Curbs and Gutters

The percentage increase is

100(384 — 237)
237

=602%

Answer

The 2-year recurrence interval pre- and postdevelopment
discharges are 237 and 384 ft*/sec, respectively, and the
percentage increase is 62%.

ExAMPLE 5.8

Calculate the 2-year recurrence interval discharge for a 0.5-
mi?> watershed in Tampa, FL. The BDF is 8, 1% of the
watershed is a lake, and the main channel slope is 0.6%.

Solution

Use Equation 5.14 with coefficients for Tampa from
Table 5.8, which gives

0, = 3.72(DA)1'07(S)0'77(BDF)1'04(STR)’0"1

where DA = 0.5 mi%, BDF = 8, S is 0.6% of 5280 = 31.7
ft/mi, and STR = 1%. Therefore,

0, =3.72(0.5)" " 31.7)*7(8)" ™ (1) ™" =220.5 ft¥/sec

Answer

The 2-year recurrence interval discharge is 220.5 ft¥/sec.

FIGURE 5.19 Illustration of basin development factor (BDF) calculation for Example 5.9.

ExAMPLE 5.9

Calculate the 100-year recurrence interval discharge for
the pre- and postdevelopment conditions on a 0.9-mi?
watershed just outside Cincinnati, OH. The mean annual
precipitation is 40 in. Initially the BDF is 0. Following
development, the upper third of the watershed will remain
unchanged. In the middle third, more than 50% of the
channels will be improved and lined, and most of the
secondary tributaries will be storm drains. In the lower
third, most of the channels will be improved and lined
with concrete, the majority of the secondary tributaries
will be storm drains, and most of the streets will have
curbs and gutters.

Solution

Use Equation 5.14 with coefficients for Ohio from
Table 5.8, which gives

Q0 =32 (DA (P -30)°76(13— BDF)™®

and DA = 0.9 mi?, P = 40 in., and the BDF = 0 for the
predevelopment condition. Therefore,

Qo0 = 321(0.9)°(40 —30)"° (13- 0)™** =82.9 cfs

Calculate the postdevelopment BDF from Figure 5.19.
The BDF for the upper third is 0; for the middle third,
the BDF is 3; and for the lower third, it is 4. Therefore,
the BDF for the whole watershed is 7, and

0,00 =321(0.9)**(40-30)"(13-7)"° =385.8 cfs
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FIGURE 5.20 Curvilinear, single-, and double-triangle unit hydrographs.

Answer

The 100-year recurrence interval discharge is 82.9 ft3/sec
before development and 385.8 ft3/sec following devel-
opment.

5.7 STORMWATER HYDROGRAPHS

Stormwater hydrographs provide information on the
change in runoff rates with time, the peak runoff rate, and
the volume of runoff. Storm hydrograph methods should
be used whenever possible as they provide the most com-
prehensive information and the best estimates of runoff
rates. However, these methods are also more complex,
require more information to use, and are best solved using
a computerized procedure.

5.7.1 UNit HYDROGRAPH METHODS

One approach to developing a storm runoff hydrograph is
the unit hydrograph method (Sherman, 1932). The unit
hydrograph method is about 60 years old and was so
named because the area under the hydrograph is equal to
1 in. or 1 mm of runoff (Q). Hydrologists around the world
have studied, developed, reported on, and applied unit
hydrographs to practical problems for over 50 years. The
approach is empirical and is based on the following
assumptions: (1) uniform distribution of rainfall excess
over the watershed, (2) uniform rainfall excess rate, and
(3) the runoff rate is proportional to the runoff volume for
a rainfall excess of a given duration.

The basic factors that need to be determined to
develop a unit hydrograph are the time to peak, the peak

flow, and the shape of the hydrograph. The time to peak
is defined as

t,=t,+ D/2 (5.15)
where £, is the lag time, and D is the time increment of
the rainfall excess. A plot of the rainfall excess vs. time
for each time increment D is called a hyetograph.

The peak flow of the unit hydrograph can be estimated
by the equation (NRCS, 1972)

4844

(5.16)

p
tp

where g, is the peak flow in ft¥/sec (per inch of runoff),
A is the watershed area in square miles, and t is the time
to peak in hours.

The shape of the unit hydrograph is usually modeled
as curvilinear or triangular. The NRCS has developed
single-triangle and curvilinear unit hydrograph procedures
(Figure 5.20). For a practical exercise on NRCS methods,
see Chapter 14, Exercise 14.5. Curvilinear procedures
have also been developed by Haan (1970) and DeCoursey
(1966). A single triangle can be developed by approximat-
ing the base time as 2.67 times the time to peak #,; using
Equation 5.16 and a lag time equation Equation 5.6); and
using Equation 5.16 to determine the peak flow. Remem-
ber, the depth of rainfall excess represented by the unit
hydrograph is 1 in. or 1 mm. A simple application of a
single-triangle method is illustrated in Example 5.10.

In a steep, forested watershed, the peak initial runoff
response might be due to runoff from rock outcrops, bare
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rock areas along the streams, precipitation directly on the
streams, or rapid interflow. A delayed response is concep-
tualized as due to streamflow, overland flow delayed by
bed litter (duff), or delayed interflow. To account for the
delayed response due to interflow, several scientists and
engineers have proposed using a double-triangle concept
to represent the runoff hydrograph (Tennessee Valley
Authority [TVA], 1973; Overton and Troxler, 1978; A.D.
Ward et al., 1980; Wilson et al., 1983). Examples of dou-
ble-triangle unit hydrographs for different land uses are
presented in Figure 5.20.

Environmental Hydrology

therefore,
t,=0.75 hrs (45 minutes)
and

t =tL+B=45+@=75 minutes
r 2 2

The peak flow of the unit hydrograph is determined from

ExampLE 5.10

Use a single-triangle unit hydrograph procedure to
develop a storm hydrograph for a 1-h storm event on a
proposed 500-acre commercial and business watershed
with soils in Hydrologic Soil Group D. The watershed has
an average overland slope of 1% and a hydraulic length
of 6000 ft. The rainfall depth during the 1-h storm event
was 2.5 in.

Solution
Use the NRCS curve number method (Equation 5.3 and

Equation 5.4) to develop a rainfall excess (runoff) hyeto-
graph.

From Table 5.1, CN = 95 (Hydrologic Soil Group D,
commercial land use). Assume Antecedent Moisture Con-
dition II, then

S= 1000 —10=0.53 inches
95

and

_[25-(0.2x 0.53)]
[2.5+(0.8%0.53)]

0 =1.96 inches

Assume a triangular unit hydrograph and determine the
lag time and time to peak using Equation 5.6 and Equation
5.9:

3 LO,S(S + 1)07
L1900 x Y%

L =6000 ft, Y =1%, and S = 0.53 in.:

~ 6000%%(0.53+1)"7
L 1900 x1%°

Equation 5.16:

and

500 acres y 60
640 75 minutes

g, =484

=302.5 cfs (per inch of runoff)

Note that the 500 acres are divided by 640 to convert them
to square miles, and the 75 min are divided by 60 to
convert them to hours.

The peak flow is simply 302.5 ft3/sec times 1.96 in. of
runoff, which gives 592.9 ft¥/sec. The base time of the
unit hydrograph is 2.67 ¢, = 2.67 X 75 = 200 min.

Answer

The hydrograph contains a runoff depth of 1.96 in., has
a peak flow of 592.9 ft3/sec at a time of 75 min, and has
a total runoff time of 200 min. The hydrograph is illus-
trated in Figure 5.21.

In Example 5.10, the storm duration was longer than
the lag time (60 min vs. 45 min). This causes an error in
the solution as the shape of the hydrograph is primarily a
function of the storm duration rather than the watershed
characteristics. This problem can be prevented if knowl-
edge is available of the rainfall time distribution. The
design storm rainfall depth is generally associated with a
synthetic rainfall time distribution (refer to Figure 5.5).

Rainfall excess can be determined using an infiltration
equation or a procedure such as the NRCS curve number
method (Equation 5.4). The rainfall event should be
divided into blocks of time that have a duration D that is
not longer than one third the time to peak of the unit
hydrograph. Incremental storm hydrographs are then
developed for each block of rainfall excess (Figure 5.22).
The incremental runoff hydrograph ordinates are equal to
the volume of runoff for each block of rainfall excess times
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FIGURE 5.21 Storm hydrograph developed as a solution to Example 5.10.
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FIGURE 5.22 Development of a storm hydrograph based on knowledge of the rainfall distribution.

the unit hydrograph ordinates. The incremental storm
hydrographs each start at the beginning of the block of
rainfall excess with which they are associated.

When all the incremental storm hydrographs have
been established, the storm runoff hydrograph is obtained
by adding the ordinates of the incremental hydrographs at
each point in time. This is a time-consuming activity sub-
ject to mathematical errors and is best performed by a
computer program. The approach presented in Example
5.10 is commonly used and consists of approximating the
storm hydrograph using a single time block for the whole
event; determining a time to peak and peak runoff rate for
the unit hydrograph based on the single time block; and
simply multiplying the ordinates of the unit hydrograph
by the rainfall excess for the single block. This approach

will underestimate the peak flow rate and will result in a
base time for the storm hydrograph that is longer than that
obtained if the hydrograph is developed from several
incremental time blocks. The best approach is to subdivide
the storm event into as many time blocks as practical rather
than using as few as possible.

ExampLE 5.11

For the same watershed and storm evaluated in Example
5.10, use a unit hydrograph procedure to develop a storm
hydrograph. In this case, it is known that the rainfall
during each 15 min of the event was 0.5, 1.0, 0.75, and
0.25 in.
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Solution

From Example 5.10, a 500-acre watershed has soils in
Hydrologic Soil Group D, an average overland slope of
1%, a hydraulic length of 6000 feet, and proposed busi-
ness and commercial land use. The lag time was calcu-
lated as 45 min; therefore. substituting in Equation 5.15,

t =t +2 =45 +E =52.5 minutes
r 2 2

The 15-min time blocks provided can be used as they are
less than one third of the time to peak. The peak flow of
the unit hydrograph is determined from Equation 5.16:

484 A
P [p
and
g =484 x 500 acre y 69
r 640 52.5 minutes

=432 cfs (per inch of runoff)

Use the NRCS curve number method (Equation 5.2 and
Equation 5.3) to develop a rainfall excess (runoff) hyeto-
graph.

0= (P-0.2 5)
T (P+08S)

To solve for the first time block,

_ (0.5-0.2x0.53)*

= =0.17 inches
(0.5+0.8x0.53)

0

To solve for the second time block,

(1.5-0.2x0.53)°
(1.5+0.8x0.53)

0+0,= =1.01 inches

and
0,=1.01-0, =1.01-0.17=0.84 inches

Note that it is necessary to determine the rainfall excess
for the total time from the start of rainfall to the time at
the end of the block considered. The accumulated rainfall
excess up to the start of the block considered is then
subtracted from the total rainfall excess for the time period
up to the end of this block. This approach is used so that
the curve number does not need to be adjusted for chang-
ing antecedent conditions during the event.
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To solve for the third time block,

_(2.25-0.2%0.53)

+0, +0,= =1.72 inch
O+ = s 08%0.53) mnehies

and
0,=172-0,-0,=1.72-0.17-0.84=0.71 inches
To solve for the fourth time block,

_(2.5-0.2x0.53)

+0,+0,+0, = =1.96 inch
O+t O+ 0= 0 8%053) feties

and

0,=196-0-0,-0,=196-0.17-0.84-0.71
=0.24 inches

Answer

The solution is presented in Table 5.9 and Figure 5.22.
The peak runoff rate is 729.7 ft’/sec and occurs 82.5 min
after the start of rainfall. Note that this answer is 136.8
ft3/sec higher than the solution obtained in Example 5.10.

5.7.2 TIME—=AREA METHOD

The time—area method is a process-based procedure to
determine the volume of runoff and peak runoff rate from
small watersheds (generally less than 500 acres). The
approach does not consider interflow and assumes that
surface and channel flow velocities do not change with
time. If used on large watersheds, peak flows may be
overestimated because the simple routing procedures do
not consider attenuation. The most commonly used com-
puter model based on time—area methods is the Illinois
Urban Drainage Simulator (ILLUDAS; Terstriep and
Stall, 1974).

The approach is illustrated in Figure 5.23. The
time—area diagram is obtained by drawing on the water-
shed isochromes of equal flow time ¢ to the outlet. The
value of time on each isochrome represents the travel time
of water from the isochrome to the watershed outlet. Stor-
age effects are ignored, and the runoff hydrograph is due
to a translation of rainfall excess to the outlet. Like the
unit hydrograph procedure, incremental runoff hydro-
graphs can then be developed for each increment of rain-
fall excess. Also, a procedure such as the NRCS curve
number procedure can be used to develop a rainfall excess
hyetograph. The storm hydrograph is then obtained by
combining all the incremental hydrographs.
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TABLE 5.9

Development of a Storm Hydrograph for Example 5.11

(discharge, ft3/sec)

Time Incremental Incremental Incremental Incremental Stormwater
(min)  Hydrograph  Hydrograph  Hydrograph  Hydrograph  Hydrograph
1 2 3 4 a
0 0.0 0.0 0.0 0.0 0.0
15 21.0 0.0 0.0 0.0 21.0
30 42.0 103.7 0.0 0.0 145.7
45 62.9 207.4 87.6 0.0 357.9
52.5 73.4 259.3 131.5 14.8 479.0
60 67.2 311.1 175.3 29.6 583.2
67.5 60.9 362.9 219.1 44.5 687.4
75 54.6 331.8 262.8 59.3 708.5
82.5 48.3 300.7 306.7 74.0 729.7
90 42.0 269.6 280.5 88.8 680.9
97.5 35.8 238.5 254.1 103.7 632.1
105 29.6 207.4 227.8 94.8 559.6
120 16.8 145.2 175.3 77.0 414.3
135 4.2 82.9 122.7 59.3 269.1
150 0.0 20.7 70.1 41.3 132.1
165 0.0 0.0 17.5 23.7 41.2
180 0.0 0.0 0.0 59 59
Isochrome of Equal Time to Outlet
Outlet
24T
At
Rainfall Time-Area Hydrograph
Hyetograph Histograph at Outlet
B C D
. « gl 7
= 3 T
& < 8
[
Py |P2 [Ps [Py Ay AL |A5lA,
Time, t Time, t t
FIGURE 5.23 Tllustration of the time—area method.
5.7.3 THE KINEMATIC APPROACH However, the first application of kinematic equations to

The physically based kinematic method is theoretically
the most complete. Lighthill and Whitham (1955) imag-
ined flow propagation in the form of kinematic waves for
describing flood movement in rivers. They also developed
kinematic equations for determining overland flow.

develop runoff hydrographs for steady rainfall excess con-

ditions was by Henderson and Wooding (1964).
Complete details of the method may be found in

hydrology texts such as those by Haan et al. (1982) and
Bedient and Huber (1988). The method is based on a
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solution of the continuity and momentum equations, as
well as relationships between the geometric characteristics
of the watershed and drainage systems (such as slope,
roughness, channel shape, etc.). The rainfall excess hye-
tograph is routed as overland flow to established channels
and as streamflow to the watershed outlet.

Unfortunately, the method is data intensive and diffi-
cult to use. The approach has mainly been applied in urban
areas where the watersheds are small and highly channel-
ized. For most applications, computer models are needed
to develop a solution, and it is necessary to make several
assumptions and approximations (particularly in the
geometry). The most commonly used computer model that
incorporates kinematic equations is the Stormwater Man-
agement Model (SWMM; Huber et al. 1981).

5.8 ASSESSMENT OF FLOOD ESTIMATION
TECHNIQUES

Hydrologists and engineers face two major problems on
small catchment hydrology: (1) the availability of small
catchment hydrological data and (2) guidelines on the
selection and expected accuracy of the different flood esti-
mation techniques.

In general, little information is available on the suit-
ability of the various flood estimation techniques as design
tools. Hydrological control structures are frequently
designed based on limited data and pragmatic modeling
approaches. The success of the design depends largely on
experience and judgment. In 1983, a study was conducted
in South Africa to evaluate the suitability of commonly
used small catchment surface runoff techniques as design
methods (Ward et al. 1989). It is probable that the con-
clusions drawn from this study would be applicable to
most countries in the world, including the U.S. The ques-
tionnaire survey indicated that a wide variety of flood
estimation methods were used in South Africa. The results
indicated that the rational method was the most commonly
used, but use of such methods as the time—area method,
NRCS methods, and kinematic procedures was signifi-
cant. In general, hydrologists found all the techniques
fairly easy to use, but only 50% of the respondents felt
the techniques were sufficiently accurate. In addition,
flood estimation techniques were primarily used to deter-
mine peak flows and volumes of runoff. Storm hydrograph
generation was required less frequently, but there was a
significant need for this type of data. Despite that it is a
peak flow technique, the rational method was used to
generate hydrographs by 12% of the respondents. Flood
estimation techniques were primarily applied in urban,
agricultural, rural, and afforested areas smaller than 10
km?. Respondents perceived that the main problem asso-
ciated with the use of flood estimation techniques is the
availability of adequate data. The survey also identified a

Environmental Hydrology

lack of familiarity with the different techniques and no
perception of accuracy.

As part of the same study, an evaluation of seven
hydrological methods was made for 102 storm events on
26 diverse catchments. Catchment parameters were
obtained from maps and design manuals. The analysis was
conducted with both the measured rainfall distribution and
with synthetic distributions. This was done to separate the
effects of method limitations and parameter inaccuracies
from the effects of simplified rainfall. The analysis of the
results was based on two measures of method perfor-
mance: peak flow and volume of runoff.

The results indicated that, while urban catchments
could be adequately modeled by most of the methods,
flood predictions for rural catchments were far less reli-
able. In general, the ability of the methods to predict
volume of runoff was found to be better than their ability
to determine peak flow rates. The rational method was
found to be very conservative and gave excessively high
peak flow estimates for rural catchments. The NRCS
methods gave reasonable peak flow and runoff volume
estimates for most of the watersheds and performed
slightly better on rural catchments. The time—area and
kinematic models gave reasonable estimates for urban
watersheds, but performed poorly on rural catchments.

5.9 AGRICULTURAL LAND DRAINAGE
MODIFICATIONS

In the U.S., drainage improvements are required on more
than 26 % of our cropland (110 of 421 million acres).
Egyptian and Greek use of surface ditches to drain land
for agriculture dates to about 400 Bc (USDA, 1987). In
the U.S., extensive drainage of swamps was initiated in
the mid-1700s. The Swamp Land Acts of 1849 and 1850
(USDA, 1987) were the first important federal legislation on
land drainage. Early subsurface drainage materials were
wood, concrete, clay, and bituminized fiber pipe. In 1967,
corrugated plastic tubing was commercially produced in the
U.S., and by 1973 had largely replaced concrete and clay
tile for small-size drains (Schwab et al., 1993). Today,
subsurface drains are still commonly called tile drains,
even though nearly all the drains installed in the last two
decades have been made from perforated corrugated plas-
tic tubing (Figure 5.24). In the U.S., much of the tubing
used in agriculture has a diameter of 4 in. and is made
from high-density polyethylene (HDPE). In Europe, field
drains often have diameters of only 2 or 3 in. and are made
from polyvinylchloride (PVC).

Agricultural drainage is the removal of excess water
from the soil surface or the soil profile of cropland by
either gravity or artificial means. The two main reasons
for improving the drainage on agricultural land are for soil
conservation and for enhancing crop production. Research
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FIGURE 5.24 High-speed, and laser-controlled, installation of corrugated plastic drainage pipe.

Water Table before Drainage
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Water Table before Drainage

FIGURE 5.25 Types of agricultural drainage improvements.

conducted throughout the midwestern U.S. has docu-
mented many benefits of agricultural drainage improve-
ments. Typically, most agricultural producers improve the
drainage on their land to help create a healthier environ-
ment for plant growth and to provide drier field conditions,
allowing farm equipment to access the farm field through-
out the crop production season. Healthy, productive plants
have the potential to produce greater yields and more food.
Also, research in Ohio has shown that agricultural drain-
age improvements can help reduce the year-to-year vari-
ability in crop yields. This helps reduce the risks associ-
ated with the production of abundant, high-quality,
affordable food. Improved access of farm equipment to
the field provides more time for field activities, can help

~

Water Table after Drainage

extend the crop production season, and helps reduce crop
damage at harvest.

The two primary types of agricultural drainage
improvements are surface and subsurface systems
(Figure 5.25), used individually or in combination.

5.9.1 SURFACE IMPROVEMENTS

Surface drainage improvements are designed to minimize
crop damage resulting from water ponding on the soil
surface (Figure 5.26A) following a rainfall event and to
control surface water runoff without causing erosion. Sur-
face drainage can affect the water table by reducing the
volume of water entering the soil profile. This type of
improvement includes land leveling and smoothing; the
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FIGURE 5.26 A. Crop damage due to water ponding. B. A grass waterway.

construction of surface water inlets to subsurface drainage
improvements; and the construction of shallow ditches and
grass waterways (Figure 5.26B), which empty into open
ditches, streams, and rivers.

Land smoothing or leveling is a water management
practice designed to remove soil from high spots in a field
or fill low spots and depressions where water may pond.
Shallow ditches may be constructed to divert excess water
to grass waterways and open ditches, which often empty
into existing surface water bodies.

We should also be aware of the disadvantages of sur-
face drainage improvements. First, these improvements
require annual maintenance and must be carefully designed
to ensure that erosion is decreased. Second, extensive earth-
moving activities are expensive, and land grading might

expose less fertile and less productive subsoils. Further,
open ditches may interfere with moving farming equip-
ment across a field.

5.9.2 SUBSURFACE IMPROVEMENTS

The objective of subsurface drainage is to drain excess
water from the plant root zone of the soil profile by arti-
ficially lowering the water table level. Subsurface drainage
improvements are designed to control the water table level
through a series of drainage pipes installed below the soil
surface, usually just below the root zone. In the Midwest
region of the U.S., the subsurface drains typically are
installed at a depth of 30 to 40 in. and at a spacing of 20
to 80 ft. The subsurface drainage network generally outlets
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FIGURE 5.27 The cornfield in the foreground does not have subsurface drainage while the corn field, with large more robust plants,

in the background does have subsurface drainage.

to an open ditch, stream, or river. Subsurface drainage
improvements require some minor maintenance of the
outlets and outlet ditches. For the same amount of treated
acreage, subsurface drainage improvements are generally
more expensive to construct than surface drainage
improvements.

Whether the drainage improvement is surface, subsur-
face, or a combination of both, the main objective is to
remove excess water quickly and to reduce the potential
for crop damage safely (Figure 5.26). When water is pon-
ded on the soil surface immediately following a rainfall
event, a general rule of thumb for most crops is to lower
the water table 10 to 12 in. below the soil surface within
a 24-h period and 12 to 18 in. below the soil surface within
a 48-h period. Properly draining excess water from the
soil profile where plant roots grow helps aerate the soil
and reduces the potential for damage to the crop roots.
Further, it will produce soil conditions more favorable for
crop production (Figure 5.27). In states that depend
heavily on irrigation, subsurface drainage is often used to
prevent harmful buildups of salt in the soil.

5.9.3 PERCEPTIONS

In recent years, public concern has increased about the
nature of agricultural drainage and the impact of agricul-
tural drainage improvements on the quality of water
resources and environment. Few individuals not directly
connected with agriculture realize that improved drainage
is necessary for sustained agricultural production. In fact,
controlled subsurface drainage, an agricultural drainage
practice, is considered a sound water quality management
and enhancement practice in North Carolina.

Land drainage activities have impacted much of the
Midwest region’s environment and water resources. For
example, early settlers began draining Ohio’s swamps in
the 1850s; today, approximately 90% of Ohio’s wetlands
have been converted to other uses. This loss of wetlands
is attributed to public health considerations; rural, urban,
and industrial development; and agriculture. While the
loss of these wetlands has provided many benefits, wet-
lands also provide many benefits for the environment,
including wildlife habitat and enhanced water quality. An
important water quality function of wetlands is the trap-
ping and filtering of sediment, nutrients, and other pollut-
ants from agricultural, construction, and other rural and
urban sources. Interestingly, subsurface drainage improve-
ments, in a more limited capacity, provide some of these
same water quality benefits while providing a necessary
element for sustained agricultural production on many soils.

Present agricultural trends are toward more intensive
use of existing cropland, with much of the emphasis on
management. Maintaining existing agricultural drainage
improvements and improving the drainage on wet agricul-
tural soils presently in agricultural production help mini-
mize the need for landowners to convert additional land
to agricultural production. In many cases, restoration of
previously converted wetlands would be impossible
because of large-scale channel improvements, urbaniza-
tion, and shoreline modification in the Great Lakes region.
Focus should be placed on protecting existing wetlands
and establishing new wetland areas while maintaining our
highly productive agricultural areas.

The use of surface and subsurface drainage improve-
ments is not limited to agricultural lands. Many residential
homes use subsurface drainage systems, similar to those
used in agriculture, to prevent water damage to foundations
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FIGURE 5.28 Subsurface drainage geometry for Equation 5.11 and Equation 5.12.

and basements. Golf courses make extensive use of both
surface and subsurface drains. Houses, streets, and build-
ings in urban areas depend heavily on surface and subsur-
face drainage systems for protection. These are generally
a combination of plastic or metal gutters and concrete
pipes or channels.

5.10 DETERMINING SUBSURFACE
DRAINAGE FLOWS

Details on the design and installation of subsurface drain-
age systems are presented in several texts and reports
(USDA, 1987; Schwab et al. 1993; NRCS, 1984). A com-
mon problem in irrigated agriculture is a buildup of salts
in the root zone. A practice to alleviate this problem is to
apply additional irrigation water, which will “flush” some
of the salt from the root zone. Subsurface drains are then
used to intercept leachate from the bottom of the root zone.
In nonirrigated agriculture, subsurface drains are used to
ensure that elevated water tables are lowered below the
root zone within I to 4 days. Typically, the drains are
located at least 3 ft below the ground surface. The depth
and spacing of the drains will depend on the soil charac-
teristics, the crop, agricultural management practices,
topography and surface drainage systems, and the depth
to an impeding layer. For steady-state conditions in which
the water table and rainfall or irrigation rate do not change
with time, the ellipse equation can be used to determine
drain spacing and flow rate. The geometry of the system
is presented in Figure 5.28, and the ellipse equation is

4K(b* - d’
= ( )

S (5.17)

where K is the saturated hydraulic conductivity (feet/day),
q is the flow rate (square feet/day) into the drain per foot
length of drain, S is the drain spacing in feet, b is the
height (feet) at the midpoint between the drains of the
water table above an impeding layer, and d is the height
(feet) of the drains above the impeding layer.

If the flow rate g is set equal to Si, where i is the
drainage rate in feet/day, then Equation 5.17 can be written
as

s a2
S = |:4K(b_d):| (5.18)

1

An assumption in the development of Equation 5.17 and
Equation 5.18 was that resistance to flow resulting from
flowlines converging near the drains could be ignored.
However, reasonable results are only obtained if the drain
spacing is large compared to the depth to the impeding
layer. Van Schilfgaarde (1963) and Moody (1966) devel-
oped modifications to the ellipse equations for conditions
with the drain spacing § small relative to the depth of the
impeding layer. We would suggest using an effective depth
d, that is 0.2 to 0.5 of the height of the drains above the
impeding layer in place of the depth, d, in Equation 5.17
or Equation 5.18 in the development of provisional assess-
ments, or if detailed knowledge of the subsurface soil pro-
file is not available. If an effective depth is used, then the
height, b, of the water table at the midpoint between the
drain must be reduced by the difference between d and d,.
Information on recommended drainage rates for different
crops and soils was provided by Schwab et al. (1993).
Depending on the soil and crop, these rates will usually
range between about 0.4 and 2.0 in. per day.
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ExampLE 5.12

Determine the drain spacing if drains are located 4 ft
below the ground surface, the depth of the impeding layer
is 12 ft below the drains (16 ft below the ground surface),
and the saturated hydraulic conductivity is 0.75 ft/day. For
good plant growth, it is required that the water table be
at least 2 ft below the ground surface (14 ft above the
impeding layer), and it will be necessary to remove irri-
gation water at a rate of 0.60 in./day.

Solution

The drainage rate needs to be changed to feet/day; there-
fore,

j = 0:6 inches/day m‘ig“/ 93Y _ .05 ft/day

then, using Equation 5.18,

2 2 1/2
S:|:4K(b‘—d )]

1

and substituting for K, b, d, and i,

c_[4x075 04 -127) 3
0.05

and § = 55.9 ft.

The diameter of the drains and the flow depth are unknown
and were not considered when determining b and d.

Answer

The maximum drainage spacing should be 55.9 ft. If an
effective depth d, of 0.25d had been used instead of d, the
height of the water table at the midpoint » would reduce
by 0.75d, and the drainage spacing would be 31.0 ft.

5.11 FLOW DURATION AND WATERYIELD

One of the most important characteristics of a stream is
flow duration. Does the stream have equitable flow or does
it flow at high and low extremes? And, how much of the
time (proportion of time) does it flow at various dis-
charges? If the stream is to furnish power, provide water,
provide deep water for transportation, transport sewage
effluent away, dilute pollution, or just remain “pretty,” how
much of the time does this happen? Two flow duration
curves are shown for the Savannah River at Augusta, GA
(Figure 5.29). The first flow duration curve is for the
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FIGURE 5.29 Savannah River, Georgia. (From USGS.)

period 1884 to 1929. This was the period when the river
was “wild” and subject to great variations. Note first that
the maximum discharge was 100,000 ft’/sec, while the
minimum flow was about 500 ft¥/sec. Between those
extremes, there is little “median flow.” Several large dams
were then built upstream, regulating the flow in part. Thus,
the second line for 1950 to 1975 is much “flatter,” indi-
cating a more equitable flow. That is, flow was within
narrower bounds for a greater proportion of the time. For
example, it can be seen that the flow remains between
about 7,000 and 10,000 ft3/sec about 70% of the time (90%
less 20%). In the earlier period, that range of flow occu-
pied only about 40% of the time (70% less 30%). Note
also that the extremes have been ameliorated with a min-
imum of about 2,000 ft’/sec (as opposed to about 500
ft’/sec before) and a maximum of only 80,000 ft*/sec (as
opposed to the prior 100,000 ft¥/sec).

More detailed information on minimum water yield
(streamflow) for different return periods and catchments
is useful and important in water management programs to
tell the planner that, in very dry periods, it must be planned
to manage with only so much flow or to develop storage
systems to supply extra water. Those data will tell how
often to expect these low flows (see the Ohio example in
Table 5.10).

The mass curve (accumulation) of monthly runoff
given in Figure 5.30 shows low flow for the period June
1953 through February 1954 and again for June 1954
through February 1955. This type of information is nec-
essary for determining the amount of reservoir storage
needed to provide water for a uniform daily demand of a
municipality or industry.
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TABLE 5.10
Minimum 12-Month Runoff for Catchments of 29 to 17,400 Acres
for Return Period of 2 to 50 years, Coshocton, OH

Drainage Area Minimum 12-Month Water Yield (in.) for Return Period of 2 to 50 Years

(acres) 2 years 5 years 10 years 25 years 50 years

29 8.7 6.4 5.2 42 34

76 9.6 7.4 6.2 5.1 4.3
122 11.2 8.8 7.2 59 49
349 13.0 10.1 8.7 7.0 6.0
2,570 14.0 10.8 9.2 7.3 6.3
4,580 14.5 11.5 9.9 8.0 6.8
17,400 15.5 12.0 10.5 8.5 7.2

Source: From Harrold, L.L., Trans. Am. Geophys. Union, 38:201-208, 1957. With permission.
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FIGURE 5.30 Mass curve of monthly streamflow at Coshocton, OH. (From Harrold, L.L., Trans. Am. Geophys. Union, 38:201-208,
1957. With permission.)
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ExampLE 5.13

Determine the amount of reservoir storage needed to pro-
vide an urban development with an assured supply for a
daily water use rate of 97,200 gal/day given the mass
curve of monthly streamflow for the continuous 28-month
period January 1953 through April 1955 (Figure 5.30).

Solution
Calculate the uniform streamflow (cubic feet/second)

needed to meet the uniform water use demand rate of
97,200 gal/day (7.48 gal = 1 ft3).

97,200 gal y 1 day v 1 hr y 1 min
day 24 hr 60 min 60 sec

1t}

——— =0.15 ft¥sec
7.48 gal

Total volume of runoff for a year at a uniform streamflow
of 0.15 ft¥/sec for this catchment of 303 acres is

0.15 ft’ (60 sec)(60 min) 24 hr |( 365 day
sec I min 1 hr 1 day lyr
( 1 ) 1 acre : (121n): 43in
303 acre /\ 43,560 ft 1ft

Start the uniform flowline at the zero point, Point a

(Figure 5.30), and at the end of the year the accumulation
is 4.3 in. The slope of this straight line is 0.15 ft3/sec or
97,200 gal/day. Prior to Point b on the mass curve
(Figure 5.30), streamflow accumulates faster than the
required uniform use rate of 97,200 gal/day, and no help
from storage is needed. From Points b to ¢, the flow rate
is less than the use rate, and water from storage is needed
to augment the natural streamflow rate. The dotted vertical
line from Point ¢ to the dashed line b—d indicates that 60
acre-ft of water from storage is required. After Point c,
the mass curve of streamflow shows the flow rate exceeds
the use rate. If the reservoir had been full at Point b, its
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content would have decreased to a minimum at Time ¢
and then would be full again by Time d.

Answer

The amount of reservoir storage needed is 60 acre-ft.

PROBLEMS

5.1. Convert 1 in./h of runoff from an area of 10 acres
to cubic feet per second (ft¥/sec) and to gallons
per minute (gal/min) (7.48 gal = 1 ft3).

5.2. Determine the volume of water (acre-feet) that
could be added to a reservoir in 1 day from a
stream with an average flow rate of 10 ft*/sec.

5.3. Determine the time (hours) required to fill a 20
acre-ft reservoir if the average streamflow was
2 ft¥/sec.

5.4. Determine the runoff volume in inches from a
50-year return period storm at your present loca-
tion assuming Antecedent Moisture Condition
III, NRCS Curve Number 75 (Condition II) and
storm duration of 4 h.

5.5. Determine the volume of runoff in acre feet for
a flood from a 500-acre watershed at your
present location during the growing season. Crit-
ical duration of storm causing the flood was 3
h, and the return period of the event was 10
years. The antecedent rainfall 5 days prior to the
storm was estimated as 1.5 in. Soil groups, land
use, and hydrologic conditions for each subarea
are presented in Table 5.11.

5.6. Determine the runoff depth and runoff volume
for Example 5.2 by calculating an area weighted
curve number and then using it with Equation
5.2 and Equation 5.3. Determine the percentage
difference between your answers and the
answers presented in Example 5.2.

5.7. Compute the peak runoff rate (cubic feet/second)
that would occur once in 10 years for a 50-acre
catchment using the graphical peak discharge
method. It is situated near your location and has
an average overland slope of 0.5%, a maximum

TABLE 5.11

Problem 5.5: Soil Groups, Land Use, and Hydrologic Conditions

for Each Subarea

Subarea Acres  Soil Group Land Use Treatment and Hydrologic Condition

100 C
300 D
100 B

Residential 1-acre lots, good condition
Cultivated conservation tillage
Forest, good cover




160

5.8.

5.9.

5.10.

5.11.
5.12.

5.13.

5.14.

flow length of 2000 ft, an average slope of 0.2%
along the hydraulic length, cultivated fields with
a 30% residue cover, and soils in Hydrologic
Soil Group C.

Compute the 25-year peak runoff rate from a 30-
acre catchment in your area using the graphical
peak discharge method. The watershed is a low-
density residential area with Hydrologic Soil
Group D, an average slope of 1.0%, and a flow
length of 1140 feet. Compare answers obtained
with AMC II and AMC III.

Use the Kirpich equation to determine the time
of concentration for a watershed with a hydraulic
length of 1000 ft and mean slope of 0.05%.

If the watershed in Problem 5.9 is located near
Kansas City, MO, determine the rainfall rate
associated with a storm with a 100-year return
period and duration equal to the time of concen-
tration (use Figure 2.17 and Figure 2.18 in
Chapter 2).

Solve Problem 5.8 using the rational method.
Compute the peak runoff rate from a 100-acre
catchment using the rational method. The esti-
mated 100-year rainfall rate for the catchment is
7.0 in./hour. Corn is grown on 20 acres of Soil
Group B and remainder of catchment is in per-
manent pasture, Soil Group C. (Use a weighted
average for the runoff coefficient.)

Calculate the 2-year recurrence interval dis-
charge for a 1.2-mi? watershed in central Ohio.
The mean annual precipitation is 37 in., and the
basin development factor is 6.

Use USGS rural regression equations to compare
the 2-year recurrence interval discharges on 0.5
mi? watersheds located in eastern (Region 9) and
northwestern (Region 2) parts of Washington
State.

5.15.

5.16.

5.17.

5.18.

5.19.

5.20.

Environmental Hydrology

Use a single-triangle unit hydrograph procedure
to develop a storm hydrograph for a 1-h, 50-year
storm event on a proposed 100-acre commercial
and business watershed with soils in Hydrologic
Soil Group C and proposed residential land use
(Y2-acre lots). The watershed has average over-
land slopes of 1% and a hydraulic length of 6000
feet. The rainfall depth during the 1-h storm
event was 2.0 in.

Write a computer program or spreadsheet solu-
tion to develop a storm hydrograph using unit
hydrograph procedures. Use your procedure to
solve Problem 5.13 if there were 0.25, 1.00,
0.50, and 0.25 in. of rainfall during each 15 min
of the rainfall event.

Determine the drain spacing if drains are located
4 ft below the ground surface, the depth of the
impeding layer is 15 ft below the ground surface,
and the saturated hydraulic conductivity is 0.25
ft3/day. For good plant growth, it is required that
the water table be at least 3 ft below the ground
surface, and it will be necessary to remove
excess rainfall at a rate of 0.72 in./day.
Compute the depth of water in inches from a 303-
acre catchment to provide a park with a water
usage of 0.1 ft}/sec. From the mass curve in
Figure 5.30, estimate graphically the required res-
ervoir storage in acre-feet to ensure an adequate
water supply for this 1953 to 1954 drought period.
From Table 5.10, determine the minimum 12-
month water yield, in acre-feet, for a 30-acre
catchment expected once in 5 years and once in
50 years.

From Table 5.10, determine the minimum 12-
month water yield in inches expected once in 10
years from a 30-acre catchment and from a 4600-
acre catchment. Explain the greater flow from
the larger catchment.



6 Stream Processes

6.1 INTRODUCTION

Seldom does flow move far before entering some kind of
channel. Consider, for example, runoff from the roofs of
houses in urban areas. The water soon enters gutters, flows
into a downspout, and goes through a buried pipe to the
street curb. The water then flows along the side of a road
and in many parts of the country will then enter a drain
leading to a subsurface stormwater system. Even in rural
areas, runoff from agricultural fields frequently flows into
grassed waterways or open ditches. Does this mean that
the procedures described in Chapter 5 have little or no
usefulness? Certainly not, for they are used in the design
of gutters, pipes, stormwater systems, waterways, and
ditches. Also, flow in small conveyance systems is often
approximated as similar to overland flow because it is not
practical to divide every watershed into subwatersheds
representing individual houses and fields.

Of interest is how flow in channels and rivers differs
from overland flow and at what point we should start
considering the influence of these conveyance systems on
flow processes. Also of interest is how these systems func-
tion, what makes them stable or unstable, how they inter-
act with the landscape, the ecology of these systems, and
their importance to society and to the food chain.

In this text, flow processes are related to watershed
areas of less than about 1000 mi?. A flood in small streams,
rivers, and their tributaries (often called headwaters)
resulting from small-area storms is termed a small-area
discharge or flood. It is distinguished from a large-area
flood, which is found in downstream channels where flood
control programs are wholly of an engineering nature and
are beyond the scope of this text. Headwater floods are
typically flash floods of short duration. In smaller head-
water areas, the average rainfall intensity can be much
higher because of the smaller area. Variations in climatic
and physiographic factors that affect runoff are often more
extreme and more high gradient than in larger watersheds.
The effects of crops, soil, tillage practices, and conserva-
tion measures are more important in headwater areas
because the surface condition of the entire area might
change completely from season to season and from year
to year.

The effectiveness of headwater flood control mea-
sures decreases rapidly with distance downstream. Most

assuredly, the great Mississippi River flood of 1993 was
not caused by human use of the land or by lack of flood
control techniques on upstream areas. Rather, it was
caused by prolonged rain over a large area and would have
happened even before European settlement. Indeed, the
Mississippi River was in flood and several miles wide
when DeSoto first saw it in 1541. Through the Army Corps
of Engineers, the federal government develops and super-
vises most flood control programs on large river systems,
while the Natural Resources Conservation Service
(NRCS) and U.S. Forest Service (USFS) conduct pro-
grams in headwater areas. While the need for flood control
is important, we need to recognize that measures used to
reduce flood impacts often have a detrimental impact on
the geomorphology and ecology of a stream. In fact, in
many parts of the U.S., small dams are removed to
improve stream health. More discussion on stream struc-
tures is presented in Chapters 7, 8, and 12.

Stream processes are to some extent influenced by all
the factors that have an impact on the hydrologic cycle
throughout a watershed. Failure to consider upland, over-
land, subsurface, groundwater, upstream, and downstream
influences adequately often causes problems in a stream
or results in inadequate designs. Understanding some of
the discussion presented in this chapter requires an under-
standing of the processes presented in Chapters 3 and 5
in particular and to a lesser extent Chapters 1 and 2. In
this chapter, we first discuss in a general sense how
streams interact with the landscape. This is followed by
discussion of how both spatial (area or space) and fem-
poral (time) scale might be considered and why scale is
important in terms of stream biota. We then will be in a
position to start considering the characteristics of streams
and how these characteristics are influenced by fluvial
processes. Information then is presented on how scientists
and engineers have tried to organize or “classify” streams
according to their characteristics and degree of stability.
We then consider channel evolution, methods for measur-
ing streamflow, and flood management. In Chapter 7, we
present methods for calculating discharge rates and apply-
ing this knowledge to assessments of open channel flow
conditions. In Chapter 8, we consider hydraulic control
structures and methods for evaluating their influence on
stream systems.
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6.2 INTERACTION OF STREAMS WITH THE
LANDSCAPE

6.2.1 THE INFLUENCE OF TEMPORAL AND SPATIAL
ScALEs ON GEOMORPHOLOGY

The landscape is shaped by erosional and depositional
processes that occur across a wide range of spatial and
temporal scales. The general characteristics of streams
usually are associated with complex processes that might
have occurred during several decades or hundreds or even
thousands of years. For most of us, our view of a stream
and how it changes with time is based on anecdotal infor-
mation or our own observations and experiences. We are
therefore considering only a small span of time, which
ranges from a few years, decades, or perhaps a century or
more. We probably only consider a small portion of the
stream system that flows in our neighborhood, county,
region, or state. Perhaps when there is a rare event, such
as a major flood, we take note of what happens upstream
or downstream of the portion of the stream that interests
us. Have you ever wondered why “your” stream is located
where it is, is bigger or smaller than another stream, or
has better or worse stream life than other streams? Perhaps
not, but it is helpful to understand the origin and evolution
of a stream system to develop strategies to protect,
enhance, or sustain these complex and fragile ecosystems.
What we discover about the system might come as a
surprise.

In Chapter 1, we learned that the Mississippi River
and the Great Lakes are two of the largest freshwater
resources in the world. Many of the states in the Midwest
region of the U.S. have streams that flow northward into
one or more of the Great Lakes and other streams that
flow southward into tributaries of the Mississippi River.
These southern-flowing streams are the headwaters of the
mighty Mississippi, which is 3710 miles long, has a drain-
age area of more than 1.2 million mi?, and a mean dis-
charge that exceeds 600,000 ft¥/sec (Iseri and Langbein,
1974). Daily, the Mississippi River pours more than a
million tons of sediment into the Gulf of Mexico (Hamblin
and Christiansen, 1995). The largest tributary is the Ohio
River, which provides about 40% of the flow and has a
drainage area of 0.2 million mi%. A major tributary of the
Ohio River is the Scioto River, which obtains its name
from the Indian word Scionto, meaning deer.

Real-time flow data for the Scioto River are available
at Higby, OH (USGS Gage 03234500), where the drainage
area exceeds 5000 mi?, and the mean discharge is 4725
ft’/sec (USGS, NWIS Web site at http://waterdata.usgs.
gov/nwis). Upstream of Higby, there are many interesting
and wonderful tributaries, including Big and Little Darby
Creek, which are national scenic rivers. Flowing through
glacial debris, within a 560-mi? watershed, these streams
are one of the top five warm freshwater habitats in the
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Midwest and contain 86 species of fish and 38 species of
mussels (Hambrook et al., 1997; Nature Conservancy,
1990). For a decade, Ward had the opportunity to conduct
research on identifying agricultural practices that would
reduce adverse impacts on the groundwater resource asso-
ciated with the buried valley aquifer located below the
Scioto River near Higby (Nortz et al., 1994). This work
was performed as part of the major multiagency Manage-
ment Systems Evaluation Areas Project (A.D. Ward et al.
1994). Oddities of the Scioto River research site were that
there was an Indian mound located on the farm, that wells
located at the site provided large volumes of water to the
Piketon uranium enrichment facility, that the project had
significance to the Midwest, and that the focus was on
groundwater, not the river.

In 1650, the Iroquois Indians pushed south from Can-
ada into Ohio and drove out the Algonquian Indians. How-
ever, we need to go back much further in time to learn
how the river was formed. The buried valley aquifer is
associated with the ancient Teays River (Figure 6.1). This
ancient river was comparable to the size of the modern
Ohio River and was destroyed 2 million years ago by the
glaciers of the Pleistocene Ice Age.

The Teays River had its headwaters in western North
Carolina and flowed northward and westward across Vir-
ginia, West Virginia, and Ohio before flowing west across
Indiana and Illinois and then south before discharging into
the Gulf of Mexico (Ver Steeg, 1946). Near Higby, the
elevation of the Teays River was about 640 ft. An early
glacier disrupted the Teays River system and created a
major lake in southern Ohio; the lake rose to an elevation
of about 900 ft. This ancient lake is referred to as Lake
Tight and was almost the size of Lake Erie, which did not
exist at that time. Lake Tight existed for more than 6000
years, and clay lake bed sediments, called Minford clay,
can be found near the tops of modern-day hills in the area
and are still mined as a raw material for making brick and
other ceramic products.

The exact sequence of events and flow paths of various
rivers and glaciers near Higby is unclear because this was
also the southern edge of three glacial movements from
the north. However, Lake Tight eventually breached and
created new drainage channels, which in some cases now
flowed south rather than north. Near the modern Scioto
River valley, this channel was called the Newark River,
and it widened and deepened the valley to an elevation of
465 ft (Norris and Fidler, 1969). Over time, this valley
filled, to an elevation of 560 to 580 ft, with sand and gravel
outwash, and the modern Scioto River was formed.

In this section, we could have looked at the role of
glacial activity on the formation of the Great Lakes or
numerous other examples in the U.S. and around the world
to illustrate how streams and the landscape interact and
are influenced by events across vast areas and short or
very long periods of time. In this chapter, we provide an
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Classic interpretation of the preglacial Teays River and an alternative course (dashed line)
favored by some geologists. The entire extent of the Teays and its tributaries north of the
glacial border is buried beneath thick glacial drift. Northern Ohio was drained by the Erigan
River, which followed the axis of what is now Lake Erie, and flowed into the ancestral St.
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Lawrence River. Neither the Great Lakes nor the Ohio River existed at this time.

FIGURE 6.1 The ancient Teays River. (From Ohio Department of Natural Resources (ODNR), Division of Geological Survey.
GeoFacts No. 10. www.ohiodnr.com/geosurvey/geo_fact/geo_f10.htm)

illustration of how a catastrophic event had a major influ-
ence in establishing a small ecological wonder. For further
reading on shaping our landscape, a good account of the
energy systems that make the earth a dynamic planet is
presented in a beautifully illustrated book by Hamblin and
Christiansen (1995). Today, buried valley aquifers located
near the ancient Teays River are major sources of ground-
water in Indiana, Illinois, and Ohio. Protection of these
resources is still a concern, but there has been a shift in
national focus toward concerns regarding hypoxia in the
Gulf of Mexico and the role that agricultural production
in the Midwest has on this issue (Alexander et al., 2000;
Goolsby, 2000). Hypoxic zones have dissolved oxygen
levels that are less than 2 mg/l and are inadequate to
sustain the aquatic biology. Extensive information on the
Mississippi River and other major rivers in the U.S. is
presented in a series of books by Patrick (1998).

6.2.2 Basic Terms AND GEOMORPHIC WORK

We learned from the example in the preceding section,
that many different factors shape our landscape and drain-
age systems. Catastrophic impacts might occur in an
instant, while other impacts transpire over long periods of
time. However, interactions between the hydrologic cycle
and the land use are established within a short time, rang-
ing from a few minutes, hours, or days to several years.

Increasingly, because of land use changes, similar rapid
changes are now occurring in the shape and flow directions
of stream systems. Initially, these impacts might be small
and perceived as insignificant except perhaps at a local
level. However, with time, adverse impacts, particularly
in headwater streams, can spread across vast areas of a
watershed system. This is analogous to a small cut on your
arm or leg. If left untreated, it might become infected, the
infection might spread, or gangrene might result. This
might lead to the loss of a limb or even death in extreme
cases. Understanding of a stream system first requires
knowledge of how it was formed, which processes occur
within the system and cause stability or instability, and
then how land use and land use changes influence the
equilibrium of the system.

Unfortunately, in hydrology a variety of terms is used
that have the same or similar meaning. A glossary of
definitions is provided in Appendix A. Let us look at a
few of the key terms that often cause confusion. Stream
stability and instability are not easily definable or quanti-
fiable. Sometimes, these terms are used to describe the
state of the banks or bed. Unfortunately, many people
incorrectly equate stability to banks that are fixed or rigid.
Streams naturally change the shape and position of their
banks. Unless stated otherwise, in this text we consider a
stable stream system as one that is self-sustaining, retains
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FIGURE 6.2 Sensitivity of stream systems to disturbance and recovery. (From Frissell, C.A., W.J. Wiss, C.E. Warren, and M.D.
Huxley, Environ. Manage., 10:199-214, 1986. With permission from Springer-Verlag, New York.)

the same general geometry over time (decades), and has
a balance between the import and export of sediment.

The terms channel, creek, stream, and river flow or
discharge relate to channelized flows of different magni-
tudes that are only described qualitatively. A stream is a
channelized flow of running water, and a river is simply
a large stream. The term channel flow can be used to
describe flow in any size channel, stream, or river, and the
terms discharge, discharge rate, and flow rate (cubic
feet/second or cubic meters/second) are synonymous.
Ephemeral streams only contain water during and imme-
diately after some rainfall events and are dry most of the
year. Intermittent streams are also dry through part of the
year, but flow when the groundwater is high enough as
well as during and immediately after some rainfall or
snowmelt events. Perennial streams flow throughout the
year. Channel discharge might have contributions from
surface runoff, interflow, groundwater flow, precipitation
that falls directly on the channel, and point discharges
(such as industrial effluents or treated wastewater). The
area contributing to discharge at a point in a channel is
called a subwatershed, watershed, catchment, river basin,
and/or groundwater compartment.

Several different classification systems have been
developed to describe spatial and temporal scales associ-
ated with stream systems. In Section 6.3, an overview is
presented on stream ordering classifications and their use
in stream studies. Frissell et al. (1986) proposed a hierar-
chical organization of a stream system that we used as the
basis for the organization presented in Figure 6.2. It is
our opinion that the relative spatial and temporal scales
presented provide good insight on the sensitivity of stream
systems to disturbance and recovery, but that considerable

deviation might be expected from the reported values. For
example, reach and floodplain recovery in many locations
might only take a few years, while in other locations it
might never occur. Also, in the U.S., the term drainage
basin often is used for larger areas than those suggested
by Frissell et al. so we have used the storm watershed in
Figure 6.2.

Stream geomorphology, or the formation of land by
streams, occurs because of a series of complex processes
not easily described by scientific theories. The most basic
concept is that of force and resistance. Running water
exerts force on the landscape; in turn, the landscape offers
resistance to this force. If the exerted force is less than the
resistance, there is no change. If the force is greater than
the resistance, there is change to the slope or stream chan-
nel. We call this change geomorphic work. Lane’s classic
description of channel stability states that dynamic equi-
librium exists between stream power and the discharge of
bed material sediment (E.W. Lane, 1955b):

Qdo Qg (6.1)
where Q. is the sediment discharge, d is the median sed-
iment size, Q is the discharge, and S is the bed slope. See
Chapter 9, Figure 9.20, for further discussion of Lane’s
concepts. As stated, the term stream stability is a qualita-
tive understanding that the channel geometry is not under-
going rapid changes with time, and the import and export
of sediment are in balance and not associated with exces-
sive aggradation, degradation, or mass wasting.

A poor understanding of these processes and inadequate
consideration of the influence of changes that occur on the
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landscape and within the floodplain can cause a variety of
adverse outcomes. Particular attention needs to be paid to
the potential impact on a stream of (1) land use changes that
reduce vegetation and increase the amount of impervious
area; (2) activities that modify the floodplain; (3) the con-
struction of culverts and bridges; and (4) activities that are
designed to modify the characteristics of the main stream
channel. Any of these activities might disrupt the equilib-
rium, resulting in rapid and often undesirable adjustments.
Such changes typically have adverse impacts on the
aquatic biota and ecosystems within the vicinity of the
stream.

We often hear about stream or channel “improve-
ments,” “maintenance,” or “restoration” projects. Often,
the purpose of channel improvement and maintenance
projects is to improve or increase the ability of the channel
to convey water. This might be done by making the bottom
and sides of the channel smoother, making the channel
straighter, or changing the geometry of the channel.
Unfortunately, any of these methods could make the chan-
nel unstable and is likely to reduce the diversity of the
aquatic biota. While there are many examples of success-
ful restoration projects, there are also numerous examples
of failures, which are usually because of an inadequate
understanding of stream geomorphology. In the last half-
century, Leopold, Wolman, Schumm, Einstein, and many
others have used empirical knowledge, based on the study
of numerous streams throughout the U.S. and around the
world, to enhance greatly our understanding of streams.
Successful stream stewardship requires combining this
knowledge with sound engineering and scientific princi-
ples, together with an understanding and appreciation of
the ecology of the stream and its interaction with the
landscape.

6.3 STREAM ORDERS

In the Mississippi River example, we saw that further
upstream from the Gulf of Mexico the drainage area and
discharge for each river system became smaller, until
finally we reached headwater streams that are the starting
point for this treelike (dendritic) system of channels. The
most distant point from the mouth of the Mississippi is
the Red Rock River in Montana. Often, the beginning
point of a stream system is not very noteworthy and could
even be in your backyard. For example, one of the 20
largest rivers in the U.S. (Iseri and Langbein, 1974) is the
Wabash River, which starts in Darke County, Ohio, heads
east, north, west, north, and then west again before flowing
through Indiana and to Illinois. It roughly follows the
course of the ancient Teays River (Ver Steeg, 1946). The
Wabash starts as two large subsurface drainage mains that
discharge into a rather unassuming ditch (Figure 6.3). To
help understand, discuss, and explore commonalities and
differences between stream systems, these systems have
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been classified according to their relative position within
the dendritic drainage systems of a watershed. One of the
earliest methods was developed by R.E. Horton (1945)
and later modified by A.N. Strahler (1952) and is com-
monly used today. Many hydrologists consider the Shreve
system the best because the orders are additive, much like
flow converging from two streams is additive (see Exam-
ple 14.8, Chapter 14). However, biologists seldom use the
Shreve system.

In the Strahler system, the smallest headwater tribu-
taries are called first-order streams (Figure 6.4). Where
two first-order streams join, a second-order stream is cre-
ated; where two second-order streams join a third-order
stream is created; and so on. This approach is only useful
if the order number n is proportional to the channel dimen-
sions, size of the contributing watershed, and stream dis-
charge at each point in the system.

The ratio of the number of stream segments of a given
order N, to the number of segments of the next highest

order N, is called the bifurcation ratio Ry:
N
R,=—" 6.2
b=y 62)

Within a watershed, the bifurcation ratio will change
from one order to the next, but will tend to be constant
throughout the series. This observation forms the basis of
the law of stream numbers (R.E. Horton, 1945), which
states that the number of stream segments of each order
forms an inverse geometric sequence with order number;
this is described mathematically as

N, =aexp ™ (6.3)

where a, is a constant, and b, is In Rj.

Two other drainage network laws have been devel-
oped. The law of stream lengths was also developed by
R.E. Horton (1945) and is defined as follows:

Ln =a, eprzn 6.4)

where a, is a constant, b, is In R,, and R, is the stream
length ratio. The stream length ratio is defined as

(6.5)

where L, and L,,, are the average stream lengths of
streams of order n and n + 1, respectively.

The law of drainage areas was developed by Schumm
(1956) and is defined as follows:
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drainage ditch.

FIGURE 6.3 The Wabash River starts in Darke County, Ohio, as (A) outlets of two subsurface drainage mains and (B) a small
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where A, and A,,, are the average drainage areas of

streams of order n and n + 1, respectively.
FIGURE 6.4 Stream order hierarchy of A.N. Strahler (1952).

The bifurcation ratio, stream length ratio, and drainage
area ratio in most cases will fall within the ranges 3 to 5,

1.5 to 3.5, and 3 to 6, respectively. Also, Hack (1957)
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found that, for many locations in the eastern U.S., the
stream length was related to the drainage area as follows:

L=14A" (6.8)
where L is the stream length in miles from the watershed
boundary, and A is the watershed area in square miles.

There are several practical difficulties related to drain-
age network determination. First, in developed countries
such as the U.S., many watersheds contain a large number
of artificial channels, such as stormwater systems, vege-
tated waterways, and open drains alongside roads. These
systems often are difficult to identify and do not usually
lend themselves to inclusion in the stream order hierarchy
associated with natural drainage systems. Second, maps
with scales of 1:24,000 often are used to identify drainage
networks because ground reconnaissance, or the use of
remote sensing techniques, is too costly or time consum-
ing. Adequate identification of first-order and some sec-
ond-order streams often requires use of detailed topo-
graphic maps with a scale on the order of 1:2,400.

The three drainage network laws and the stream order-
ing systems developed by Horton, Strahler, and Schumm
still are commonly used. However, the topologically dis-
tinct channel networks approach developed by Shreve
(1967) also is widely used. For complete details on this
and other complex approaches, reference should be made
to texts on streams, stream networks, or stream morphol-
ogy, such as those by Knighton (1984), Jarvis and Wolden-
berg (1984), and Richards (1982).

ExamMPLE 6.1

Use the drainage network laws to determine the bifurca-
tion ratio, stream length ratio, and drainage area ratios for
a 730-acre fourth-order watershed. The drainage network
characteristics are summarized in Table 6.1.

Solution

Values of Ry, R,, and R, for each set of successive stream
orders could be obtained using the information in
Table 6.1 and Equation 6.2, Equation 6.5, and Equation
6.7, respectively. For example, R, for the ratio of stream
orders 1 and 2 would simply be 80 divided by 14 or 5.7,
respectively. However, what we need to obtain are values
of Ry, R,, and R, that are representative of the whole
network. This requires using Equation 6.3 to Equation
6.5. First, we need to obtain natural logarithms of the N,,
L,, and A, values in Table 6.1. These values are reported
in Table 6.2.

We now need to plot the set of In N, In L,, and In A,
values against stream order n and statistically or visually
fit a straight line to each set of values. The slope of the
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TABLE 6.1
Drainage Network Characteristics for Example 6.1

Average Stream Average Drainage

Stream Number of Length L, Area A,
Order n Streams N, fv) (acres)
1 80 400 5
2 14 1100 27
3 4 3000 140
4 1 8000 730
TABLE 6.2

Natural Logarithms of Selected Drainage Network
Characteristics for the Solution to Example 6.1

Stream InL, InL,

Order n InN, (ft) (acres)
1 4.38 5.99 1.61
2 2.64 7.00 3.29
3 1.39 8.01 4.94
4 0.00 8.99 6.59

line drawn through the set of In N, value will be b, and
the slopes of the lines drawn through the sets of In L,,
and In A, values will be b, and b;, respectively. The plots
are presented in Figure 6.5, and from the figure, b,, b,,
and b; are 1.46, 1.0, and 1.66, respectively. Then, by
obtaining the antilogarithm (e?!, %2, and €3, respectively)
of each of these values, we find that R,, R;, and R, are
4.3, 2.7, and 5.3, respectively.

Answer

The bifurcation ratio R, is 4.3, the stream length ratio R,
is 2.7, and the drainage area ratio R, is 5.3.

An example for the state of Ohio of how drainage area
and stream size are related to stream order is presented in
Table 6.3 (Mecklenburg, 2002). The approach proposed
by Leopold et al. (1964) was used to develop the relation-
ship between stream size and stream order. It can be seen
that a very high percentage of the stream miles in Ohio
are small headwater streams.

6.4 STREAM BIOTA

The river continuum concept (RCC; Vannote et al., 1980)
is an attempt to describe the function of /otic (running
water) ecosystems from their source to the mouth. This
concept is built on the idea that predictable changes in
geomorphology and hydrology as you move downstream
form a template for adaptation of biological communities
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FIGURE 6.5 Stream order plotted with (A) number of streams, (B) mean stream length, and (C) mean drainage area for Example 6.1.

TABLE 6.3

Relationships for the State of Ohio Among Stream Order,
Drainage Area, and Total Stream Length

Stream Drainage Area Total Length Miles Cumulative
Order (mi?) (mi) (%) (%)

1 0.2-1 67,530 51.5 51.5

2 1-4.7 33,138 25.3 76.8

3 4.7-23 15,963 12.2 89.0

4 23-109 7,803 6.0 95.0

5 109-518 3,810 2.9 97.9

6 518-2,460 1,861 1.4 99.3

7 2,460-11,700 908 0.7 100.0

Source: From Mecklenburg, Personal communication, 2002. With permission.

(Giller and Malmgqvist, 1998). This idea has been one of
the unifying themes in stream ecology (Allan, 1995), pro-
viding a conceptual model for understanding how streams
function and guiding a great deal of stream research for
the last 20 years.

The basic tenet of the RCC concerns how streams
change with increasing stream order, discharge, and water-
shed area (which are often highly correlated; Allan, 1995).
Low-order streams typically are shaded headwaters in
which coarse particulate organic matter (CPOM) from
terrestrial sources (allochthonous production) forms the
energy base for consumers (Wallace et al., 1997). Thus,
shredders and collectors, which feed on terrestrial leaf
material or the “biofilm” that grows because of microbial
decomposition, dominate macroinvertebrate communities
(Figure 6.6). In low-order streams, very little plant growth
(periphyton, macrophytes) is possible because of canopy
shading, so respiration rates usually exceed rates of pho-
tosynthesis (R > P).

As a stream becomes larger at midorder sites, shading
is reduced, allowing periphyton and macrophytes to grow

(autochthonous production). The reduction in overhead
canopy cover decreases CPOM input, but CPOM process-
ing from upstream reaches will result in the transport of
fine particulate organic material (FPOM) to midorder
reaches. Because of these changes in habitat and the
energy base, the trophic structure of the macroinvertebrate
community also shifts. Collectors also are common in
midorder reaches, but shredders are rare, and grazers
(which feed on periphyton) and predators become more
common. Because of increased plant growth in streams of
this size, rates of photosynthesis can exceed respiration
(P > R). The variety of energy inputs (as well as high
habitat heterogeneity) tends to make midorder reaches the
most biologically diverse sites in a river.

As stream order increases to the point at which a
stream becomes a river, further changes will occur. Larger
rivers generally have high turbidity, unstable substrates
(i.e., sand), and higher discharge, which make periphyton
and macrophyte production very small. Phytoplankton
usually is the only autochthonous production in large riv-
ers, and turbidity and constant mixing of water will limit
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FIGURE 6.6 Invertebrate functional groups as a function of stream order. (After Cummins, K.W., in Proceedings of the Sandusky
River Basin Symposium, International Joint Commission, Great Lakes Pollution, D.B. Baker, W.B. Jackson, and B.L. Prater, Eds.,
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their production. Thus, in large rivers, allochthonous pro-
duction dominates the energy base. Vannote et al. (1980)
emphasized the transport of FPOM and dissolved organic
material (DOM) from upstream sources as the primary
energy source in large rivers. Several authors have modi-
fied the RCC for large rivers because lateral sources from
the floodplain may be a more important source of alloch-
thonous material than upstream sources. These ideas are best
summarized in Junk et al.’s (1989) Flood-Pulse Model. They
stated: “The principal driving force responsible for the
existence of, productivity, and interactions of the major
biota in river-floodplain systems is the flood pulse. ... The
pulse concept requires an approach other than the tradi-
tional limnological paradigms used in lotic and lentic sys-
tems.” In general, collectors and other filter-feeding organ-
isms (e.g., Chironomids) dominate the macroinvertebrate
fauna in large rivers.

It is important to keep in mind that the river continuum
concept is only a theoretical model that was developed

from data on temperate, forested streams in North Amer-
ica. In streams without forested headwaters or in rivers
that have been extensively modified by humans, many of
the patterns predicted by the RCC are not consistently
apparent (Giller and Malmqvist, 1998). In these cases, the
RCQC still can be usefully applied as a benchmark against

which to measure stream biota.
The change in abundance of invertebrate functional

groups as we move down a river system from the head-
waters is illustrated in Figure 6.6 (Cummins, 1975). The
headwaters (Orders 1 to 3) are dominated by shredders
that feed on riparian litter and collectors that feed on fine
particulate organic matter. The midreaches (Orders 4 to
6) have increased channel width and reduced canopy
shade, which results in grazers becoming more abundant
because of the increase in microalgae. The lower reaches
are dominated by fine particulate organic matter, and col-
lectors dominate.
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FIGURE 6.7 Channel profiles for four cases. (From Leopold, L.B., A View of the River, Harvard University Press, Cambridge, MA, 1994.

With permission.)

6.5 STREAM CHARACTERISTICS

When describing a stream, most are familiar with the
terms bed and bank. We might have heard people call the
land next to the banks the floodplain, know that streams
are usually not straight, and if we have been fishing, swim-
ming, canoeing, kayaking, or rafting in a river, we know
the bed sometimes contains very fine silt and clay mate-
rials, but could be mainly sand, gravel, cobble, or even
big boulders. As you might have guessed, there are all kinds
of other scientific terms that help describe streams. Some
will be surprised to learn that the floodplain is really part of
the stream system. To help describe a stream system and
learn how it works, we need to understand what we mean
by the stream profile, pattern, and dimension and how
these characteristics are influenced by scour, deposition,
and sediment transport.

6.5.1 CHANNEL PROFILE

The channel profile is the slope in the direction of flow
as a river moves from a point of high elevation to a point
of lower elevation. The slope down the valley walls toward
the stream system and the channel slope are influenced by
many factors, including historic changes that might have
occurred, such as those discussed in Section 6.2. To help
achieve a state of dynamic equilibrium, the channel will
meander and adjust its bed slope. An example of the
different paths the river might take as it moves between
two points is illustrated in Figure 6.7. The channel slopes
are related to the discharge Q as follows for Cases 1
through 4, respectively: s constant, s ~ Q93 5 ~ 07,
and s ~ O''°. The most uniform rate of work expenditure
is Case 1, for which the slope is a constant. In Case 4, the
slope is inversely related to discharge, and the total work
done is minimum. For Case 4, the largest elevation drop
occurs upstream where the discharge is the smallest, there

is less flow depth, and the discharge can do less geomor-
phic work. Minimum work and uniform work distribution
cannot occur simultaneously, and most rivers will have a
profile similar to Case 3.

Figure 6.8 illustrates a typical profile for a meander-
ing channel with a pool-riffie bedform. At low flows, the
water elevation has a profile similar to that of the channel
bed. As the discharge increases, the water surface has a
more uniform slope, and energy changes along the profile
become more uniform.

6.5.2 STREAM CHANNEL PATTERNS

Factors influencing stream morphology include geology,
topography, size of the contributing watershed, flow velocity,
discharge, sediment transport, sediment particle distribution,
channel geometry, and other geomorphologic controls on
the system. Leopold et al. (1964) noted three different chan-
nel patterns: sinuous, meandering, and braided. Attempts
have been made to classify streams based on sinuosity, which
is the ratio between the stream length and the valley length.
If the sinuosity is 1.0, the stream channel is straight, a con-
dition that rarely occurs in natural channels except over short
distances. If the sinuosity is greater than 1.0, the channel is
sinuous. If the sinuosity is greater than 1.5, the river is said
to meander, and if the sinuosity exceeds 2.1, the degree of
meandering is tortuous (Schumm, 1977).

A relationship between the channel slope, bankfull
discharge, and channel pattern was reported by Leopold
and Wolman (1957):

s=0.0576 07 (6.9)

where s is the streambed slope as a fraction, and Q is the
bankfull (effective) stream discharge in cubic feet/second
(ft¥/sec). An interpretation of this equation is presented in
Figure 6.9.
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FIGURE 6.9 Relationship among channel slope, bankfull discharge, and channel pattern based on a plot of Equation 6.9.
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FIGURE 6.10 (A) A meandering stream and (B) a braided stream.
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FIGURE 6.11 Geometry of a meandering stream.

FIGURE 6.12 Formation of an oxbow at the bend in a stream.
(Courtesy John Lyon.)

Features of a meandering stream are shown in
Figure 6.10 and Figure 6.11. Typically, meandering
streams consist of a series of riffles, pools, and point
bars/pool features that might be 5 to 7 bankfull widths apart,
while meander wavelengths might be 10 to 14 bankfull
widths apart. Point bars, which are ridges of deposited bed
material, will form on the concave inner side of stream
bends, where the flow velocity is slowest. On the outer apex
of river bends, the flow velocity is fastest, and scour (channel
erosion) will create pools. In an unstable system, erosion on
the outer bends will continue unchecked, sinuosity will
increase, and the discharge might break through two bends
to form a cutoff and the eventual formation of an oxbow
lake (Figure 6.12). However, erosion on the outer bends and
lateral migration of the stream channel does not necessarily
signal instability (see Section 6.9).

The velocity distribution in a channel is complex
(Figure 6.13). Typically, at any cross section in a channel,
there will be a portion of the flow along the deepest part

Helical
Flow

\ 4

B L]
Concave Bank

of the channel (called the thalweg) that is moving the
fastest. Think of the thalweg as a roller coaster that speeds
up in riffles, slows down in pools, moves from side to
side, moves up and down with depth, and rotates counter-
clockwise as it moves around bends. The velocity of the
flow will vary as we move from one bank to another at
any point in a river. For example, the velocity near the
outer bank of a meander will be higher than near the inner
bank because water near the outer bank has to travel
further. The rotation of the flow on the outer bend might
also create undercut concave banks. As we near the bottom
or sides of the channel, the velocity will decrease because
of the surface roughness of the channel (Figure 6.13).
Water in contact with the bottom and sides will be sta-
tionary. As the roller coaster plunges from a riffle into a
pool, it will cause much turbulence (churning and mixing
of the water). Also, as the roller coaster moves through
pools, it will push water toward the banks and away from
its direction of flow. As much as a third of the flow might
circulate back upstream.

6.5.3 STREAM DIMENSIONS

The term dimension is used to describe the geometry or
cross-sectional shape of a river channel. Typically, a
stream that is not confined by the valley walls will have
a main channel and a connected active floodplain
(Figure 6.13). The main channel is associated with a spe-
cific discharge called the bankfull, effective, dominant, or
critical discharge. It is beyond the scope of this text to
describe the differences among these terms and the dif-
ferent scenarios in which one type of discharge vs. another
would have more influence on the main channel dimen-
sions. Often, the terms are considered synonymous. The
bankfull discharge is “considered to be the channel-forming
or effective discharge” (Leopold, 1994) and transports the
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FIGURE 6.13 Typical channel cross section at (A) a straight reach showing velocity distributions (isovels) and (B) a bend showing

a pool, cut bank, and formation of a point bar.

largest cumulative sediment load (Wolman and Miller,
1960).

The bankfull discharge is a range of flows that is most
effective in forming a channel, benches (floodplains),
banks and bars (G.P. Williams, 1978). The term bankfull
causes some confusion because, in entrenched streams,
the bankfull stage is lower than the top of the bank and
is identified as a bench, change in bank material and
vegetation, the top of point bars, or a scour line. We
recommend the use of the term effective discharge. Over
a long period of time, the effective discharge transports the
largest total sediment load (Figure 6.14). The sediment
transport rate is a function of the discharge (Curve A in
Figure 6.14). Therefore, low discharges are ineffective in
transporting sediment, and extreme events have very high
sediment transport rates (Curve B), but occur infrequently
so the total sediment load they carry over a period of many
decades is not the largest. When the event frequency (Curve
B) is multiplied by the transport rate for that frequency, we
obtain Curve C, which is a measure of the total sediment
load carried for that particular discharge and shows that the
bulk of sediment is transported at near-effective flow (hence
its name). This approach for determining geomorphic work

is known as the Wolman—-Miller Model (Andrews and
Nankervis, 1995).

While sediment transport includes both suspended and
bedload fractions of the total sediment load, it has become
evident that the bedload fraction of the total sediment load
is most influential in most channel-forming processes and
effective discharge (Emmett and Wolman, 2001).

The effective discharge may be met or exceeded sev-
eral times a year in humid and semihumid regions and often
is considered to correspond to a 1- to 2-year recurrence
interval (RI) discharge based on a log Pearson analysis of
annual instantaneous peak flows. In wetland streams, this
interval may be much smaller and even nearly continuous
(Jurmu and Andrle, 1997). In arid and semiarid regions,
the effective discharge might only occur once every few
years. For headwater streams in Idaho, Whiting et al.
(1999) reported RlIs of 1.0 to 2.8 years for the effective
discharge. In a study in the northern Rocky Mountains,
Emmett and Wolman (2001) reported RIs ranging from
1.5 to 1.7 years, while MacRae (1996) reported RIs of 1.6
to 10 years for a study in British Columbia. Andrews and
Nankervis (1995) described the effective discharge as “the
interval of discharge that transports the largest portion of
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FIGURE 6.14 Illustration for the Maumee River, Ohio, that the effective (bankfull) discharge carries the largest total sediment load.

the mean annual bed-material load over a period of years,
i.e., the modal value.” For gravel bed streams that they
studied in mountainous parts of Colorado, they found that
80% of the mean annual load was transported by flows
between 0.8 to 1.6 times the bankfull discharge, which on
average occurred as 15.6 events per year. Unless discharge
and recurrence interval data specific to a stream are avail-
able, we caution against expecting a certain recurrence
interval. For example, in Ohio (a semihumid region), there
are streams for which the recurrence interval is a small
fraction of a year (very frequent), many streams for which
it is in the 1- to 2-year range, and for some streams, the
RI approaches 5 years. Further discussion on the fre-
quency of the effective discharge is presented in Chapter
12.

Why do smaller or larger discharges than the effective
discharge not form channels, banks, benches, and bars
different from those associated with the effective dis-
charge channel? The answer to this question is not simple.
There probably is a wide range of discharges that have
the potential to shape a river channel. For example, we
have found that. in northwest Ohio, flows that are probably
associated with high subsurface drainage flows form a low
bench in most agricultural drainage ditches. Why are sim-
ilar features not formed in natural rivers or other ditches?
First, very low discharges are ineffective in moving sedi-
ment and can only transport very fine material. If fine
clays are not available, there will be little or no sediment
transport. Second, the ability of these low discharges to
scour the bed and banks of a channel also is very low. In
the case of many agricultural ditches, the banks are not
very stable and consist of fine materials. Third, if channels,
banks, and benches are to be formed as a feature of the
system, then there needs to be a mechanism that will
stabilize the deposited materials. In the case of the agri-
cultural ditches, there is rapid vegetation of these features.

In a natural channel, we might think of discharges
lower than the effective discharge as (1) too small to scour
or transporting sufficient sediment to create permanent
features or (2) occurring too frequently to allow the depos-
ited materials to stabilize. Perhaps harder to understand
and visualize is why discharges larger than the effective
discharge do not scour and wash away the banks, benches,
and bars. In places along a river system, extreme events
might cause bank instability problems, but on average,
most channel and floodplain features that are in dynamic
equilibrium have relatively stable banks and beds. On
balance, they do not aggrade or degrade because dis-
charges larger than the effective discharge spread out
across the floodplain, have low velocities when they flow
across these features, and in the main channel have similar
shear stresses on the bed and banks as those produced by
the effective discharge.

The mean annual discharge, or average discharge,
will fill the channel to about one third of bankfull and is
equaled or exceeded 25 to 30% of the time. Typically,
discharges larger than the average will transport more than
95% of the sediment in a river system.

6.5.4 REeGIONAL AND STREAM-TYPE CURVES

Several studies have related bankfull channel dimensions
and discharge to drainage area. For example, Figure 6.15
and Figure 6.16 relate effective discharge (bankfull)
width, mean depth, and cross-sectional area to drainage
area for two regions of Ohio and the eastern U.S.
Figure 6.15 relates effective discharge to drainage area
for northwest Ohio and Pennsylvania. It can be seen from
Figure 6.15 and Figure 6.16 that the relationships plot as
straight lines on logarithmic paper. Therefore, the channel
width, depth, and mean velocity can be related to dis-
charge as power functions:
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W = aQ’ (6.10)
d=cQf (6.11)
v =kQm (6.12)

Discharge is the product of the mean velocity times
the cross-sectional area (w X d) (Figure 6.17). Therefore,
axcxk=1,and b+ f+ m = 1. Leopold (1994) found
that, for various rivers he studied, the average values of
b, f, and m at a given cross section (at a station) were 0.26,
0.40, and 0.34, respectively. However, in a downstream
direction, the width will increase more rapidly, and the
velocity will change only slightly; average downstream val-
ues of b, f, and m were 0.50, 0.40, and 0.10, respectively.

Based on an interpretation by Ward of information
from several sources, the adjustment factors in Table 6.4
can be used to multiply data from Figure 6.15 to obtain
the approximate effective discharge dimension for chan-
nels in various regions of the U.S. This approach should
not be used to develop designs. There will be a disconti-
nuity in the dimensions in moving from one drainage area
range to the next. Also, most states for which regional
curves have been developed have found it was statistically
significant to subdivide the state into several regions. For
example, in Minnesota, there are six regions (Magner and
Steffen, 2000).

A dimensionless rating curve based on rivers in the
eastern U.S. is presented in Figure 6.18 (based on
Leopold et al., 1995). The annual discharge is less than
15% of the effective discharge and occurs at a stage of
about a third of the effective depth. A 50- to 100-year
return period discharge occurs at a stage that is about
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TABLE 6.4
Approximate Effective Bankfull Dimensions for Adjustment Factors in the U.S.?

Drainage Area <10 mi? Drainage Area 10-100 mi? Drainage Area >100 mi?
State Area Width Depth Area Width Depth Area Width Depth
Idaho 0.9 0.7 0.5 L5 1.2 1.0 0.8 0.7 0.6
Minnesota 0.9 0.7 0.5 0.8 0.8 0.7 0.9 0.8 0.7
Wisconsin 1.3 0.9 0.6 L5 1.2 0.9 0.9 0.8 0.7
Wyoming 1.9 1.2 0.9 1.6 1.5 1.4 1.2 1.0 0.8
Oregon 1.3 1.4 1.6 22 1.9 1.7 0.7 0.9 1.2
Tennessee 1.8 1.4 1.2 1.4 1.5 1.1 0.8 0.9 1.2
Oklahoma 23 23 22 33 24 1.8 0.7 1.0 1.4
Maryland 2.4 22 2.1 2.4 2.0 1.7 1.1 1.1 1.2
North Carolina 3.1 2.6 3.0 32 2.4 2.1 1.0 1.1 1.3
California 4.9 3.7 2.8 3.7 2.8 2.1 1.4 1.3 1.2
Delaware 0.7 1.5 32 1.7 2.0 2.5 0.6 0.9 1.2

@ For educational purposes, values from Figure 6.15 can be multiplied by the adjustment factors in the table to obtain approximate dimensions for
the bankfull dimensions in the listed states. Do not use for design purposes.
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FIGURE 6.17 Effective discharge as a function of drainage area for streams in Pennsylvania and low-gradient streams in Ohio.
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double the effective depth. In developing a stream classi-
fication system, Rosgen (1996) defined a flood-prone
width that occurs at twice the maximum bankfull depth.
It might be expected that this depth corresponds to about
a 50- to 100-year return period discharge.

6.6 STREAM STABILITY AND SEDIMENT
TRANSPORT

6.6.1 THE SOURCE OF SEDIMENT

There is much debate about the source of sediment in a
river (Trimble and Crosson, 2000). The main sources of
sediment are the landscape and the bed and banks of the
channel. Sediment from the landscape occurs because of
the erosion of soil associated with raindrop impact and
water flowing across the ground surface (Chapter 9). His-
torically, much effort has been placed on estimating, pre-
venting, and controlling soil erosion of the landscape.
However, there is evidence to suggest that, in urbanizing
watersheds, much of the total sediment yield might be
because of stream channel erosion. Also, recall that the
channel dimension, pattern, and profile are primarily
related to the effective discharge associated with a dis-
charge that might occur a few times annually. A land use
change that increases the amount of impervious area can
have the following impacts: (1) increased sediment loads
during construction; (2) reduced sediment loads following
construction; (3) increased magnitude of the discharge,
particularly the effective discharge; and (4) increased fre-
quency of these higher discharges. All of these factors
adversely impact equilibrium in the river and can cause a
river to widen or deepen. Channel modifications such as
straightening a reach of the channel will also increase the

sediment-carrying capacity of the discharge and might
cause bank and bed scour (see Section 6.7). Extensive
further discussion on the source of sediment and sediment
budgets at a watershed scale is presented in Chapter 9.

6.6.2 SHEAR STRESSES AND TRACTIVE FORCE

The mean boundary shear stress T, exerted by the flow on
the bed can be estimated from

T, = PgRs =YRs (6.13)
where p is the density of water, v is the specific weight
of water, R is the hydraulic radius, and s is the bed slope.
A more general term, the tractive force, or average shear
stress in a reach, can be related to the depth of flow and
the average slope of the water surface as follows:

T =62.4ds (6.14)

where T is the mean shear stress or tractive force
(pounds/square foot), d is the flow depth in feet, s is the
slope of the water surface as a fraction, and 62.4 Ib/ft® is
the specific weight of water. The mean particle size that
can be moved at incipient motion by a certain tractive
force can then be determined by the relationship shown
in Figure 6.19. This relationship can be expressed as

d

50 =

cT (6.15)

where T is the tractive force (kilogram force/square
meter), the mean diameter ds, is in centimeters (cm), and
¢ is a unit conversion factor that is also a function of the
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magnitude of the tractive force. If the tractive force is
larger than 1 kg force/m?, then c is equal to 1. For example,
a tractive force of 10 kg force/m? will move bed material
with a mean particle size of 10 cm or 100 mm. The tractive
force in kilogram force/square meter can be obtained by
expressing the depth in meters and the specific weight as
1000 kg/m? in Equation 6.14. A relationship between
velocity and the entrainment and movement of various
textural sizes is shown in Figure 6.20. Shear stresses on
the banks of streams will usually be 0.7 to 0.8 of the
stresses on the bed. On the outer bend of a stream, the
shear stresses on the banks might be two to three times
the bed shear stresses.

EXAMPLE 6.2

A reach of a stream in an alluvial valley has a bed slope
of 0.8%. Determine the tractive force (kilogram
force/square meter) and mean bed material diameter that
can be moved at incipient motion for a flow depth of 0.5 m.

Solution

If Equation 6.14 is expressed in metric units,
T =1000ds and T =1000(0.5)(0.008) = 4 kg force/m?

then using Equation 6.15, the unit conversion factor will
be 1 because T is greater than 1 kg force/m?, and

dsy=cT 80 dyy=1(4) = 4 cm or 40 mm

Answer

The tractive force is 4 kg force/m?, and the ds, of the bed
material that will be moved at incipient motion is 40 mm.
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6.6.3 SEDIMENT TRANSPORT

Sediment is transported in a channel as a wash load,
suspended load, or bedload. A wash load consists of fine
particles too small to deposit in running water. The sus-
pended load is moved by, and remains suspended in, the
water column, but can settle in locations where the travel
velocity is low or the settling depth is small. The sus-
pended load can be more than 90% of the transported
material and consists of fine materials such as silt and fine
sand. This load contributes to making the flow look muddy
or turbid and settles in areas of low velocity, such as the
inner bends of the channel. As the name suggests, the
bedload is pushed along near the channel bed by a com-
bination of sliding, rolling, and saltation (bouncing). The
bedload contributes to building point bars and the banks
of the main channel.

The daily sediment transport rate S (metric tons/day)
can be estimated by a power function of discharge Q
(cubic meters/second) (Nash, 1994):

S=aQ’ (6.16)
where a and b are empirical coefficients. Nash (1994)
reported values of b between 1.23 and 3.02, with 38 of
55 watersheds he evaluated exhibiting values between 1.4
and 1.9.

Bedload can be determined by the Meyer—Peter—
Muller equation (Chanson, 1999):

3/2
4
L =[ o —0.188} (6.17)
(1.65gd,’) 1.65pgd,

where ¢, is the volumetric bedload discharge (cubic
meters/second per unit width), ds, is the mean particle size
of the bed material (meters), T, is the shear stress (kilo-
grams/m-s?), p is the density of water (cubic kilo-
grams/cubic meters), the specific gravity of the sediment
is 2.65, and g is the gravimetric constant (m/s?). A useful
dimensionless form of this equation was presented by
Chang (1998). This approach has seen widespread appli-
cation in Europe and other countries outside the U.S., but
it has its critics. In the U.S., equations developed by Ein-
stein (1950) are often used. However, there are many other
bedload transport equations described in texts, such as
those by Chang (1998) and Chanson (1999).

6.6.4 BANK STABILITY

Understanding and evaluating bank stability relationships
is complex and best performed by engineers as it requires
knowledge of the geotechnical engineering properties of
the banks. A simple way of viewing this issue is that, for
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FIGURE 6.21 Bank failure due to mass instability: (A) slab failure, (B) rotational failure, and (C) slab failure in a river in New

Mexico. (Photo courtesy John Lyon.)

a particular set of soil and vegetation conditions, there will
be a combination of bank slope and height that are stable.
Changing the ability of the vegetation to assist stability,
increasing the slope, or increasing the height of the bank
can each cause failure. Failure might occur due to forma-
tion of a tension crack a short distance away from the top
of the banks and then a slab of the bank toppling into the
stream; this we call a slab failure (Figure 6.21A). Some-
times, a curved failure surface will form a short distance
away from the top of the bank, down toward the toe of

the bank. The bank then rotates or slumps into the stream
(Figure 6.21B). Simon has developed a simple-to-use
computer model that is available on the Internet (see the
USDA-ARS National Sedimentation Laboratory site) that
can be used to evaluate the potential for mass failure of a
stream bank.

The effectiveness of vegetation in stabilizing the banks
of large streams is difficult to evaluate. All investigators
agree that vegetation is effective in curtailing stream bank
erosion, but the disagreement is whether trees or grass are
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TABLE 6.5
Geomorphic Considerations for Trees vs. Grass on
Stream Banks

PREEXISTING CONDITIONS

A. Stream Channel Characteristics
1. Width of channel
2. Height of banks
3. Strength of banks
4. Texture of bed materials
B. Involved Processes
1. Hydroclimatology and flood regime
2. Hydraulic scour/deposition on banks and floodplains
3. Mass movement of banks, temperature and water regimes

Within the above conditions and processes are the following advantages
and disadvantages for trees and grass:

TREES

A. Advantages
1. Root system is greater and with deeper structural strength
2. Greater ET, dryer banks
3. Less frost action
B. Disadvantages
1. Shade suppresses undergrowth
2. Exposed stems and roots enhance hydraulic scour
3. Mass and moment promote instability
4. Loss promotes instability:
(a) LWD (climate dependent);
(b) rootwad gaps create turbulence and scour

GRASS

A. Advantages

1. Creates “thatch,” promotes vertical and lateral accretion
B. Disadvantages

1. Shallow and weaker roots

2. Less ET, wetter banks

the more effective agent. Many scientific papers can be
marshaled to support either position (e.g., Stott, 1997;
Trimble, 1997b), but the probability is that the answer is site
specific. Table 6.5 shows advantages and disadvantages of
each type of vegetation and some natural factors that inter-
play with vegetation in ways not yet fully understood.

6.7 MEANDER MIGRATION,
FLOODPLAINS, AND STREAMWAYS

We discussed sediment transport and the role of the effec-
tive discharge in shaping the channel, bedform, and banks
of a stream. Let us look at why a stream might meander and
the role of the floodplain in this process. Figure 6.22 shows
an example of meander migrations on a stream in Ohio. The
analysis was performed by interpreting aerial photographs
available for several time periods. An interpretation of how
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the channel geometry probably changed with time is
shown in Figure 6.23.

Why did these changes occur? Let us look at how
floodplains, bars, and banks form and why they migrate.
Whiting (1998) discussed these six floodplain formation
processes: lateral point bar accretion, overbank vertical
accretion, braided channel accretion, oblique accretion,
counterpoint accretion, and abandoned channel accretion.
For the purpose of this discussion, we just focus on lateral
point bar accretion and overbank vertical accretion. We
have seen that, as water flows around a bend, the velocity
and shear stresses are highest on the outside of the bend
and cause scour. On the inside of the bend, the flow veloc-
ity is lower, and material deposits to form a point bar. This
process is called lateral point bar accretion. The bar will
continue to build and will flatten until it approaches the
effective discharge stage. Overbank deposition will continue
to build and smooth the surface as finer sediments are
deposited. When flows exceed the effective discharge, they
will overtop the banks (except in deeply incised channels),
and materials that are finer than those deposited during
lateral accretion will be deposited on the banks and flood-
plain. This process is called overbank vertical accretion.
The reason the materials will be finer is because the veloc-
ity or stream power of the overbank flows on the floodplain
are lower than in the main channel, partly because of the
lower flow depths and partly because of the greater resis-
tance of flow due to vegetation on the floodplain.

Bed and bank shear stresses are not uniform in a mean-
dering stream (Figure 6.24). Consider flow in a channel that
initially bends to the left (looking downstream). Entering the
bend, the shear stresses will be high on the right bank. They
then diminish on the right (inner) bend as the stream flows
around the bend and become the highest on the outside bend
(left bank) just downstream from the peak of the bend.
Often, the high stresses on the outer bend will be two to
three times the mean bed stress. Channel migration by this
process can be seen in Figure 6.23.

Ward and Mecklenburg (2002) used the term stream-
way to describe the main channel and attached floodplain
that should be protected by a stream setback. Brookes
(1996) described a concept by which the river is allowed
to run wild and attributed the approach to Palmer (1976).
The streamway should be considered as the zone in which
a “stream rules,” and it should not be of concern if the
main channel encroaches on or floods activities within this
zone. The width of a floodplain is difficult to define as it
is associated with the magnitude of the flood considered
and the physical location of a floodplain boundary, such
as a high terrace, levee, or the toe of the valley walls. In
developing a streamway equation, Ward and Mecklenburg
wanted to provide (1) a streamway that would be wide
enough to accommodate the existing meander pattern; (2)
a streamway that would accommodate meander migra-
tions that might occur over time; (3) a safety factor
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FIGURE 6.23 Channel dimension changes at the cross section shown in Figure 6.22.
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FIGURE 6.25 Belt width as a function of channel width.

because the equation would be based on empirical equa-
tions, which do not account for all the variability in data
used in their development; and (4) a minimum level of
protection on both banks of the stream.

Many empirical equations have been developed to
describe bankfull (effective discharge) channel geometry.
One such equation by G.P. Williams (1986) relates mean-
der belt width (B, meters) and the bankfull width (W,
meters) as follows:

B=43W'12 (6.18)

Equation 6.18 was based on 153 data points from
rivers around the world, and the correlation coefficient r
for the equation is 0.96. Belt width and bankfull width
data for 47 of the locations are presented in the article by
G.P. Williams (1986) and are plotted in Figure 6.25.
Based on an analysis of these data, Ward and Mecklenburg
(2002) developed the following equation to obtain the
streamway width S,, equation:

S, = 6.0W!12 (6.19)
where S, and W are now expressed in feet. Then, based
on regional curves for the eastern U.S. that relate channel
width to drainage area DA (square miles), they obtained
the relationship

S,, = 120DA%43 (6.20)

Ward and Mecklenburg (2002) concluded that setbacks
should be sized based on geomorphic concepts; particularly,
bed material mobilization was appropriate for sand and
gravel bed streams. The empirical approach presented here

is appropriate in valleys broad enough for the meander
pattern to be a function of the bankfull width or drainage
area. Their results suggest that streamway widths at least
eight times the bankfull width will in many cases have a
wide enough streamway to allow for meander migration
over time. Streams with these magnitude streamways
might have the potential to self-adjust to low levels of
urbanization and floodplain modification. However, small
amounts of stream incision, floodplain modification in
narrow valleys, or low levels of additional development
on urbanized watershed each have a high potential to cause
instability. Their conclusions were based in part on a study
of potential sediment transport associated with a 100-year
time period and various floodplain sizes relative to the size
of the channel.

6.8 STREAM CLASSIFICATION

Like other components of the hydrologic cycle, there have
been extensive efforts to classify channels and streams.
Specific objectives in classifying streams might include:

1. Providing a consistent frame of reference for
communicating stream morphology and condi-
tion among a variety of disciplines and inter-
ested parties. For climate, the Koeppen climate
classification system (Chapter 2) provides a con-
sistent frame of reference among geographers,
climatologists, biologists, and other scientists.

2. Predicting a stream’s behavior from its appear-
ance.

3. Developing specific hydraulic and sediment
relationships for a given stream type and its
state.
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4. Providing a mechanism to extrapolate or use
site-specific data to stream reaches with similar
attributes.

5. Identify if the stream is in dynamic equilibrium,
incised, overwide, or in a transitional (stable or
unstable) evolutionary stage.

6. Provide a context for evaluating stream health.

Rosgen (1996) listed the first four objectives and
stated that, “The objective of classifying streams on the
basis of channel morphology is to set categories of discrete
stream types so that consistent, reproducible descriptions
and assessments of condition and potential can be devel-
oped.” Stream order, discussed in Section 6.3, is one clas-
sification approach based on the relative position of a
channel in a stream network. Its application to evaluating
the biology of a stream system was discussed and shown
in Figure 6.6. Unfortunately, there is no single stream
order classification system that has been universally
accepted, partly because of the difficulty in deciding the
starting part for calling a channel a first-order stream and
because there are various ways that a numbering system
might be established. A major limitation of the approach
is that it provides little information on the channel system
and does not convey a visual image of the channel prop-
erties. Other classification approaches, such as describing
a channel by its mean bed material size (sand bed, gravel
bed, bedrock) or by the physical setting or land use (moun-
tain stream, meadow stream, urban channel, etc.) help
convey an image of the channel, the topography, or the
adjacent land use, but do not satisfy many of the objectives
for having a stream classification system.

One of the earliest morphology-based classification
approaches was the approach of Leopold and Wolman
(1957) of classifying rivers according to their pattern as
braided, meandering, and straight. Schumm’s (1977) clas-
sification of streams into erosion, transport, and deposition
reaches is helpful in beginning to understand the sediment
transport behavior of a stream, but like the other
approaches mentioned, it only provides a limited amount
of information. Whiting and Bradley (1993) developed 42
stream classes for headwater streams; these classes are
functions of dimensional measures of channel features and
are based on distinct groupings of these features. Other
comprehensive approaches have been developed by Mont-
gomery and Buffington (1997), Rosgen (1996), Simon
(1989), and numerous other geomorphologists, geogra-
phers, and engineers. Throughout the world, there are
examples of local classification systems, such as that of
Hoskins (1979), developed for a specific set of local con-
ditions. Another example is the work of Rhoads and Her-
ricks (1996), who identified nine channel types found in
east central Illinois. They have not formally developed
their observations into a classification method and have
not proposed application in other regions. However, we
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feel that the approach has applications throughout low-
gradient agricultural areas in the Midwest. In the next
sections, we present an overview of three classification
methods that have seen much debate or application.

6.8.1 MOUNTAIN STREAM MORPHOLOGY CLASSES

Montgomery and Buffington (1997) developed a morphol-
ogy-based approach for mountain streams. The approach
has primarily been applied to streams in the northwest
region of the U.S. Our interpretation of their approach is
summarized in Table 6.6. They identified the following
seven basic channel types: cascade, step—pool, plane—bed,
pool-riffle, dune-ripple, colluvial, and bedrock. In addi-
tion, they discussed reaches where flow obstructions such
as large woody debris (LWD) create a forced morphology.
It is important to note that they specifically stated that
their proposed classification “does not cover all reach
types in all environments (e.g., estuarine, cohesive-bed,
or vegetated reaches), we have found it to be applicable
in a variety of mountain environments.”

To some extent, the approach of Montgomery and
Buffington (1997) addressed most of the six objectives
listed for developing a classification system. Its main
strengths are that it (1) is based on stream morphology;
(2) provides excellent insight on the source, supply trans-
port, and storage of sediment; (3) considers virtually all
the factors that influence stream morphology; (4) consid-
ers a range of flow conditions; and (5) identifies distinctive
channel bed morphology that can be visually identified.
To some extent, their classification system is based on an
extensive evaluation of numerous studies by others; they
cited more than 80 references in their article.

The method was not developed as a “blueprint” for
channel restoration and is rather qualitative, even though
substantial quantitative data is provided for the stream
reaches that were evaluated. The first seven properties in
Table 6.6 are based on Table 1 in Montgomery and Buff-
ington (1997). The other four properties (flow type, sedi-
ment supply and transport, bed slope, and floodplain) are
our interpretation of the extensive narrative that Montgom-
ery and Buffington presented to describe their classifica-
tion method. Montgomery kindly reviewed the brief sum-
mary that follows.

Cascade Channels (Figure 6.26A) typically have cobble
and boulder bed materials, are narrowly confined by valley
walls, and have steep bed slopes. During typical flows,
the large bed material is immobile because of its large size
relative to the flow depth. These larger materials are only
mobilized during extreme events. Gravel and finer-grained
bed materials in depositional sites might be mobilized
during events with a recurrence interval of 1 to 7 years.
Small scour pools are located between cascades and are
often less than one channel width apart. These pools serve



184

Environmental Hydrology

TABLE 6.6

Summary of the Channel Morphology Characteristics of the Montgomery and Buffington (1997) Classification
of Mountain Streams

Property Cascade Step-Pool Plane-Bed Pool-Riffle Dune-Ripple Bedrock Colluvial
Bed material Boulder Cobble-boulder Gravel-cobble Gravel Sand Rock Variable
Bedform pattern ~ Random Vertically Featureless Laterally Multilayered Irregular Variable
oscillatory oscillatory
Roughness Grains, banks Bedforms (steps, Grains, banks Bedforms (bars, Sinuosity, Bed and Grains
elements pools), grains, pools), grains, bedforms banks
banks sinuosity, banks (dunes,
ripples, bars),
grains, banks
Sediment source Fluvial, hill Fluvial, hill slope, Fluvial, hill slope, Fluvial, bank Fluvial, bank Fluvial, hill Hill slope,
slope, debris debris flow debris flow failure failure slope, debris
flow debris flow flow
Sediment Lee and stoss Bedforms Overbank Overbank, Overbank, Overbank Overbank
storage sides of flow bedforms bedforms
obstructions
Confinement Confined Confined Variable Unconfined Unconfined Confined Confined
Pool spacing <1 Channel 1-4 Channel widths ~ None 5-7 Channel 5-7 Channel Variable Unknown
width widths widths
Flow type Tumbling, Critical to Variable with Subcritical at Variable, but Variable Variable
turbulent supercritical at localized pools and often mainly
steps and turbulence and turbulent; critical subcritical
subcritical at pools critical flow at flow at riffles
riffles
Sediment Supply limited Supply limited Transport limited Supply and Transport
supply and transport limited limited
transport
Bed slope Steep, >0.065 Steep, 0.030 to Moderate to high, Low to moderate, Low Variable Steep
0.065 0.015 to 0.030 <0.015
Bed slope® 0.050 to 0.12 0.015 to0 0.134 0.001 to 0.035 0.001 to 0.015
Floodplain Limited or none  Limited or none Variable Well established Well established ~ Variable Not
applicable

2 From Chartrand, S.M., and P.J. Whiting, Alluvial Architecture in Headwater Streams with Special Emphasis on Step-Pool Topography Earth Surface
Processes and Landforms, Vol. 25, John Wiley & Sons, New York, 2000, pp. 573-600.

as depositional sites during low-flow conditions. Cascade
channels have a high sediment transport capacity and rap-
idly deliver sediment to channels with lower bed slopes.

Step—Pool Channels (Figure 6.26B) have small width-
to-depth ratios and longitudinal steps that provide most of
the elevation drops; they are typically confined by the
valley walls. Fine material that deposits in the pool is
transported as bedload during frequent events, while the
larger step and bed-forming material is mobilized infre-
quently. Useful insight on processes in step—pool channels
was provided by A. Chin (1989, 1999a, and 1999b). Based
on an analysis of step—pool sequences in the Santa Monica
Mountains, California, Chin found that step—pool
sequences are restructured within a 5- to 100-year period
due to high- and extreme-discharge conditions. Based on her
field tests, she concluded that step formation is consistent
with antidune theory (Chin, 1999b). The constraints she
listed for step formation are (1) heterogeneous materials;
(2) near-critical or supercritical flows; and (3) sufficient

FIGURE 6.26A Cascade channel in Washington State. (Cour-
tesy and copyright D. Montgomery.)
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FIGURE 6.26B Step-pool channel in Arizona. (Courtesy and
copyright D. Montgomery.)

shear stresses to mobilize bed materials, but still allow for
deposition. Good insight on step—pool systems is also
presented in the work of Chartrand and Whiting (2000).

Plane-Bed Channels (Figure 6.26C) have a large rela-
tive roughness (ratio of 90th percentile grain size to bank-
full flow depth; Church and Jones, 1982) and lack discrete
bars. They also lack rhythmic bedforms (such as step,
pools, and riffles), although isolated bedforms might occur
due to localized obstructions or changes in bed slope. Bed
surfaces are often armored and exhibit sediment supply
limited conditions. Bed material mobilization is usually
closely related to bankfull discharges. These channels are
transitional between those that are supply limited and
those that are transport limited.

Pool-Riffle Channels. In self-formed channels, pools
and riffles are typically spaced every 5 to 7 channel widths;
the channels have low-to-moderate bed slopes and well-
established floodplains. Although Montgomery and Buff-
ington limited application of their classification to moun-
tain streams, pool-riffle channels are also commonly
found in low-to-moderate gradient nonmountainous
regions. Bars typically form when the bed slope is less
than 2%, and there are sand and gravel-size bed materials
and wide width-to-depth ratios. Pool-riffle channels
(Figure 6.26D) exhibit variable supply and transport-lim-
ited characteristics, depending on the degree of armoring.
However, bed material mobilization is usually closely
related to the bankfull discharge.

FIGURE 6.26C Plane-bed channel in Arizona. (Courtesy and
copyright D. Montgomery.)

FIGURE 6.26D Pool-riffle channel in Washington. (Courtesy
and copyright D. Montgomery.)

Dune-Ripple Channels. The dune-ripple channel
morphology normally occurs in sand bed channels with
low bed slopes. Again, this type of channel morphology
is not restricted to mountain streams. Sediment transport
occurs at most discharges; these systems are very dynamic
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FIGURE 6.26F Colluvial channel in Arkansas. (Courtesy and
copyright D. Montgomery.)

and can exhibit a variety of bedforms. Further insight on
dune-ripple channels (Figure 6.26E) and the formation
of bedload sheets was provided by Whiting et al. (1988).

Colluvial Channels (Figure 6.26F) are tiny, first-order
streams at the start of a channel network. Typically, they
are located in valleys with colluvial fills; in steep terrain,
debris flows account for much of the sediment transport.
The importance of these areas as sinks and sources of
sediment is illustrated by the work of Trimble, which is
reported in Chapter 9.

s e w0

FIGURE 6.26G Bedrock channel in British Columbia. (Cour-
tesy and copyright D. Montgomery.)

Bedrock Channels (Figure 6.26G) lack a continuous
alluvial bed and can occur in just about any topography.
In mountain streams, they are usually confined by valley
walls and are commonly found in headwater streams. They
typically have a high transport capacity and are supply
limited. Montgomery and Gran (2001) and Montgomery
and Buffington (1997) found that there is no consistent
difference in channel width between bedrock and alluvial
reaches. However, in some confined environments, bed-
rock channels are associated with higher shear stresses
than alluvial reaches, and this could result in narrower
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FIGURE 6.27 Idealized long profile showing the general distribution of alluvial channel types and controls on channel processes
in mountain drainage basins. (Based on Montgomery, D.R., and J.M. Buffington, GSA Bull., 109:596-611, 1997.)

channels and deeper bankfull flows. As valleys broaden,
and where the main channel is not confined by the valley
walls, it has been Ward’s experience that bedrock channels
often will be wider than alluvial bed channels in the same
environment.

Montgomery and Buffington (1997) also identified
forced morphologies primarily controlled by large woody
debris. Log jams are a concern throughout the U.S., and
the role of the forested riparian zone is a controversial
subject. Figure 6.27 (based on Montgomery and Buffin-
gton, 1997) provides useful insight on the relative location
where each channel type might typically occur and the
controls on channel processes in mountain drainage
basins. Note that bedrock channels are not shown because
they could occur anywhere along the channel system, but
typically occur in locally steep reaches at any point along
a stream profile. Montgomery et al. (1996) found that
bedrock reach morphology occurred in channels that were
steep for their drainage area compared to alluvial channels
with the same or similar drainage areas. Also, Montgom-
ery and Buffington emphasized how localized changes in
topography and geology might shuffle the deck and place
almost any of the channel morphologies in a different
order relative to the others.

6.8.2 AN ALTERNATIVE MOUNTAIN STREAM
CLASSIFICATION SYSTEM

Chartrand and Whiting (2000) more recently studied more
than 100 mountain stream reaches in Idaho. In addition

to comparing their results with some of the Montgomery
and Buffington (1997) stream types, they provided useful
additional insight on the behavior of mountain streams.
Their results are in general agreement with the sequence
and type of channels that Montgomery and Buffington
suggested might be found in mountain streams. However,
Chartrand and Whiting found a greater overlap in bed
slopes associated with each channel type than was first
reported by Montgomery and Buffington. Also, they found
that the step wavelength in a step—pool system is highly
correlated with the step height and median grain size.

6.8.3 ROSGEN STREAM CLASSIFICATION METHOD

Rosgen (1994, 1996) proposed a hierarchy of river mor-
phology. His classification approach is based on the notion
that:

Natural stream stability is achieved by allowing the river
to develop a stable dimension, pattern, and profile such
that, over time, channel features are maintained and the
stream system neither aggrades or degrade. For a stream
to be stable it must be able to consistently transport its
sediment load, both in size and type, associated with local
deposition and scour. Channel instability occurs when the
scouring process leads to degradation, or excessive sedi-
ment deposition results in aggradation. (Rosgen, 1996)

He divided his classification approach into the following
four levels:
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TABLE 6.7

Rosgen’s Level Il Stream Classification System

Stream Types®
Stream Property A B C D D, E F G
Entrenchment ratio <14 1.4-2.2 >2.2 na >4.0 >2.2 <14 <l4
‘W/D ratio <12 >12 >12 >40 <40 <12 >12 <12
Sinuosity 1-1.2 >1.2 >1.2 na Variable >1.5 >1.2 >1.2
Bed slope (fraction)  0.04-0.1  0.02-0.04 <0.02 <0.04 <0.005 <0.02 <0.02 0.02-0.04

2 After the stream type, add a number that corresponds to the mean bed material type where bedrock is 1;
boulders are a 2; cobble is a 3; gravel a 4; sand a 5; silt—clay a 6. For example, a Rosgen Type C4 stream has

a gravel bed.

Level I: Geomorphic characterization that inte-
grates basin topography, land form, and valley
morphology. At a coarse scale, the dimension,
pattern, and profile are used to delineate stream
types.

Level II: Morphological description based on
field-determined reference reach information.
Level III: Stream “state” or condition as it relates

to its stability, response potential, and function.

Level IV: Validation level at which measurements
are made to verify process relationships.

Rosgen’s Level II classification is illustrated in
Table 6.7. The classification is a function of the following
seven channel attributes: (1) mean bankfull depth, (2)
maximum bankfull depth, (3) bankfull width, (4) flood-
prone area width, (5) channel sinuosity, (6) mean channel
slope or water surface slope, and (7) median channel mate-
rial size. The ratio of the flood-prone area width to the
bankfull width is called the entrenchment ratio (ER). The
width-to-depth ratio is the ratio of the bankfull width to
the mean bankfull depth. The channel material size is
based on the representative median particle diameter or
the ds, index diameter (diameter of 50% of the sampled
population is equal to or finer than this) for the channel.
The particle size distribution of the channel materials is
obtained by conducting a pebble count in riffles and pools
along two cycles or meander wavelengths of a reach.

The channel sinuosity is an index of channel pattern,
determined from a ratio of stream length divided by valley
length or estimated from a ratio of valley slope divided
by channel slope. The ER is the ratio of the flood-prone
area width Wy, divided by the bankfull channel width W,

W
5 6.21
W, (621)

bkf

ER=

The bankfull width W, is the width of the stream
channel at the bankfull stage elevation in a riffle section.

The mean depth d,,; is the depth of the stream channel at
the bankfull stage elevation in a riffle section. The width-
to-depth ratio W/D is

W/D Ratio = h

bkt

(6.22)

The maximum depth d,,; is the depth of the bankfull
channel cross section or vertical distance between the
bankfull stage and thalweg elevations in a riffle section.
The flood-prone area width Wy, is measured at an eleva-
tion that is twice the maximum depth at the location at
which the maximum depth was determined.

Rosgen Type A Stream. Type A streams (Figure 6.28A)
are usually steep, entrenched, and confined channels.
They range from Al bedrock channels associated with
faults, scarps, folds, and joints to A6 channels incised in
cohesive soils. If the bed slope is greater than 10%, an
“a +” designation is placed after the stream type. Boulder,
bedrock, cobble, and to some extent gravel bed channels
usually have a step—pool or cascading bed form. The bed-
rock and boulder bed channels are high-energy sediment
supply-limited streams. Erosion, instability, mass wast-
ing, and debris flow become more dominant processes as
the bed material becomes finer (A3 to AS5). However, the
A6 stream type has low bedload transport, and much of
the sediment transport is moved as a wash load in these
systems.

Rosgen Type B Stream. Type B streams (Figure 6.28B)
are moderately entrenched channels normally with bed
slopes of 2 to 4%. The channel bed consists of a series of
rapids and cascades with irregular scour pools. The bed
and banks are relatively stable, and they are sediment
supply-limited systems.

Rosgen Type C Stream. Type C streams (Figure 6.28C)
are slightly entrenched, meandering systems characterized
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FIGURE 6.28A Rosgen Type A stream, Colorado. (Courtesy of

Dan Mecklenburg.)
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FIGURE 6.28B Rosgen Type B stream, Colorado. (Courtesy of
Dan Mecklenburg.)

FIGURE 6.28C Rosgen Type C stream, Ohio. (Courtesy of Dan Mecklenburg.)

by a well-developed floodplain. They typically have a
riffle—pool bed form and a wide width-to-depth ratio.
These streams are stable and usually are sediment supply
and transport limited (C1 to C3). However, if they have
gravel or finer bed and bank materials, they are susceptible
to scour, erosion, and meander migration. As the bed and
bank materials become finer, a larger percentage of the
sediment load will be suspended or wash load. Type C
channels exhibit a wide range of bed slopes, with cohesive,
fine-grained (silt and clay) banked channels found in the
virtually flat lake plain soil areas of the Midwest. Boulder
and cobble bed Type C channels might occur at bed slopes
up to 2%. Valley wall confinement and the lack of a wide
floodplain usually force a Type A or B stream at steeper
slopes.

Rosgen Type D Stream. Type D streams (Figure 6.28D)
are multiple channel systems that typically do not have a
boulder or bedrock bedform. However, Ward has seen
examples in South Africa where localized bedrock control
(such as a bedrock outcrop) results in the formation of a
short, braided reach. Braided channels can occur across a
wide range of morphological and topographic conditions.
Alluvial fans, broad alluvial valleys, U-shape glacial val-
leys, glacial outwash valleys, low relief alluvial valleys,
and deltas are all common locations for Type D streams.
Alaska, New Zealand, and Japan have spectacular braided
streams. With the exception of Type DA streams (a special
category), these systems have a high sediment supply and
transport capability, so they typically have high sediment
yields. Type DA streams have cohesive banks, occur in
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FIGUR 6.28D Rosgen Type D stream, Alaska. (Courtesy of

Dan Mecklenburg.)

FIGURE 6.28E Rosgen Type E stream, Colorado. (Courtesy of
Dan Mecklenburg.)

FIGURE 6.28F Rosgen Type F stream, Ohio. (Courtesy of Dan Mecklenburg.)

low-gradient areas, and are wetland, marsh, or delta sys-
tems often found adjacent to large waterbodies, such as
lakes and oceans.

Rosgen Type E Stream. Type E streams (Figure 6.26E)
have a low width-to-depth ratio and exhibit a wide range
of sinuosity. Many meadow streams are Type E streams.
Generally, they are very stable, in part because they have
well-developed floodplains with dense (often grassy) veg-
etation that helps stabilize their near-vertical banks.

FIGURE 6.28G Rosgen Type G stream, Ohio.
(Courtesy of Dan Mecklenburg.)

Rosgen Type F Stream. Type F streams (Figure 6.28F)
are entrenched systems that normally exhibit bed slopes less
than 2%. Boulder and bedrock systems are usually stable,
while gravel and sand bed F channels are often deeply
incised, have high bank erosion rates, and are often a failed
or failing Type C channel.

Rosgen Type G Stream. Type G streams (Figure 6.28G)
are deeply entrenched systems that normally exhibit bed
slopes of 2 to 4%. Boulder and bedrock systems are usually
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stable, while cobble, gravel, and sand bed G channels are
unstable, often deeply incised; have high bank erosion
rates; and are often a failed or failing Type B or E channel.
Typically, the G3 to G6 types have characteristics of a

gully.

ExAMPLE 6.3

A reach of a stream in an alluvial valley has a bed slope
of 1.0%. The slope along the length of the valley is 1.5%.
The bankfull width is 60 ft, and the mean bankfull depth
is 3 ft. The flood-prone width is 150 ft, and the dominant
bed material is gravel. What Rosgen stream type applies
to the stream at this reach?

Solution

To determine the stream type, the bed slope, sinuosity,
WID ratio, entrenchment ratio, and dominant bed material
need to be known.

The sinuosity is equal to the valley slope divided by the
channel slope. Therefore,

Sinuosity = % =15

From Equation 6.22, the width-to-depth ratio W/D is

W/Dratio=h:@=20

bkf 3

From Equation 6.21, the entrenchment ratio is

W,
ER=—m 150 _ 55
W, 60

bkf

The bed slope was given and is 1% or 0.01 ft/ft. The
dominant bed material is gravel. From Table 6.7, we can
see that the stream type is C4 because the entrenchment
ratio is greater than 2.2, the W/D ratio is greater than 12,
the sinuosity is greater than 1.2, the bed slope is less than
0.02 ft/ft, and the dominant bed material is gravel.

Answer

The stream type at this reach is C4.

6.8.4 USsING STREAM CLASSIFICATION METHODS

Goodwin (1999) presented an interesting discussion on
the need for stream classification methods and noted that
“historically, most fields of science have gone through a
classification phase.” He illustrated this by the flow diagram
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FIGURE 6.29 The evolution of observations into theory. (Based
on Goodwin, C.N., in Wildland Hydrology, D.S. Olson and J.P.
Potyondy, Eds., TPS-99-3, American Water Resources Associa-
tion, Herndon, VA, 1999, pp. 229-236. With permission.)

shown in Figure 6.29. While not everyone will agree with
this evolution model for developing theory, it does provide
a useful starting point for discussing the merits and limi-
tations of stream classification methods.

Let us begin by accepting that classifying a river may
be helpful in understanding the behavior of the river and
how the behavior might change because of land use
changes or modifications to the channel. However, a clas-
sification is only an aid in the management of a river or
in the development of an engineering design for the river.
It does not directly provide a design solution. Moreover,
not all fluvial geomorphologists buy into the idea that
stream behavior can be predicted by morphology.

Montgomery and MacDonald (2002) proposed a
“Diagnostic Approach to Stream Channel Assessment and
Monitoring” and noted “Our argument is based on the
observation that a particular indicator or measurement of
stream channel conditions can mean different things
depending upon the local geomorphic context and history
of the channel in question.” The method requires the col-
lection of a comprehensive set of information on a reach
and high-level expertise to be able to use the data to make
a diagnosis. Interestingly, they listed one disadvantage of
the method is that it “requires experienced field personnel
trained beyond the level of workshops or short courses
and a willingness to bring in additional expertise when
the diagnosis is particularly difficult.” Certainly the need
for additional resources could be considered a disadvan-
tage, but the need for high-level expertise is arguably a
strength of the method. Insight on the uses and limitations
of using geomorphological stream classification in aquatic
habitat restoration was presented by Kondolf (1995).

To understand how a stream classification system
might help use, let us relate the methods we discussed
with the six objectives for having a classification system
presented in Section 6.8:
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Objective 1: Providing a consistent frame of ref-
erence for communicating stream morphology
and condition among a variety of disciplines

failure increases. Frequently, stream issues can be
compared to the most complicated recipe possible.
Objective 2: Predicting a stream’s behavior

and interested parties. This is often considered
one of the main strengths of the Rosgen classifi-
cation method. Communication across disci-
plines is often difficult, and discussing, evaluat-
ing, understanding, and developing strategies to
protect and restore streams poses a particularly
difficult challenge. Geomorphologists often
come from geology and geography disciplines
that place emphasis on geology, processes, and
long time spans. Typically, they have a good
appreciation for data collection and the develop-
ment of empirical relationships. Engineers and
hydrologists tend to place more emphasis on
landscape and watershed flow processes or chan-
nel hydraulics. Their design philosophy is
steeped in “building” to withstand some extreme
event and overdesigning to provide a factor of
safety. Biological scientists typically evaluate
stream and riparian zones based on a combina-
tion of “normal” conditions that control the via-
bility, productivity, and diversity of the biology
of interest. This approach includes considering
thresholds of “impact” and “failure.” This simple
and perhaps unfair “stereotype” comparison
among these groups illustrates that they each
begin evaluating streams from a different knowl-
edge base and use different timescales, different
parameters, different terms, and even different
scales to evaluate the system. Add farmers, devel-
opers, foresters, the socioeconomic disciplines,
politicians, lawyers, and concerned citizens who
have a stake in a stream issue and the need for a
common communication tool quickly becomes
evident. Unfortunately, simplicity and ease of use
can easily lead to misuse or an inadequate level
of understanding. For example, many scientists
and engineers who rely heavily on modern com-
puters and only perform limited measurements
have a poorer grasp of basic concepts than those
who have made extensive measurements on
streams and watersheds, have extracted data
using tedious manual methods, and have used
antiquated technologies, such as slide rules, old
mainframe computers with punch cards, or only
used a simple calculator as aids for performing
calculations. Another way to view the issue is to
compare stream morphology and assessment to
cooking. Most of us can do a fair job of preparing
a simple meal most of the time, but as the recipe
becomes more complicated, the likelihood of

from its appearance. As stated by Rosgen
(1996), we have used the term appearance, but
interpret it to mean form and be based on a com-
bination of visual observations and fluvial mea-
surements (profile, pattern, dimension, and bed
material). To some extent, with the exception of
stream order concepts, all of the classification
methods discussed provide some information on
a stream’s behavior based on appearance. The
more comprehensive approaches provide the best
information and could probably be rearranged
into more useful and more widely accepted
classes. For example, a Rosgen C4 stream has a
gravel bed and is often associated with a pool-rif-
fle sequence typically spaced every five to seven
channel widths. The channels have low-to-mod-
erate bed slopes (less than 0.02) and well-estab-
lished floodplains. They have high width-to-
depth ratios and typically have well-established
point bars at bends and alternating bars in some
locations. They are usually unconfined by valley
walls and have a high sinuosity. Clearly, there is
little or no difference between the Rosgen C4
stream type and the pool-riffle mountain stream
described by Montgomery and Buffington
(1997). Chartrand and Whiting (2000) also dis-
cussed mountain headwater streams, but
pool-riffle streams with bed slopes less than 1%
(0.01) are widespread throughout the U.S. and
many parts of the world. As also stated by Mont-
gomery and Buffington, bedrock channels can
have most bed forms and be found in most topog-
raphies. Are there other similarities between
these two approaches or other schemes? Yes, the
Rosgen Aa+ stream type does not exactly fit a
cascade channel morphology but is similar, the
Rosgen A stream type usually has a step—pool
morphology, and most Rosgen B stream types
have a plane-bed morphology. The D and DA
are braided channels that fit the Leopold and
Wolman (1957) classification. Rosgen E chan-
nels are unlikely to be found in mountain regions.
It is our opinion that, in some situations (such as
a meadow stream), they provide the best visual
representation of any of the Rosgen stream types
and are a distinct class, while in other situations,
they have all the features of a C channel except
their width-to-depth ratio is too low. We have
plenty of examples of F channels as they are often
incised or failed C channels. We also have plenty
of examples of G channels as they are either
gullies that have formed because of poor land
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stewardship or are artificially engineered ditches
and channels.

Objective 3: Developing specific hydraulic and
sediment relationships for a given stream type
and its state. Rosgen’s book (1996) provides
extensive discussion that relates his stream types
to sediment transport. His dimensions and ratios
are primarily a function of the bankfull or effec-
tive discharge. Debatably, the discussions of
Montgomery and Buffington (1997), Whiting
and Bradley (1993), and Chartrand and Whiting
(2000) might provide more specific detail on how
their classes are related to sediment supply, trans-
port, and stream hydraulics. The basic stream
geomorphology information any of these
approaches provides might be useful in channel
design or protection. However, to a large extent
the application of this information to design is
independent of the need or desire to classify the
stream. Another way to view this issue is that the
scientists and engineers who have the knowledge
to develop viable designs and strategies based on
knowledge of the stream classification could
have made the same decisions without determin-
ing the stream classification. On the other hand,
designs and decisions that are based solely on
the classification have a much lower likelihood
of success.

Objective 4: Providing a mechanism to extrap-
olate or use site-specific data to stream reaches
with similar attributes. This is the danger zone
where people start to make mistakes with the
Rosgen classification method and his other
approaches to protecting and restoring channels.
Most of the classification methods discussed ear-
lier fall somewhere between empirical laws and
theory (Figure 6.29). They are useful educa-
tional tools and provide qualitative information
that can be transferred from one location to
another. Rosgen extended his ideas beyond these
points and has a number of specific approaches
that can be used in stream restoration. It should
first be recognized that Rosgen was successfully
doing stream restoration long before he devel-
oped his classification method. Therefore, knowl-
edge of the stream type is not necessarily needed
to develop a design and in fact does not directly
lead to a design solution. A fundamental ingre-
dient in the Rosgen restoration approach is to
conduct a survey on a “reference reach” (Rosgen,
1997). Unfortunately, in many locations refer-
ence reaches are an endangered species and can
be very elusive. If one is found, probably it does
not represent exactly the same drainage area size,
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land uses, and morphology conditions as the res-
toration site. Similar is not always close enough.
There is then often a need to utilize a regional
curve. Again, many practitioners resort to using
published curves that are not site specific enough
for their restoration project. However, if we
assume that perfect data are available and the
empirical equations that might be used are ideal,
we still face a number of challenges. First, Ros-
gen (1998) identified a “priority” approach for
the restoration of incised rivers; the approach was
based on his classification method. He also had
a series of evolution models (at least 14 combi-
nations) that used the classification method. To
be adopted effectively, these methods require
extensive knowledge of stream geomorphology.
Determining what the current stream type is
might be relatively easy. Knowing what it was
previously and what it will become next poses
enormous challenges. This is compounded by
human activities that might change the watershed
and floodplain conditions. Resource constraints
and the selection of appropriate stabilization
materials compound the difficulty. However,
again if we have the brilliance to overcome all
these difficulties, there still remains a challenge
that cannot be fully appreciated unless you are
fortunate enough to see in action a stream expert
(such as Rosgen) and a contractor who also is an
expert. The care and knowledge it takes to make
minor design modifications successfully during
construction might be the difference between
success and failure. Ward has seen Rosgen and
a contractor “read” the stream and watch the
hydraulics of the flow as a cross vane was
installed. Ward also saw the contractor repeatedly
adjust the position and change the boulders that
were used so they fitted together correctly, were
stable, were placed at the correct elevations, and
created the desired hydraulics (Figure 6.30).
This is not something we can learn from reading
a book or taking a course.

Objective 5: Identify if the stream is in dynamic

equilibrium, incised, overwide, or in a transi-
tional (stable or unstable) evolutionary stage.
We touched on this subject when considering
Objective 4. Useful evolution models have been
developed by Simon (1989) and others (see Section
6.9). However, application of these methods
requires extensive knowledge and experience.
Also, an understanding of geotechnical engineer-
ing is desirable. The Rosgen stream classification
identifies stable and unstable stream types. How-
ever, even a stable stream type might be in a
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FIGURE 6.30 Contractor adjusting the boulder size and position while constructing a cross-vane in Colorado.

transitional stage that requires much expertise to
identify.

Objective 6: Provide an index that can assist in
evaluating stream health. We have inadequate
knowledge to relate geomorphology to stream
health. In some circumstances, coarsening of bed
material due to urbanization might actually
improve fish habitat. In other cases, a stream in
a transitional stage (such as building bars, rapidly
changing position, or with a forced morphology
due to LWD) might have the most diverse and
vibrant ecology. Water quality impacts associated
with land use activities or point discharges are
often unrelated to stream type. Knowledge of
stream order might provide some insight regard-
ing which biological communities to expect.
Failure to find the anticipated communities, or
distribution of these communities, does not nec-
essarily indicate poor ecological function.
Knowledge of the channel type can provide clues
and a piece of the information needed to establish
a relationship between the state of the channel
and its potential state. Refer to Montgomery and
MacDonald (2002) for further discussion on this
issue.

6.9 CHANNEL EVOLUTION
6.9.1 DISTURBANCE

It is probable that there is some combination of cata-
strophic events that can significantly change the form of
any stream system. The magnitude of the combination of
factors that causes change are stream reach, stream system,
and watershed specific. For some streams, it might take

an event as large as the PMP (see Chapter 2) to cause
enough change to induce instability. For many of us, it is
hard to visualize the magnitude of change that could occur
due to a catastrophic event. Ward has seen when a single
cyclone (essentially a southern hemisphere hurricane)
carved a canyon that was a quarter of a mile wide and
more than 100 ft deep. Nearly 20 years later, there has
been little change in the shape of this canyon. During
severe flooding that occurred in southern Africa in 2000,
rivers such as the Sabie River (Figure 6.31) spread later-
ally across several miles and created water depths that also
exceeded 100 ft. It is an astonishing sight to be high above
a river and more than half a mile away from the banks
and to look up and see flood-swept debris at the top of
trees (Figure 6.31B). In places, this flood caused exten-
sive reshaping of the river; other parts of the river were
barely changed by this event. Yet, just a few years after
this event, many parts of the river returned to their preflood
shape and bedform (Figure 6.31D).

It often does not take a catastrophic event or an act of
nature to create change and potential instability. In many
reaches and streams, straightening a channel, land use
change, a change in riparian vegetation or the floodplain
size, in-stream gravel mining, or simply the installation
of a culvert might cause localized or stream-system-wide
instability (further discussion on this topic is presented in
Chapter 9). This change might occur rapidly over a few
weeks, months, or years. In other cases, the change could
take place very slowly. Recovery from change will also
be highly variable. Therefore, we need to be very cautious
in predicting change and identifying the current state of a
stream system. We can take many measurements or utilize
various theories and classification approaches, but often
the best insight can be obtained by talking to people who
have lived near the stream for several decades. Such
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FIGURE 6.31 Flood impacts and recovery on the Sabie River Catchment, South Africa: (A) downcutting and channel widening,
(B) flood debris in trees far above the river, (C) natural revegetation on sand bars deposited by the flood, and (D) a tributary and
well-attached floodplain that show little sign of the flood.

discussion can provide knowledge of the stable form of
the stream, which activities have caused change, the water
depth of baseflow, bankfull and extreme discharges, and
human activities on the watershed that might have caused
change. To predict how a channel might evolve requires
knowledge of the current evolutionary stage of the chan-
nel. Also, in some cases perceived instability and channel
change might simply be part of the natural cycle of channel
adjustment and movement that has occurred over centuries.
People who wish to conduct development activities within
a floodplain or near a stream often desire or expect a stream
to stay in a fixed position. On the other hand, stream geo-
morphologists, ecologists, and environmental groups are
quick to try to identify incision, channel widening or failure,

and degradation or aggradation. Reality might not be con-
sistent with either viewpoint.

It is also important to note that impacts that cause
change are commonly, but not always, associated with
increased flows or human modifications of a channel.
Locating a dam on a stream will often have a dramatic
impact both upstream and downstream of the dam. In the
last few years, there has been considerable focus on the
removal of low-head dams that have outlived their useful-
ness or are in need or repair or replacement. Also, of
particular concern throughout the world is change associ-
ated with reduced flows. This might be because of shifts
in climate conditions or human activities. In particular,
regulation of flows associated with power generation and
water supply often result in significant reductions in both
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FIGURE 6.32 Reelfoot Lake in northwest Tennessee. (Courtesy and copyright Northwest Tennessee Tourism.)

low baseflows and the less-frequent high flows we called
the effective discharge that most influence sediment trans-
port and bank and channel forming. Reductions in these
flows often also have a substantial impact on stream ecol-
ogy. These flows are sometimes referred to as environ-
mental flows/discharges. At a conference on this topic held
in South Africa in 2002, it was noted that often the environ-
mental discharges that flow regulators are willing to provide
are 10 to 20% or less of the mean annual discharge, but
studies suggest that flows approaching 80% of the mean
annual discharge are often needed to sustain stream health
and the original channel geomorphology.

We often perceive watershed and stream changes as
having a negative impact on water resources. This is not
the case, as the following example illustrates. On February
7, 1812, one of the most severe earthquakes ever to strike
the U.S. occurred along a fault line centered near the town
of New Madrid, MO. One outcome of the reshaping of
the landscape by the earthquake was the formation of
Reelfoot Lake in a place that had been a swampy forest
of cypress trees, cottonwoods, and walnut trees. This nat-
ural lake has a surface area of 20 mi?, averages a depth
of only 5 to 6 ft, and has a maximum depth of about 18
ft. The old forest that stood before the earthquake still lies
just beneath the surface and helps make the lake one of
the world’s greatest natural fish hatcheries, with more than
56 species of fish (Figure 6.32). The surrounding area is
a nature preserve with more than 240 species of birds. It
is a winter nesting site for American bald eagles and a
major stopping point for waterfowl migrating to and from
Canada. Certainly, there are also many examples of dams
that have resulted in wonderful habitats for fish and birds.
However, this is also often at the expense of adverse

impacts on the stream system. That was not the case at
Reelfoot Lake.

6.9.2 EvoLutioN MODELS

Numerous people have studied stream change and channel
evolution. In Section 6.8, we presented some of the work
by Rosgen. His informative wildland hydrology Web site
(http://www.wildlandhydrology.com/) has current infor-
mation on his evolution approaches. Simon, who currently
works at the USDA-ARS (Agricultural Research Service)
National Sedimentation Laboratory has devoted much of
his career to studying stream instability and channel evo-
lution (Simon and Hupp, 1986; Simon, 1989; Simon 1992;
Simon and Thorne, 1996; Darby and Simon, 1999; Simon
and Rinaldi, 2000). The evolution model of Simon and
Hupp (1986) is helpful in understanding channel evolution
associated with human channelization. This work was
based on studying streams in Tennessee. Rosgen made an
interesting comparison of the similarities between the evo-
lution of a channelized system and morphological change
in some streams that can be described by his classification
system (Figure 6.33).

In the Simon and Hupp (1986) model, the premodified
Stage 1 assumes the channel is in equilibrium (stable).
The constructed Stage 2 is considered an instantaneous
stage due to human activities such as realigning parts of
the channel and reshaping the banks. Like Rosgen, Simon
extended this application to natural changes (Simon and
Thorne, 1996). Rapid degradation occurs during Stage 3
as the channel deepens and the bed slope flattens. This
causes bank instability and bank failures (slumping) near
the base of the banks. The channel then widens once the
side slopes and bank heights cause shear stresses that
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Channel evolution model
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FIGURE 6.33 Comparison between the Simon and Hupp (1986) evolution model and morphological changes described by the
Rosgen classification system. (From Rosgen, Applied River Morphology, 1996. With permission.)

exceed the strength of the bank material (Stage 4). The
flatter and wider channels are now unable to transport the
increased sediment loads and aggradation occurs (Stage
5). Simon (1992) reported that the aggradation rates might
be 60% less than the associated degradation, so the bed
level will not recover to its original premodified state.
However, gradually the channel will reach a state of quasi
equilibrium (Stage 6). It is noteworthy that channel evo-
lution models explain much observed channel instability
as stages of a predictable sequence that eventually leads
to a stable channel similar to the predisturbance channel.
Also, the depth of incision and the amount of overwiden-
ing will depend on the resistance to change of the bed and
bank materials.

6.10 WHAT TO MEASURE AND WHY THE

MEASUREMENT SHOULD BE MADE

There are numerous reasons why we might need to mea-
sure fluvial properties of a stream: assessing if the stream
is stable; undertaking a channel modification or restoration
activity; designing a culvert, bridge, weir, dam, or some
other flow modification structure; developing land use
management strategies that will reduce or prevent adverse
impacts on the stream system; developing stream setback
guidelines; or using the stream as an educational activity.
Also, there might be a need to make fluvial measurements
as part of an environmental, ecological, or biological
study. The discussion in this text is restricted to fluvial
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TABLE 6.8

Initial Site Selection for a Hypothetical 350-mi*> Watershed

Drainage Area (mi?) Number of Sites

0.1to 1.0
0.5to 1.0 2 or3
1.0to 10
1.0to 3 lor2
3t05 lor2
6t09 1or2
10 to 100
12 to 18 lor2
24 to 40 lor2
50 to 90 lor2
100 to 300
100 to 150 lor2
200 to 300 lor2
350 1
Total Target of 10 to 12

Comment

Assuming 1 site might not be used

Assuming 1 or 2 sites might not be used

Assuming 1 or 2 sites might not be used

Assuming 1 site might not be used

If there is a gage at the outlet

measurements in wadable streams. Other texts discuss how
to make water quality and biological measurements (Hauer
and Lambert, 1996). A brief overview of biological assess-
ment methods is presented in Chapter 12. We limit the dis-
cussion to survey measurements of the dimension, pattern,
profile, and bed material of a stream. Anticipated applica-
tions are characterization of the stream geomorphology for
a reference reach, characterization of the stream geomor-
phology at a site that will be restored or modified, and
development of regional curves for use in developing
designs or making assessments at various scales.

It is assumed in the discussion that there is a known
site of interest. Part of the analysis is to determine the
fluvial characteristics at that site. The methods proposed
by Harrelson et al. (1994) provide a good foundation for
conducting a survey of fluvial features in a stream. A
decision then needs to be made on whether measurements
should be made at additional reference reach sites.
Regardless of whether there is a need to conduct a detailed
survey at one or more additional reference reaches, it is
recommended that a regional curve be developed for the
stable stream form likely to occur in settings similar to
that of the reach studied. For example, if we are evaluating
a headwater step—pool (Rosgen Type A) system in a steep,
sloping, forested region of a state, we should not include
in the regional curve moderate and low-gradient streams
that exhibit plane—bed and riffle—pool bedforms (Rosgen
Type B and C streams).

6.10.1 SiTE SELECTION AND RECONNAISSANCE AT A
WATERSHED SCALE

Typically, potential sites should be marked on a state gazet-
teer map. Topographic maps and aerial photographs might
be used to aid this process. Consultation with watershed

coordinators and agency personnel within the watershed
can also save a considerable amount of time. Sites should
be selected to provide data for various size drainage areas
within each log cycle. A drainage area “doubling”
approach is recommended, perhaps 0.1, 0.2, 0.5, 1, 2, 4,
8, 16, 32, 64, 128, 256, 512, 1024 mi?, depending on the
size of the watershed. Exact adherence to this approach
is not necessary, and an initial estimate of the drainage
areas can be made visually prior to data collection. It is
also desirable to get good spatial distribution across the
watershed and two to three measures for similar drainage
areas within each log cycle. Finally, we recommend that
initially at least 50% more sites be marked on the gazetteer
than actually might be measured. Provisional site selection
for a hypothetical 350-mi?> watershed is illustrated in
Table 6.8. Regional curves do not need to be based on
large areas. We have developed useful curves for areas
smaller than 1 mi?.

Sites should be selected to provide easy access from a
road. Often, it is easiest to request permission from land-
owners at the time of the site visit and anticipated data
acquisition. While more than one visit to a watershed might
be needed, cordial and informative one-to-one interaction
with landowners is more productive than trying to contact
somebody by phone and then trying to explain to them
what you want to do. Be professional and look profes-
sional. If permission cannot be immediately obtained or
the site does not have good access or easily identifiable
effective discharge features, no measurements should be
made. Usually, it will be necessary to walk several hun-
dred feet upstream or downstream of a road crossing to
avoid any channel modification or influence of the culvert
or bridge at the road. In addition to marking the site on
the map, obtaining coordinates with a handheld GPS is
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useful particularly if the drainage area will be determined
using a geographic information system (GIS) procedure
(see Chapter 13). If a comprehensive survey is performed
on a reach, it might take several hours. Therefore, data on
only one, two. or perhaps three reaches can be made in a
day. If only cross-sectional data are obtained using a rod,
pins, and a tape measure, then it might be possible to visit
two or three sites an hour. We should recognize that rapid
methods that do not use electronic surveying instruments
will result in reduced accuracy.

6.10.2 DRAINAGE AREA DETERMINATION

Various methods can be used to determine watershed
boundaries and drainage area. Common approaches are to
manually draw boundaries on a topographic map — such
as a USGS quad sheet — or to use a GIS to delineate the
boundaries and calculate areas. If a topographic map is
used, the drainage area is then calculated using a planime-
ter or some simple approximation method based on the
geometry of the watershed. Watershed boundaries, areas,
and GIS layers are often available through Internet sites
of watershed and conservancy groups and state and federal
agencies (USGS, NRCS, and EPA in particular). Detailed
GIS information on a countywide basis is available from
some county auditors or county engineers’ offices and
their Internet sites.

GIS software such as ArcGIS can be used to develop
a digital elevation model (DEM) and GIS that include the
stream and ditch network. A “stream-burning” approach
is then used in conjunction with an ancillary watercourse
network layer, forcing flow path cells to conform to exist-
ing stream networks. This approach is particularly useful
in areas that are extremely flat.

6.10.3 DISCHARGE AND SEDIMENT DATA

Streamflow data can be obtained from http://water-
data.usgs.gov/nwis; a summary of their stream-gaging
program was presented by Wahl et al. (1995). The USGS
also has well-established procedures for measuring the
velocity and discharge in wadable streams (Rantz et al.,
1982). However, these activities are time consuming and
only provide information on the flow regime that was
occurring when a stream was visited. Typically, we will
not be at the stream when there are near-effective dis-
charge conditions. Even if we are able to visit a stream
during these conditions, the flow will usually be too rapid
for safe wading. In tranquil water, you might be able to
safely wade with water above your waist (however, many
state and federal agencies will require use of a flotation
device in these conditions). Rapid-flowing water that does
not even reach your knees might test your swimming
expertise.
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Continuous sediment transport data are usually only
available for a few streams (often large rivers) in most
states. Measuring sediment transport is a difficult, expen-
sive, and time-consuming activity. Therefore, measure-
ments of static conditions on the bed, banks, bars, and
floodplain are often the only indicators of the available
sediment transport and supply in a stream. Recall that both
the Rosgen and the Montgomery and Buffington classifi-
cation methods rely heavily on good understanding of
sediment processes.

6.10.4 CHANNEL PROPERTIES

For each site reach, information is obtained on the channel
materials, dimension, pattern, and profile. Procedures
should be consistent with the guidelines presented by Har-
relson et al. (1994). The survey can best be conducted
with a total station or a laser level, one or more 100-ft
tapes, and a telescoping rod with a laser receiver. The
approach is best suited for streams that are wadable; the
approach can be efficiently performed by a team of three
or four people (see Figure 6.34). The most experienced
person should hold the rod and select the points where the
measurements will be made. A person with neat handwrit-
ing and good hearing and who is a good listener should
record the data. Often, three people will be more efficient
than four people — particularly in small streams.

For each reach, a longitudinal survey is usually con-
ducted over a stream length equal to at least 20 channel
widths so that the survey encompasses at least two bends.
Features typically measured include channel cross sec-
tions at several points along the reach; bed profile along
the thalweg; water surface profile; azimuths of the banks
from each feature to the next feature or bend; the effective
discharge (bankfull) elevation at points along the reach
where it can be easily identified, the top of the bank; and
bed material particle size distribution. When making azi-
muth readings, we need to make sure the line of sight from
one measuring point to the next is parallel to the banks.
This information is used to determine the pattern of the
main channel. We are not trying to determine the pattern
of the thalweg, so we should not make “person-to-person”
measurements. Measurement of the water surface profile
is helpful in determining the mean bed elevation. It also
provides a useful indicator of measurement errors, which
unfortunately are easy to make with telescoping rods.

At each reach, measurements are made for two to four
cross sections. These include at least one representative
cross section that shows the dominant fluvial bench feature
in a riffle feature and a cross section at a bend if there is
a well-defined point bar. For a step—pool bedform, you
should take cross sections at the steps and at the pools.
Measurements at rapids (cascades), steps, and riffles are
particularly useful as discharge is better calculated at these
locations. Please note that taking measurements at
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FIGURE 6.35 Point bars at bends are indicators of the effective discharge stage.

cascades and the top of steps can be very dangerous. Do
not underestimate the power of water or how slippery
rocks can be. This is one place that you do not want to
learn from your mistakes. Measurements at pools are help-
ful as they provide information on the width and depth of
these features. All grade breaks at a cross section should
be measured.

Channel width and depth measurements depend on an
ability to measure correctly the location of the effective
discharge stage. Stream indicators include the back of
point bars (Figure 6.35), significant breaks in slope,
changes in vegetation, the highest scour line, or the top
of the bank (Leopold, 1994). Stain lines on rocks and
boulders are sometimes used in steep-sloping mountain
streams. Also, the presence or absence of old trees along

the banks in wooded riparian zones can be useful indica-
tors. Finding several of these indicators will increase the
likelihood that the correct stage has been identified. How-
ever, the person or people identifying the effective dis-
charge stage should only use the indicators that they best
understand.

Bed, bank, bench, and floodplain materials are good
indicators of the bankfull stage.

1. In many streams, the coarsest bed materials will
be found at a rapid, step, or riffle.

2. A bench that is below the bankfull stage will
usually have signs of coarse material similar in
size or slightly finer than the bed material in
riffles.
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3. An active floodplain will usually exhibit sands,
some soil structure, and vegetation. There also
might be signs of small, shallow, active chan-
nels that flood and drain due to high-flow
events. Care should be taken in evaluating
active floodplains. A large event a few months
prior to a survey might have caused flow and
deposition on a terrace that is higher than the
active floodplain associated with the effective
discharge.

4. If there is good soil structure and high organic
matter content, you are probably above the
bankfull stage.

Harman et al. (1999) noted that “the most consistent
bankfull indicators for streams in the rural Piedmont of
North Carolina are the highest scour line and the back of
the point bar. It is rarely the top of the bank or the lowest
scour or bench.” Based on our experience, use caution in
the use of scour lines as an indicator of the effective
discharge stage. The scour line at the top of cut banks on
outer bends will usually be above the effective discharge
stage, while the bottom of the scour line will be below
the effective discharge stage. In straight reaches, there is
sometimes a scour line below the top of the bank even
when the effective discharge stage is the top of the bank.
It is important to recall that the effective discharge is
effective in shaping the main channel.

6.10.5 THE ELusivE NATURE OF BANKFULL
(ErrecTive DISCHARGE) DIMENSIONS

Learning how to make survey measurements correctly
normally takes a few classes and the use of this knowledge
under supervision on several occasions. The basics of
surveying the landscape and a stream are similar, but not
identical. Therefore, proficient land surveyors will still
require some training to be effective in a stream environ-
ment. Understanding the surveying techniques is the easy
part as there is a lifetime of learning associated with
identifying the correct features to measure and then mea-
suring them in a consistent manner. It is our experience
that it takes several visits to streams even to begin to
understand fully what needs to be measured. Correctly
making and recording all the necessary measurements will
require repeated opportunities to do this type of work
across the seasons and annually. Seeing a stream system
at different times of the year is particularly helpful in
understanding its geomorphology.

Unfortunately, even very experienced geomorphologists
will often disagree about the features they are observing or
the set of circumstances that might have produced these
features. The golden rules we recommend are as follows:
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Be prepared and organized.

Understand which features are to be explored.

Scout as long a length of stream as possible.

Look at the whole stream system (channel,

floodplain, valley walls).

5. Look at similar stream systems in the watershed
and the watershed landscape.

6. Try to use all the evidence available.

7. Do not have preconceived ideas of what should
be there or jump to rapid conclusions as to what
you will find.

8. Do not restrict measurement taking to the site

of interest.

el S

Example 6.4 illustrates the difficulty in measuring
effective discharge dimensions. It is based on real mea-
surements made on a watershed in Ohio. However, some
of the data have been modified and simplified for illustra-
tive purposes. Also, conditions from several different loca-
tions were blended to illustrate better what could happen.

ExAMPLE 6.4

Three graduate students have taken several courses on
hydrology, stream geomorphology, and watershed hydrol-
ogy. They have also conducted stream surveys on several
occasions under the supervision of an experienced stream
engineer, who is a professor with good knowledge of
geomorphology. As part of a research study, they are
requested to develop a regional curve for a watershed
group. The professor is sick and is unable to join them.
However, he requests that they measure all grade breaks
and try to measure one cross section at each location. A
detailed survey that includes measurements of the profile
and bed material will be made at a few of the sites on
another occasion. The width and depth measurements the
students made are presented in Table 6.9. At the first four
sites, the students identified a small, well-defined bench
near the bottom of the headwater “streams,” which were
channelized agricultural ditches. A second, poorly defined
grade break occurred about a foot above the benches. The
top of the ditches was usually at least 6 ft above the bed.
At the next four sites, only one bench or grade break
feature was observed. At the final four sites, there was a
well-attached floodplain that showed signs of recent sand
deposits in places. However, 1 to 1.6 ft below the top of
the channel banks, there were sand and gravel bars, point
bars, or small benches in places. The width and depth
dimensions each student decided to use are reported in
Table 6.9 together with the professor’s interpretation after
talking to each student. Who is correct?

Solution

Student 1 came to the professor and said, “I got some fan-
tastic results. Look, all my 7> values are at least 0.98 — I
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TABLE 6.9
Dimension Data for Example 6.4
Student 1 Student 2 Student 3 Professor
Width (ft) Depth (fty Width (fty Depth (fty) Width (fty Depth (fty Width (fty  Depth (ft)
4 1 6.5 2 6.5 2 4 1
7 1.7 7.5 2.7 7.5 2.7 7 1.7
10 2 11 3 11 3 10 2
12 24 14 34 14 34 12 2.4
16 3.5 16 3.5 16 3.5 16 3.5
23 4 23 4 23 4 23 4
32 5 32 5 32 5 32 5
40 5.5 40 5.5 40 5.5 40 5.5
65 7.7 65 7.7 55 6.7 55 6.7
68 8.1 68 8.1 60 7.1 60 7.1
85 9.5 85 9.5 80 8.2 80 8.2
95 10.0 95 10.0 90 8.4 90 8.4
Student 2
1000 Student 1 ) 1000
Area Width ~ Depth Area Width — Depth
_ 088 ., _ 052 o _ 0.37 y=15.0x078 y = 6.8x047 y = 2.2x026
_ y=78x y=5.5¢ y=1.4x R2-098 R2-098 R2=0098
% 1007R =099 R2=099 R2=0.98 £ 100
S g
(%2} B
C (%2}
Q C
£ g
O 10 - a 104
| )
1 1
0.1 1 10 100 1000 0.1 1 10 100 1000
Drainage Area (mi.sq.) Drainage Area (mi.sq.)
A B
1000 Student 3 1000 Professor
Area Width Depth Area Width Depth
y = 15.8x06%y = 6.9x045 y = 2.3x0-23 y =8.0x084 y = 56x0%0 y = 1.4x034
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FIGURE 6.36 Regional curves for Example 6.4.

have almost perfect correlation” (Figure 6.36A). The pro-
fessor asked the student how the survey was performed
and how he decided which measurements to use. The
student’s response was that the low bench at the first four
sites was clearly the dominant feature, and sand on the

dominant floodplain at the last four sites indicated that the
top of the channel was the effective discharge elevation. The
professor commented that this seemed reasonable, but that
just a few weeks earlier there had been a 20-year flood in
the region.
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Student 2 came to the professor and said, “I got some
fantastic results. Look, all my r? values are at least 0.98
— I have almost perfect correlation” (Figure 6.36B). The
professor asked the student how the survey was performed
and how he decided which measurements to use. The
student’s response was that the low bench at the first four
sites was clearly too low, but sand on the dominant flood-
plain at the last four sites indicated that the top of the
channel was the effective discharge elevation. The profes-
sor commented that this seemed reasonable, but that just
a few weeks earlier there had been a 20-year flood in the

(1954). The procedure is suitable for use in streams that
can safely be waded and is most efficiently performed
with one person recording measurements in a field book
and a second person wading the stream and measuring the
bed material sizes.

Pebble counts can be made using grid, transect, zig-
zag, or a random step—toe procedures. The best character-
ization is obtained if separate counts are made for riffles,
pools, and runs or glides. These counts can then be
weighted by the percentage of the reach length represented

region. He also asked if they had observed any point bars
at the first few sites. The student said “No, it had been

The most common method for characterizing the bed
material of a stream is to conduct a Wolman pebble count

by each geomorphologic feature.

raining, so we only walked a short distance from the road.” 1. Select a representative reach and measure a
minimum of 100 particles in each feature. Use
Student 3 came to the professor and said, “I got some a field book or tally sheet to record the counts.
fantastic results. Look, all my r'2 values are at least 0.98 2. Start at a randomly selected point at a bankfull
— I have almost perfect correlation” (Figure 6.36C). The .
professor asked the student how the survey was performed elevation on one bank. We recommend that }fou
and how she decided which measurements to use. The start at the uPstream end of the .reach. Averting
student’s response was that the low bench at the first four your gaze, pick up the first particle touched by
sites was clearly too low, and that she thought sand on the tip of your index finger at the toe of the
the floodplain at the last four sites was due to the flooding wader.
a few weeks earlier. The professor asked if she had 3. Measure the length of the intermediate axis of
observed any point bars at the first few sites. The student the particle by approximating the shape of each
said, “The third site was only slightly channelized, the partic]e as a length (longest axis)’ width (inter-
rain had stopped, and there was a point bar at an elevation mediate axis), and thickness (shortest axis).
about 1 foot below the higher grade break. However, we Embedded materials and very large particles
decided not to take a measurement because we were not . .
. should be measured in place by recording the
sure if a bend was a good place, and one of the students
had accidentally walked through some thistles — they Smaller.of the two exposed axes..
sting!” 4. Determine the pebble count size class (see
Table 6.10) for the measured length and record
The professor then decided to create his own plot a count for that class (not the actual length that
(Figure 6.36D). He showed it to the students and asked was measured).
them if they thought it was more defendable than their 5. Take one step across the channel toward the
curves. He also asked if any of them had tried to calculate opposite bank. For a grid or transect survey,
the discharge at each site and determine if the recurrence move perpendicular to the flow. For a random
interval of the discharge associated with their dimensions or zigzag survey, move diagonally downstream.
was reasonable, remained constant, increased with drain- The size of the step will depend on the size of
age area, or decreased with drainage arca. the stream and whether riffles and pools are
recorded separately. In very small streams and
Answer ditches, each step might only be about one shoe
You be the judge! All the 72 values are extremely high; lel.lgth long (1 ), while in very wide rivers, you
you might normally expect values of 0.85 to 0.95. In some might make a measurement every one or two
locations, the recurrence interval might increase or Steps' (3 to 6 f0). .
decrease slightly with drainage area. However, for Ohio 6. Continue the traverse until you reach a bankfull
conditions, it will usually be less than a few years. Perhaps elevation on the opposite bank. Make sure you
they need to wait until they do a few detailed surveys. include bar and bank materials (up to the bank-
Consider the error if they applied these curves to a 3- or full elevation) in your count. Continue until you
300-mi? watershed. Also, look at the problems at the end have at least 100 counts for each feature. If very
of this chapter. fine materials are encountered, record them as
a silt or clay count (a measurement is not
required).
6.10.6 BED MATERIAL CHARACTERIZATION 7. After the field counts are completed, the data

are plotted by size class and frequency as illus-
trated in Example 6.5.
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TABLE 6.10

Pebble Count Data for Example 6.4

Material Size Range (mm) Count  Percentage Finer
Silt/clay 0 0.062 1 0.7
Very fine sand 0.062 0.13 1 1.4
Fine sand 0.13 0.25 1 2.1
Medium sand 0.25 0.5 1 2.8
Coarse sand 0.5 1 2 42
Very coarse sand 1 2 5 7.6
Very fine gravel 2 4 8 13.2
Fine gravel 4 6 9 19.4
Fine gravel 6 8 12 27.8
Medium gravel 8 11 17 39.6
Medium gravel 11 16 25 56.9
Coarse gravel 16 22 18 69.4
Coarse gravel 22 32 15 79.9
Very coarse gravel 32 45 10 86.8
Very coarse gravel 45 64 6 91.0
Small cobble 64 90 5 94.4
Medium cobble 90 128 3 96.5
Large cobble 128 180 2 97.9
Very large cobble 180 256 1 98.6
Small boulder 256 362 1 99.3
Small boulder 362 512 1 100.0
Medium boulder 512 1024
Large boulder 1024 2048
Very large boulder 2048 4096
Bedrock

Total Count 144

ExAMPLE 6.5

A pebble count for a small alluvial stream in the Midwest
region of the U.S. is presented in Table 6.10. The zigzag
method was used, and counts were made in riffles and
pools in the same proportion as they occurred in the study
reach. Plot these data and determine the d;s, ds,, and dg,
particle sizes for this bed material.

Solution

The total number of counts was 144. The percentage finer
for each particle size was determined by dividing the
accumulated counts for all materials up to that size, divid-
ing that number by the total count of 144, and then mul-
tiplying by 100. For example, approximately 7.6% (100 x
11/144) of the particles are finer than 2 mm (very coarse
sand). These values are presented in Table 6.10.

The percentage finer data are plotted in Figure 6.37. From
the figure, the d;s, ds, and dg, particle sizes are determined
as about 10, 15, and 40 mm, respectively.

Answer

The d;s, ds, and dg, particle sizes are 10, 15, and 40 mm,
respectively.

EXAMPLE 6.6

The stream in Example 6.5 has a flow depth of 2 ft for
the effective discharge and a bed slope of 0.5%. Calculate
the tractive force and the mean particle size at incipient
motion. Do you think the stream is stable? Justify your
answer.

Solution

The percentage finer data are plotted in Figure 6.36. From
the figure, the dss, ds,, and dg, particle sizes are determined
as about 14, 19, and 40 mm, respectively.

The tractive force in kilogram/square meter can be calcu-
lated from Equation 6.14 and Equation 6.15:

T =1000ds

where d is the flow depth in meters, and s is the bed slope
as a fraction. Therefore,

T= (1000)(%)(1%) =3 kg/m’
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FIGURE 6.37 Bed material distribution for Example 6.5.

Then, from Equation 6.15, the average size bed material
that can be moved is 3 cm or 30 mm. From Figure 6.19,
we see the upper and lower ranges of the mean particle sizes
that might be moved by the tractive are 23 and 40 mm.

Answer

The potential material size that can be moved is larger
than the ds, of the bed material (20 mm) that currently
occurs in the stream. Therefore, there exists the potential
for further scour and a coarsening of the bed. However,
from Figure 6.19, the lower value of the mean particle
size that might be moved is 23 mm, which is similar to
the measured value of 20 mm; therefore, we cannot say
with any confidence that scour and coarsening will occur.
Another way to consider this issue is to compare the
calculated size of 30 mm with the measured d;5 size of
14 mm and the dy, size of 40 mm.

PROBLEMS

6.1. Use the drainage network laws to determine the
bifurcation ratio, stream length ratio, and drain-
age area ratios for the watershed data in
Table 6.11.

6.2. The sinuosity of a stream in 1960, 1980, and
2000 was 1.0, 1.4, and 1.6, respectively.
Describe how the stream probably changed with
time and the channel pattern in each of the 3
years.

6.3. A stream with a bed slope of 0.005 has a bankfull
discharge (flow rate) of 1000 ft¥/sec. If the
stream is not straight, is it more likely to be
braided or meandering?

6.4. A stream has a bed slope of 0.6%. Determine the
tractive force and mean bed material diameter that

TABLE 6.11
Stream Data for Problem 6.1
Stream Number of  Average Stream  Average Drainage
Order n Streams N, Length L, (ft) Area A, (acres)
1 64 300 7
2 20 800 23
3 6 2000 72
4 1 4000 230

6.5.

6.6.

6.7.

can be moved at incipient motion for a flow
depth of 2 ft.

A watershed in your state has a drainage area of
10 mi%. At the watershed outlet, estimate the
bankfull (effective) discharge, cross-sectional
area, mean bankfull depth, and mean bankfull
width of the main stream that drains the water-
shed (use a regional curve).

Pebble count data for a mountain stream in
Washington State are presented in Table 6.12.
The zigzag method was used, and separate counts
were made in riffles and pools. Riffles occupied
60% of the reach, and pools occupied 40% of
the reach length. Plot these data and determine
the dss, ds,, and dg, particle sizes for the pools,
riffles, and the whole reach.

A gravel bed stream has a mean bankfull depth
of 2 ft, a maximum bankfull depth of 3 ft, and
a bankfull width of 48 ft. The slope of the flood-
prone area (on each side of the bank of the main
channel) above the bankfull depth is 10:1 (hor-
izontal:vertical). The channel bed slope is 0.6%,
and the valley slope is 1.2%. Calculate the width
of the flood-prone area, the entrenchment ratio,
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TABLE 6.12
Pebble Count Data for Problem 6.6
Material Size Range (mm) Riffle Count  Pool Count
Silt/clay 0 0.062 5
Very fine sand 0.062 0.13 1
Fine sand 0.13 0.25 3
Medium sand 0.25 0.5 1 6
Coarse sand 0.5 1 2 10
Very coarse sand 1 2 4 12
Very fine gravel 2 4 5 15
Fine gravel 4 6 6 20
Fine gravel 6 8 7 16
Medium gravel 8 11 8 14
Medium gravel 11 16 10 10
Coarse gravel 16 22 12 8
Coarse gravel 22 32 15 6
Very coarse gravel 32 45 16 5
Very coarse gravel 45 64 17 3
Small cobble 64 90 10 2
Medium cobble 90 128 8 1
Large cobble 128 180 6 1
Very large cobble 180 256 4
Small boulder 256 362 3
Small boulder 362 512 2
Medium boulder 512 1024 2
Large boulder 1024 2048 1
Very large boulder 2048 4096
Bedrock
Total count 139 138
and the channel sinuosity. What Rosgen stream discharge (use a regional curve), (c) mean flow
type is this? velocity when there is bankfull discharge, (d)
6.8. A watershed in Pennsylvania has a drainage area entrenchment ratio, and (e) the channel sinuos-

of 100 mi?. The stream has a mean bankfull
depth of 4 ft, a maximum bankfull depth of 4.5
ft, a bankfull width of 80 ft, and a flood-prone
area width of 200 ft. The channel slope is 0.8%,
and the valley slope in the direction of flow is
1.2%. Draw the cross-sectional geometry of the
stream. At the watershed outlet, estimate the (a)
bankfull cross-sectional area, (b) the bankfull

ity. Pools and riffles are located approximately
every 500 ft. Classify this stream using (a) the
Montgomery and Buffington system and (b) the
Rosgen system. What would the dominant bed
material be if it was a Type 3 stream? What
streamway setback would be recommended for
a reach at the outlet of the watershed?



7 Uniform Open Channel Flow

7.1 INTRODUCTION

Flow in a stream or constructed channel is a function of
many factors, including precipitation, overland flow, inter-
flow, groundwater flow, and pumped inflows and outflows;
the cross-sectional geometry and bed slope of the channel,
the bed and side slope roughness; meandering, obstruc-
tions, and changes in shape; hydraulic control structures
and impoundments; and sediment transport and channel
stability. Generally, flow in streams, ditches, channels, and
large rivers is classified as open channel flow because the
surface of the flow is open to the atmosphere. Open chan-
nel flow can occur in many ways. For example, it can be
turbulent in steep, rocky areas or following severe storm
events. Also, during severe storm events, there might be
rapid changes in the depth and amount of flow. On other
occasions, it can be tranquil, and it will be difficult to
detect that the water is flowing.

Flow may be classified into many types, and a differ-
ent mathematical equation is needed to describe each type.
Discussion in this chapter begins with steady uniform flow.
Flow in an open channel is steady if the depth of flow
does not change or is considered constant during the time
interval under consideration. The flow is uniform if the
depth of flow is similar along a reach of the channel. In
a natural channel, these conditions might only occur along
reaches that are a few channel widths long or might never
occur in some mountain streams. As we move from one
feature, such as a riffle, to another feature, such as a pool,
we need to redefine the cross section and perhaps switch
calculation methods as the flow type changes. Therefore,
after discussing steady uniform flow, we look at some
other flow conditions.

7.2 FLOW VELOCITY AND DISCHARGE
7.2.1 CONTINUITY AND MANNING’S EQUATION

The discharge of a channel or river is given by the equation
of continuity:

qg=va (7.1)
where ¢ is the discharge (cubic feet/second or cubic

meters/second), a is the cross-sectional area of the stream
(square feet or square meters) obtained by simplifying the

geometry and calculating the area or by drawing cross
sections to scale and measuring the area (see Chapter 14),
and v is the average velocity of flowing water (feet/second

or meters/second).
For uniform flow, in a channel the average velocity v

can be estimated by Manning’s equation:

1.5
v=—=
n

R?3512 (7.2)

where v is the velocity of flow (feet/second or meters/sec-
ond), n is Manning’s roughness coefficient of the channel,
S is the channel bed slope (feet/feet or meters/meters), and
R is the hydraulic radius of the channel (feet or meters),
which is calculated as

R= (7.3)

a
P
where P (feet or meters) is the wetted perimeter of the

channel cross section (see Figure 7.1A).
Manning’s equation was developed by an Irish engi-

neer, Robert Manning, between 1791 and 1795. If SI or
metric units are used, the value of 1.5 in the equation is

replaced by 1.0.
The bed slope of a natural stream or river can be found

by dividing the change in elevation along the reach by the
length of the reach. We used this approach in Chapter 5,
but care must be taken now as we just want to make the
measurement along a short length of channel to make a

velocity and discharge estimation.
If the flow is deep relative to the bed material size,

Manning’s n can be estimated by (Newbury and Gaboury,
1993)

n=0.04d,,"° (7.4)
where ds,is the bed material size in meters. Care must be
taken when using Equation 7.4 to estimate the bed rough-
ness. If the depth of flow is very large compared to the
ds, the roughness might be less than estimated. However,
if the depth of flow is similar or less than the ds,, the
roughness will probably be greater than estimated.

207
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FIGURE 7.1 (A) Cross section. (B) Profile of a channel.

ExampLE 7.1

The mean bed material size is 30 mm. Describe this chan-
nel by its bed material and estimate Manning’s n.

Solution

From Table 6.11 in Chapter 6, we see that 30-mm diam-
eter bed material is a coarse gravel, so we would call this
a gravel bed stream.

We can use Equation 7.4 to estimate Manning’s n. First,

we need to change the mean bed material size from mil-
limeters to meters. So, 30 mm is 0.03 m, and

n=0.04d,,"

and

n=0.04(0.03)"°
This gives an n value of 0.022.
Answer

This is a gravel bed stream with a Manning’s n of 0.022.

Manning’s n can also be estimated from tabular infor-
mation for different bed and side slope materials
(Table 7.1). Manning’s equation is only applicable when
there is uniform subcritical flow. Critical and supercritical
flow that might occur at riffle sections, cascades, and steps
and over hydraulic control structures are discussed in
Chapter 8.

Equation 7.1 and Equation 7.2 are often used to deter-
mine the depth of flow d, the discharge ¢, and the average
flow velocity v in a river. A common method for deter-
mining discharge in a channel is to measure the flow depth
and then calculate the discharge using equations that best
describe the type of flow that occurred. This is sometimes
the simplest scenario to evaluate because the depth of flow
and channel geometry are known. Estimations of this
nature might be required to determine if bed and side slope
scour occurred or to determine the discharge associated
with an observed storm event.

ExAMPLE 7.2

Determine the flow velocity and discharge in a clean,
winding stream with some pools and weeds when the
mean flow depth is 3 ft. The bed slope is 0.004, the mean
width of the flow is 50 ft, and the banks can be approxi-
mated as vertical.

Solution

Draw a diagram of the channel cross section. Then, from
Table 7.1, it is determined that Manning’s n might vary
between 0.033 and 0.050 for a clean, winding, gravel bed
stream on a plain that has some pools and weeds. In
Example 7.1, a gravel bed stream had a Manning’s n of

0.022 if the mean diameter was 30 mm. Very coarse grav-
els can be 64 mm in diameter, and this would give a
Manning’s n of 0.025. So, the two approaches do not give
identical estimates of Manning’s n. Basing the roughness
estimate on bed material size does not consider the influ-
ence of meandering and weeds. Let us use the minimum
estimate of 0.033 from Table 7.1.



Chapter 7. Uniform Open Channel Flow 209

TABLE 7.1
Manning’s n Roughness Coefficient

Type of Channel and Description Minimum Normal Maximum

Constructed channels

Smooth steel surface 0.011 0.013 0.017
Corrugated steel surface 0.021 0.025 0.03
Concrete
Trowel finish or float finish 0.011 0.014 0.016
Finished, with gravel on bottom 0.015 0.017 0.02
Gunite, good section 0.016 0.019 0.023
Gunite, wavy section 0.017 0.022 0.025
On excavated rock 0.017 0.022 0.03
Concrete bottom float finished with sides of
Dressed stone in mortar 0.015 0.017 0.02
Random stone in mortar 0.017 0.02 0.024
Cement rubble masonry, plastered 0.016 0.02 0.024
Cement rubble, dry rubble or riprap 0.02 0.027 0.035
Gravel bottom with sides of
Formed concrete 0.017 0.02 0.025
Random stone in mortar 0.02 0.023 0.026
Dry rubble or riprap 0.023 0.033 0.036
Asphalt 0.013 0.014 0.016
Earth, straight and uniform
Clean 0.016 0.02 0.025
With short grass, few weeds 0.022 0.027 0.033
Earth, winding and sluggish
No vegetation 0.023 0.025 0.03
Dense weeds or plants in deep channels 0.03 0.035 0.04
Earth bottom and rubble sides 0.027 0.03 0.035
Cobble bottom and clean sides 0.03 0.04 0.05
Rock cuts
Smooth and uniform 0.025 0.035 0.04
Jagged and irregular 0.035 0.04 0.05
Channels not maintained, weeds and brush
Dense weeds 0.05 0.07 0.12
Same, highest stage of flow 0.045 0.07 0.11
Dense brush, high stage 0.07 0.1 0.14
Streams

Streams on plain

Clean, straight, full stage, no rifts or deep pools 0.025 0.03 0.033
Clean, winding, some pools, shoals, weeds, and stones 0.033 0.045 0.05
Same as above, lower stages and more stones 0.045 0.05 0.06
Sluggish reaches, weedy, deep pools 0.05 0.07 0.07
Very weedy reaches, deep pools, or floodways with 0.075 0.1 0.15

heavy stand of timber and underbrush
Mountain streams, no vegetation in channel, banks steep,
trees and brush along banks submerged at high stages

Bottom: gravels, cobbles, and few boulders 0.03 0.04 0.05

Bottom: cobbles with large boulders 0.04 0.05 0.07
Pasture, no brush

Short grass 0.025 0.03 0.035

High grass 0.03 0.035 0.05
Cultivated areas

No crop 0.02 0.03 0.04

Mature row crops 0.025 0.035 0.045

Mature field crops 0.03 0.04 0.05
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TABLE 7.1
Manning’s n Roughness Coefficient (continued)
Type of Channel and Description Minimum Normal Maximum
Brush
Scattered brush, heavy weeds 0.035 0.05 0.07
Light brush and trees 0.035 0.06 0.07
Medium-to-dense brush, in winter 0.045 0.07 0.11
Medium-to-dense brush, in summer 0.07 0.1 0.16
Trees
Dense willows, summer, straight 0.11 0.15 0.2
Cleared land with tree stumps, no sprouts 0.03 0.04 0.05
Same as above, but with heavy growth of sprouts 0.05 0.06 0.07
Heavy stand of timber, a few down trees, little 0.07 0.1 0.12
undergrowth, flood stage below branches
Same as above, but with flood stage reaching branches 0.1 0.12 0.16
Major streams (top width at flood stage more than 100 ft)
Regular section with no boulders or brush 0.025 0.06
Irregular and rough sections 0.035 0.1

Source: From Chow, V.T., Open-Channel Hydraulics, McGraw-Hill, New York, 1959. With permission.

The hydraulic radius is the cross-sectional area divided
by the wetted perimeter. We can approximate the flow as
3 ft deep and 50 ft wide. So, the cross-sectional area,
wetted perimeter, and hydraulic radius are a = (3 ft)(50
ft)y = 150 ft2; P = (50 + 3 + 3) = 56 ft; and R = a/P
(Equation 7.3) = 150/56 = 2.68 ft.

For uniform flow in a stream, the average velocity v can
be estimated by Manning’s equation (Equation 7.2):

1.5
y=—""
n

RY3§12

therefore,

v=—L2(2.685(0.004)" = 5.5 fi/sec
0.033

Then, from Equation 7.1, the discharge in the stream is

g=va
SO
q=(5.5ft/s)(150 ft*)
and
q = 825 ft¥/sec
Answer

The flow velocity is 5.5 ft/sec, and the discharge is 825
ft3/sec.

A more difficult, but common scenario, is to have a
known estimate of the discharge (perhaps using predictive
methods described in Chapter 5) and be interested in eval-
uating the velocity and flow depth in an existing channel
or river. An example of this scenario would be making an
evaluation of an upstream land use modification. Typi-
cally, an estimate would be made of the peak discharge
associated with the land use modification, and then an
analysis would be made to see if existing channels are
able to convey the estimated peak discharge.

Two approaches could be used to evaluate this sce-
nario. Equation 7.1 and Equation 7.2 could be combined
as follows to eliminate the flow velocity:

q= LS rengie (7.5)
n

The hydraulic radius and the cross-sectional area can then
be written in terms of the depth of flow d, which is now
the only unknown. Unfortunately, Equation 7.5 is not eas-
ily solved as it contains complicated functions of depth.
A practical approach commonly adopted is to use trial
and error that requires a guess of the flow depth. Equation
7.5 is then solved to determine the discharge at the guessed
depth. The discharge based on the guessed depth is then
compared with the known discharge. If the discharge
based on the guessed depth is too high, a shallower depth
is tried, and the exercise is repeated. If the discharge is
too low, then a deeper depth is tried. With practice, a
solution that is within 10% of the correct answer can be
obtained in three or four tries. Trying to obtain a more
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accurate estimate has little practical meaning because of
uncertainties in determining the known discharge and
Manning’s n. Start by guessing a simple depth number
such as 1 ft, 2 ft, 3 ft, and so on.

ExampLE 7.3

Determine the flow depth and flow velocity for the stream
in Example 7.2 if the 10-year, 24-h discharge has been
estimated, using the graphical peak discharge method, as
2000 ft¥/sec. The stream is incised, and the floodplain will
only be flooded when the flow depth exceeds a mean depth
of 6 ft.

Solution

From Example 7.2, we know the depth will be greater
than 3 ft. Let us try the maximum main channel depth of
6 ft. So, the cross-sectional area, wetted perimeter, and
hydraulic radius are a = (6 ft)(50 ft) = 300 ft>; P = (50 +
6 + 6) = 62 ft; and R = a/P = 300/62 = 4.84 ft.

Using Equation 7.5 with n = 0.033,

15 2/3 q1/2
=—aR™""S
1 n

therefore,

g = o (00484 (0.004) " = 2468 ftsec

This is higher than the target discharge of 2000 ft*/sec, so
let us guess a new depth of 5 ft. Now, the cross-sectional
area, wetted perimeter, and hydraulic radius are a = (5
ft)(50 ft) = 250 ft>; P = (50 + 5 + 5) = 60 ft; and R = a/P
= 250/60 = 4.17 ft.

=13 050y @17%0.004) " =1862 fe/sec

170,033

This is only 128 ft3/sec or 5.8% less than the target dis-
charge of 2000 ft¥/sec and is close enough. The velocity
associated with this discharge is

v=tD(4177(0.004)" = 7.4 fusee
0.033

Answer

The depth of flow is about 5.0 ft, and the approximate
mean velocity is 7.4 ft/sec.
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The most difficult scenario to evaluate is when there
is a known discharge and a need to determine channel
geometry capable of conveying this flow. This type of
evaluation is commonly made by agricultural and civil
engineers designing a ditch or channel. However, there
are also many situations when a scientist might conduct
a conceptual analysis for use in a cost-benefit analysis.
The scenario is evaluated by first selecting a channel
geometry based on technical and practical considerations.
Once channel geometry has been selected, the approach
is similar to the scenario discussed. However, at the end
of the analysis, it might be determined that the geometry
is greatly over- or undersize; in that case, it will be nec-
essary to try a new geometry. Reference should be made
to a hydraulic engineering text such as that by Haan et al.
(1994).

7.2.2 APPROXIMATION AND ESTIMATION ERRORS

In Example 7.3, we approximated the channel cross sec-
tion as a rectangle. This approach was used when we
considered the Rosgen classification method. In that case,
if we divided the cross-sectional area by the bankfull
width, we obtained the mean bankfull depth. This certainly
makes the calculations a bit easier, but does it create a
large error in the answer? Let us look at this issue in
Example 7.4.

ExamprLE 7.4

Determine the discharge in the trapezoidal channel that is
shown in Figure 7.2. The bed slope is 0.006, and Man-
ning’s n is 0.04. What is the percentage difference in your
answer between basing your calculation on the actual
geometry vs. approximating the geometry as a rectangle
with the width equal to the top width of the flow?

Solution
The top width w is

w =25 ft+ (3)(3 ft) + 3)(3 ft) =43 ft

43 ft
‘ 7Y Iy '[
1 1
3 ft
3 \ 4 A 3
25 ft

FIGURE 7.2 Cross section of channel for Example 7.4.
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For a trapezoid, the cross-sectional area is the mean width
times the depth, or

a = (0.5)(3 ft)(25 ft + 43 ft) = 102 ft?

The length of the wetted banks L, can be calculated from
the geometry as follows:

L= [G1+O ] =95t

Therefore, the wetted perimeter P is
P=Q25ft+95ft+9.5ft) =44 ft

So, the hydraulic radius R = a/P (Equation 7.3) = 102/44
=232 ft.

For uniform flow in a stream, the discharge can be esti-
mated by Equation 7.5:

g= 1.5an"'R35"?

therefore,

g =1.5(102 ft*)(0.04)™(2.32 ft)**(0.006)* = 519 cfs

If we approximate the cross section as a rectangle with a
width equal to the top width of 43 ft, the mean depth d
will be

24 102 59k
w 43

The wetted perimeter for the approximated rectangular
shape will be

P = (43 ft + 2.37 ft + 2.37 ft) = 47.74 ft

So, the hydraulic radius R = a/P (Equation 7.3) =
102/47.74 = 2.14 ft. Therefore,

g =1.5(102 ft?)(0.04)™(2.14 £t)*”*(0.006)"* = 492.0 cfs

The percentage error E is
E=100 (519-492) =529
519

Answer

The discharge is 519 ft*/sec, and the error in approximat-
ing it as a rectangle is 5.2%.
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We saw in Example 7.4 that approximating the chan-
nel as a rectangle produced a small error. Usually, this
error will be less than 10% and does not need to be
considered. For a natural channel, the cross-sectional area
from one place to the next will often vary by more than
a few percent, and the selection of where to make cross-
sectional measurements is a matter of judgment. There
will then be some error in our measurements. Also, we
will not be able to obtain an exact measurement of the
bed slope. However, perhaps more importantly, our esti-
mate of Manning’s # is rather approximate. In Table 7.1,
we first had to find a description that matched our stream,
and we then were provided a range of values to use.
Without a lot of experience, it is easy to make a 50% error
in estimating Manning’s n.

A useful visual aid for estimating Manning’s n was
prepared by Barnes (1967). It contains Manning’s n values
and color photographs and descriptive data for 50 stream
channels. Many of these streams are large, but it is still a
useful guide. Unfortunately, the book is out of print, but
at the time we wrote this book, a Web-based guide was
available at http://manningsn.sdsu.edu. This guide was
developed by Victor Ponce, Ampar Shetty, and Sezar
Ercan of San Diego State University, California.

7.2.3 THE DARCY—WEISBACH EQUATION

A more theoretically based equation than Manning’s equa-
tion was developed by Darcy and Weisbach for determin-
ing head losses in pipes. When adapted for open channel
flow, it can be written as

=00 (7.6)

where f is the friction factor.

For straight, uniform gravel bed channels, the friction
factor can be estimated from the following form of the
Colebrook—White equation:

R
12 =2 03log] -~ 7.7
f Og(3.5 dss 7

where x can be approximated by

R
x= 11.1[} (7.8)
y

where y is the perpendicular distance from the bed surface
to the point of maximum velocity. This will be equivalent
to the maximum flow depth if the width-to-depth ratio
exceeds 2. All dimensions in these equations are in meters,
square meters, or meters/second.
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FIGURE 7.3 Pebble count for a riffle in Blacklick Creek.

ExampLE 7.5

A survey has been conducted on a reach of Blacklick
Creek. The bankfull (effective discharge) width is 36 ft,
the mean bankfull depth is 2.7 ft, and the mean bed slope
is 0.4%. The stream is clean and winding and has some
pools and riffles. The pebble count results are shown in
Figure 7.3. To evaluate stream stability concerns, the
effective discharge needs to be determined. Use Man-
ning’s equation to calculate the effective discharge. Com-
pare your results to a solution based on the Darcy—Weis-
bach method. Are your results the same? If not, which
result would you use? Justify your answer.

Solution

We can approximate the channel as a rectangle with a
width of 36 ft and a depth of 2.7 ft.

Determine Manning’s  and then solve Manning’s equation:

1.5
y=—"-
n

3
R2/ S1/2

From Table 7.1, a stream on a plain that is clean and
winding and has some pools, shoals, weeds, and stones
has a Manning’s n that ranges from 0.033 to 0.05. If the
concern is scour, use the lowest value. If the concern is
flooding, use the highest value. Let us use 0.033. The
reach bed slope is 0.004, and R is

R=2_BOCT _,sq
P~ 36+54
Therefore,
v=—12 5 3520,0041 = 5.08 ft/s
0.033

10 100 1000
- Cumulative Percent

and
g=va=(5.08)(97.2) =494 cfs

Answer 1

The effective discharge is about 500 ft*/sec based on Man-
ning’s equation.

From the earlier solution, R = 2.35 ft or 0.71 m, and y =
2.7 ft or 0.82 m. The dg, is 100 mm or 0.1 m. The cross
section was approximated as a rectangle, so the mean and

maximum depths are the same.

Therefore,

-0.314
x=11.1|:%:| =11.6

and

= 2.03log((1;:652§?'1;1)) =2.78

and f = 0.13. Therefore, the velocity v (meters/second) is

8(9.8)(0.71(0.004
o S800TI0008)
0.13

So, v =1.31 m/sec or 4.30 ft/sec. Therefore, the effective
discharge is 97.2 ft?> x 4.30 ft/sec or 418 ft*/sec.

Answer 2

The effective discharge is about 400 ft*/sec based on the
Darcy—Weisbach approach.

Why are the results different? What result would you use?
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Answer 3

Both results are similar. They depend a lot on the rough-
ness factor. For Manning’s n, this required some “expert
knowledge” in selecting a tabulated value. This problem
was avoided with the Darcy—Weisbach approach, but the
challenge we had was determining if the bed material size
had a major influence on the channel roughness. Also, the
Darcy—Weisbach approach does not consider other fac-
tors, such as meanders and vegetation influence. A Man-
ning’s n of about 0.04 would have given a similar dis-
charge as that determined by the Darcy—Weisbach
approach. The flow depth is large compared to the mean
bed material size, so the Darcy—Weisbach approach has
probably overestimated the roughness for this discharge
condition.

7.3 COMPOUND CHANNELS

When there is flooding, the flow might overtop the banks
of the main river channel and flow along the adjacent
floodplain. In parts of the U.S., earth and concrete levees
have been constructed to contain the flow within the main
channel and prevent flooding. However, as was evidenced
in the 1993 flooding in the heartland of America
(Nebraska, Iowa, Minnesota, Wisconsin, Kansas, and Illi-
nois), there will eventually be an event of sufficient mag-
nitude to overtop or breach any levee.

To estimate flow in a complex cross section that con-
sists of a main channel and floodplain, it is possible to use
Manning’s equation provided there is uniform flow. In this
case, the cross section can be divided into several subsec-
tions or flow compartments (see Figure 7.4). Typically,
each subsection will exhibit different roughness coeffi-
cients and mean velocities. The total flow rate will be the
sum of flow rates in all the subsections (see Chapter 14,
Exercise 14.7).

Applying resistance (roughness) equations, such as
Manning’s equation, to compound straight, two-stage
channels presents a challenge, particularly with low over-
bank flow. The problem is twofold. The first problem
occurs as the stage initially rises above bankfull; there is
a dramatic increase in wetted perimeter, little change in
cross-sectional area, and a decrease in hydraulic radius,
which results in a discontinuity in velocities estimated by
Manning’s equation. The second problem is accounting
for the interaction between the slower overbank flow with
the faster main channel flow.

Posey (1967) evaluated a number of commonly used
resistance equation methods. He concluded that dividing
the main section and two overbank sections by vertical
lines worked well when overbank flow was shallow, but
when overbank flow was at least half as deep as the bank-
full channel depth, then dividing into subsections was not
necessary. The dummy/virtual boundaries “ci” and “km”
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FIGURE 7.4 Compound channel cross section showing possi-
ble locations of dummy channel and floodplain sides.

(or “jc” and “If’; or “cf”; or “kc” and “kf”) are used to
define the geometry of the flow sections, but are not
always assigned a roughness or used in the calculation of
the hydraulic radius. The dummy lines kc and kf are
perpendicular to the lines of equal velocity (isovels) and
probably give the best results, but produce odd channel
sections and more complicated mathematics. A simple
approach is to insert a dummy bed cf. The discharge in
the main channel up to the top of the bank and the dis-
charge in the second stage above the top of the bank of
the main channel are then calculated separately and added.
Flow velocity is estimated using Manning’s equation, and
different roughness factors can be assigned to the main
channel and the floodplain. In Example 7.6, we look at
the discharge estimation differences associated with two
different strategies for constructing a dummy bank or bed.

ExAMPLE 7.6

The trapezoidal channel that is shown in Figure 7.2 is
connected to a 100-ft wide floodplain on either side of
the channel. Assume that the valley walls at the edge of
the floodplain are vertical. On one side of the channel, the
floodplain has dense vegetation and willows that have a
Manning’s roughness n of 0.20. On the other bank, there
is a pasture with a Manning’s n of 0.05. Calculate the
discharge when the floodplain is flooded by 1 ft of water.
Compare assuming a dummy bed at the elevation of the
top of the main channel with constructing dummy 1-ft
vertical banks for the main channel and treating the cross
section as three separate flow regimes (the left floodplain,
a main channel, and the right floodplain). The bed slope
is 0.006, and Manning’s n for the channel is 0.04.

Solution
First, draw a diagram of the channel and floodplain system.

Approach 1: The discharge g, up to the top of the first
bank was calculated in Example 7.4 as 519 ft¥/sec. So, all
we need to do is calculate the discharge in the second
stage of the system. Let us assume that the dummy bed
cf is real and should be included in the calculation of the
geometry; it has the same roughness as the channel bed.
Therefore, the cross-sectional area is
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a = (100 ft + 100 ft + 43 ft)(1 ft) = 243 ft?
The wetted perimeter P is
P = (100 ft + 100 ft + 43 ft + 1 ft + 1 ft) = 245 ft

So, the hydraulic radius R = a/P (Equation 7.3) = 243/245
=0.99 ft.

The length-weighted roughness is

n = ((1 ft)(0.05) + (100 ft)(0.05) + (43 ft)(0.04)
+ (100 ££)(0.20) + (1 ft)(0.20))/245ft = 0.110

For uniform flow in a stream, the discharge in the second
stage can be estimated by Equation 7.5:

q= 1 5an71R2/351/2
therefore,

q,, =1.5(243 ft*)(0.110)™'(0.99 f)**(0.006)"* =255.0 cfs

The total discharge ¢, will be
Guor = Gen + G, = 519.3 ft¥/sec + 255.0 ft*/sec = 774.3 ft*/sec

Approach 2: Each floodplain compartment is 100 ft
wide and 1 ft deep, so each will have an area, wetted
perimeter, and hydraulic radius of 100 ft?, 102 ft, and
0.98 ft, respectively.

The area of the main channel will be the area of 102 ft?
we calculated in Example 7.4 plus an additional area of
43 ft x 1 ft or 43 ft2. Therefore, the total cross-sectional
area for the main channel is 145 ft>. The wetted perimeter
of the main channel will be the perimeter of 44 ft, from
Example 7.4, plus an additional 1 ft for each of the vertical
dummy walls. Therefore, the hydraulic radius of the main
channel is

Ry, = 145 f12/46 ft = 3.15 ft

If we assume each 1-ft dummy wall has the same rough-
ness as the floodplain bed and banks, the length-weighted
roughness is

n = ((1 ft)(0.05) + (44 t)(0.04)
+ (1 ft)(0.20))/46 ft = 0.0.044

Therefore, the discharge in each flow compartment is

Gy = 1.5(100 £t)(0.05)7'(0.98 ft)*°(0.006)"* =229.3 cfs
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for a pasture floodplain;

4. = 1.5(100 £t*)(0.20)™'(0.98 £t)**(0.006)"* = 57.3 cfs

for a wooded floodplain; and

q., = 1.5(145 £t*)(0.044)™'(3.15 £)*”*(0.006)"* = 822.8 cfs
for the main channel.
So, the total discharge is

G = 229.3 + 57.3 + 822.8 = 1109.4 ft¥/sec

The percentage difference in the two answers E is

1109.4 —774.3)

E =100 ( =30.2%
1109.4

if the second approach is assumed to be more valid.
Answer

The discharge is 774.3 ft¥/sec or 1109.4 ft*/sec, depending
on which method is used.

There are many other ways we might have developed
a discharge solution for Example 7.6. For example, a
school of thought recommends that the dummy boundaries
not be used in determining the wetted perimeter or rough-
ness. Unfortunately, if we use a simple flow equation like
Manning’s equation, each will give an approximate
answer. The second approach appears better than the first
approach because it is more conservative. For this exam-
ple, the total width of the floodplain was about 4.6 times
(200 ft divided by 43 ft) the main channel width. The
wider and larger the flow contribution in the floodplain is,
the smaller the error will be in the first approach. Also,
for this example, we had a very rough floodplain. Again,
the more discharge there is in the floodplain, the smaller
the difference in the two approaches.

The reason all the approaches are approximate is illus-
trated by Figure 7.5. In using a resistance equation like

Water Surface

has e

Floodplain /v

Channel Bed

Circulating
Lateral Flow

FIGURE 7.5 Example of a circulating lateral flow pattern due
to over-bank discharge.
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Manning’s equation, we have assumed that all of the flow
is in or out of the page and has a mean velocity v that can
be estimated by the resistance equation. However, when
we get overbank flow, there is a considerable amount of
lateral flow (across the page). This flow will circulate
when it hits the banks of the floodplain, and some of the
flow might even flow back upstream. Therefore, we will
have both vertical and horizontal currents, eddies, and
turbulence. This suggests that the second approach we
used will overestimate the contribution of the main chan-
nel to the discharge. Also, both approaches will overesti-
mate the contribution of the floodplain. We might think
of the turbulence, eddies, and lateral and circulation flow
as requiring an increase in the resistance factor such as
Manning’s n.

7.4 CHANNEL MODIFICATIONS

Flood reduction can be achieved by (1) constructing flood-
water detention structures, (2) modifying the stream chan-
nel carrying capacity, or (3) using a combination of (1)
and (2). For example, a detention structure might be
designed to prevent flood discharges from exceeding the
carrying capacity of a downstream channel. However, if
this channel could be modified to carry a higher flow, the
cost of the detention structure might be less. Of course,
in the combination system, if channel modifications are
not maintained, then flood damages will not be prevented.
Details on detention structures are presented in Chapter 9.
Channel modification might be accomplished by
removing obstructions and decreasing the roughness coef-
ficient n or resistance to water flow velocity or increasing
the bedslope S by reducing meanders through channel
straightening. If stream channel meanders are cut off and
the channel is straightened and cleaned, the roughness will
be decreased, and the slope increased. If prior to channel
straightening the fall in 1000 ft of a stream reach was 25.0
ft and this same fall occurred in 500 ft of a straightened
channel, the bedslope would increase from 0.025 to 0.05.
Based on Manning’s equation, this would have the effect
of increasing the velocity by a factor of 1.44 (the ratio of
the square roots of 0.025 and 0.05). There is some danger
in channel straightening in areas of highly erodible soil.
When velocity or slope increase, there is more stream
power (Bagnold, 1966). For any given portion of a stream
cross section, this may be written as
S, ="dS (7.9)

where §, is the stream power per unit measure of bed,
here kilograms per meter of width per second; 7y is the unit
weight of water (includes temperature and sediment) in
kilograms/cubic meter; v is the velocity of water in
meters/second; d is the depth in meters; and S is the
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bedslope (dimensionless fraction). See Chapter 12 for fur-
ther discussion on this topic.

ExampLE 7.7
A stream has a slope of 0.03, a depth of 1 m, and a velocity
of 2 m/sec; the water is laden with sediment and weighs

1100 kg/m?. What is the unit stream power per unit width
of channel?

Solution

We can use the provided information and Equation 7.9 to
determine S, as

S, = 1100 kg/m* (2 m/sec)(1 m)(0.03) = 66 kg/m/sec
(Note that this is significant stream power, certainly
enough to move sediment particles of more than 10-cm
diameter.)

Answer

The unit stream power is 66 kg/m/sec.

It is often difficult to quantify the influence of making
channel modifications if Manning’s n is obtained from
Table 7.1. However, Chow (1959) presented information
based on the work of Cowan (1956) that can be used for
this purpose (Table 7.2). The description of the procedure
that follows was obtained from Chow (1959). The value
of Manning’s n is

n=(n,+n +n, +n,+n)m (7.10)
where n, is the value of n for a straight, uniform, smooth
channel in natural materials; n, is a value added to n, to
correct for the effect of surface irregularities; n, is a value
for variations in shape and size of the channel cross sec-
tion; n, is a value for obstructions; n, is a value for veg-
etation and flow conditions; and m; is a correction factor
for meandering of the channel.

The values given in Table 7.2 were developed from a
study of small and moderate channels. Therefore, the
method is questionable when applied to large channels
with hydraulic radii that exceed, say, 15 ft. The method
applies only to unlined natural streams, floodways, and
drainage channels with a minimum » value of 0.02.

In determining n,, the degree of irregularity is consid-
ered smooth for surfaces comparable to the best attainable
for the materials involved; minor for good dredged chan-
nels, slightly eroded or scoured side slopes of canals or
drainage channels; moderate for fair to poorly dredged
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TABLE 7.2

Values for the Computation of the Roughness Coefficient

by Equation 7.12

Channel Conditions Values
Material involved Earth n, 0.020
Rock cut 0.025
Fine gravel 0.024
Coarse gravel 0.027
Degree of irregularity Smooth n, 0.000
Minor 0.005
Moderate 0.010
Severe 0.020
Variations of channel cross section  Gradual n, 0.000
Alternating occasionally 0.005
Alternating frequently 0.010-0.015
Relative effect of obstructions Negligible n, 0.000
Minor 0.010-0.015
Appreciable 0.020-0.030
Severe 0.040-0.060
Vegetation Low n, 0.005-0.010
Medium 0.010-0.025
High 0.025-0.050
Very high 0.050-0.100
Degree of meandering Minor ms 1.000
Appreciable 1.150
Severe 1.300

Source: From Chow, V.T., Open-Channel Hydraulics, McGraw-Hill, New York, Table 5-5,
p. 109, and description, pp. 106-108, 1959. With permission.

channels, moderately sloughed or eroded side slopes of
canals or drainage channels; and severe for badly sloughed
banks of natural streams, badly eroded or sloughed sides
of canals or drainage channels, and unshaped, jagged, and
irregular surfaces of channels excavated in rock.

In selecting the value of n,, the character of variations
in size and shape of the cross section is considered gradual
when the change in size or shape occurs gradually; alter-
nating occasionally when large and small sections alter-
nate occasionally or when shape changes cause occasional
shifting of main flow from side to side; and alternating
frequently when large and small sections alternate fre-
quently or when shape changes cause frequent shifting of
flow from side to side.

The selection of the value n, is based on the presence
and characteristics of obstructions, such as debris deposits,
stumps, exposed roots, boulders, and fallen and lodged
logs. In judging the relative effect of obstructions, consider
the extent that the obstructions occupy or reduce the aver-
age stream cross section; the character of obstructions
(sharp-edge or angular objects induce greater turbulence
than curved, smooth-surface objects); and the position and
spacing of obstructions transversely and longitudinally in

the reach under consideration. In selecting the value of n,,
the degree of effect of vegetation is considered:

1. Low for conditions comparable to the following:
(a) dense growths of flexible turf grasses or weeds
(Bermuda and blue grasses are examples) for
which the average depth of flow is two to three
times the vegetation height; and (b) supple
seedling tree switches, such as cottonwood, wil-
low, or salt cedar, for which the average depth
of flow is three to four times the vegetation
height.

2. Medium for conditions such as (a) turf grasses
for which the average depth of flow is one to
two times the height of vegetation; (b) stemmy
grasses, weeds, or tree seedlings with moderate
cover for which the average depth of flow is
two to three times the height of vegetation; and
(c) brushy growths, moderately dense (similar
to willows 1 to 2 years old), dormant season,
along side slopes of a channel with no signifi-
cant vegetation along the channel bottom for
which the hydraulic radius is greater than 2 ft.
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3. High for conditions comparable to the follow-
ing: (a) turf grasses for which the average depth
of flow is about equal to the height of vegeta-
tion; (b) dormant season willow or cottonwood
trees 7 to 10 years old intergrown with some
weeds and brush and with none of the vegeta-
tion in foliage and for which the hydraulic
radius is greater than 2 ft; and (c) growing sea-
son, busy willows about 1 year old intergrown
with some weeds in full foliage along side
slopes, with no significant vegetation along the
channel bottom and for which the hydraulic
radius is greater than 2 ft.

4. Very high for conditions comparable to the fol-
lowing: (a) turf grasses for which the average
depth of flow is less than one half the height of
vegetation; (b) growing season, busy willows
about 1 year old intergrown with weeds in full
foliage along side slopes or dense growth of
cattails along the channel bottom with any value
of hydraulic radius up to 10 or 15 ft; and (c)
growing season trees intergrown with weeds
and brush, all in full foliage, with any value of
hydraulic radius up to 10 or 15 ft.

In selecting the value of ms, the degree of meandering
depends on the sinuosity of the channel. Meandering is
considered minor for a sinuosity of 1.0 to 1.2, appreciable
for sinuosities of 1.2 to 1.5, and severe for sinuosities of
1.5 and greater.

ExAampLE 7.8

It is planned to straighten and “improve” a channel that
has been poorly maintained. Determine the change in
Manning’s n and flow velocity if the channel is formed
in earth; has moderately eroded side slopes; has gradual
changes in side slopes; has appreciable lodged logs and
deposits of debris; has cottonwood trees intergrown with
weeds and brush (high to very high vegetation); and has
appreciable meandering. Following the channel improve-
ments, it is anticipated that the channel will have the side
slopes repaired; the debris will be removed, and lodged
logs will be cleared; all weeds and brush will be removed;
and there will be minor meandering.

Solution

From Table 7.2 and the descriptions presented in the text,
it is determined that prior to straightening and improving
the channel, n, = 0.02; n, = 0.01; n, = 0.00; n; = 0.02 to
0.03; n, = 0.025 to 0.050; and ms = 1.15. Use the average
n, value of 0.025 and the upper end of the range for n, of
0.05 because the vegetation is described as high to very
high; then,
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n=(0.02 +0.01 + 0.0 + 0.025 + 0.05)1.15 = 0.12

Following the straightening and improvements, r, = 0.02;
n, = 0.005; n, = 0.00; ny; = 0.01 to 0.015; n, = 0.01 to
0.025; and ms = 1.0. Let us assume that n; = 0.01 and n,
= 0.025; then,

n=(0.02 + 0.005 + 0.0 + 0.01 + 0.025)1.0 = 0.06
Answer

Straightening and improving the channel will reduce
Manning’s n from 0.12 to 0.06. This will result in doubling
of the flow velocity. However, it is noted that a range of
ns and n, values could have been used, and the answer is
approximate. It is debatable as to whether the channel has
been improved because often “improvement” is equated
with increasing the conveyance capacity (discharge abil-
ity) of the channel and might lead to channel instability,
reduced ecological function, incision, and widening.

7.4.1 GRASSED WATERWAYS

Often, knowledge of the type of channel materials and
vegetation in small channels will be used in conjunction
with information on flow velocity to determine if scour
will occur. The Soil Conservation Service (1984) deter-
mined maximum permissible velocities for vegetated
channels (Table 7.3). If the maximum permissible veloc-
ity is exceeded, the channel will scour.

A problem with evaluating vegetated channels is that
the hydraulic behavior of the vegetation will change as
the flow velocity increases. For example, as grass becomes
submerged, the roughness will initially increase, but when
20 to 40% submerged, it will start to decrease because the
grass will begin to bend over and flatten. At high flows,
fully submerged grass may have a resistance to flow
(roughness) that is only 10% of the unsubmerged value.
Grasses have been divided into four retardance classes
based on their resistance to bending; reference should be
made to design texts for further details (Schwab et al.,
1993).

7.5 TWO-STAGE CHANNEL DESIGN

Constructed channels can be found throughout the world.
They might simply be small ditches commonly seen run-
ning along the sides of roads in the U.S., bigger ditches
that typically run between fields in places where a natural
stream might have existed, or very large channels, such
as the one shown in Figure 7.6, which transfers water
from the Yellow River for irrigation and water supply use.
Often, these ditches are deep and have a trapezoidal shape.
If the Rosgen classification systems were used on these
ditches, they would typically be an unstable F or G stream
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TABLE 7.3

Permissible Velocities for Vegetated Channels

Permissible Velocity for Erosion-Resistant Soils (ft/sec):

Channel Bed Slope (%)

Cover 0-5
Bermuda grass 82
Blue grama, buffalo grass, 72

Kentucky bluegrass, smooth
broom, tall fescue

Annual crops for temporary 3.5°

protection: alfalfa, crabgrass,
kudzu, Lespedeza sericea,
weeping lovegrass
Grass mixture 5b

NR = not recommended.

5-10 Over 10
72 62
62 52
NR NR
4b NR

2 For moderately resistant soils, reduce reported velocities by 1 ft/sec. For easily eroded soils,

reduce velocities by 2 ft/sec.

b For easily eroded soil, reduce velocities by 1 ft/sec.

Source: Soil Conservation Service, Engineering Field Manual (including Ohio Supplement),
U.S. Department of Agriculture, Washington, DC, 1984.

FIGURE 7.6 Sedimentation in a constructed channel in China.

type. Stability, therefore, depends on vegetation on the
banks, the resistance to scour and stability of the bed, and
bank materials, riprap or concrete, or frequent clean outs
and maintenance. Notice the amount of sediment in the
channel shown in Figure 7.6. The Yellow River has some
of the highest sediment loads in the world, and small
irrigation channels that receive water from the Yellow
River often require the removal of 3 to 6 ft of sediment
following each irrigation event (Figure 7.7).

In the U.S., highly modified channels drain extensive
portions of productive agricultural land, particularly in the
Midwest region (often referred to as the Cornbelt). In
many of these areas, most natural channels have been
deepened and straightened to facilitate the flow of water
from agricultural subsurface drainage outlets and to max-
imize conveyance. Work done periodically to maintain the
drainage function typically includes removal of woody
vegetation and deposited sediment. Ancillary work
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FIGURE 7.7 Cleaning out sediment in an irrigation channel in China.

includes stabilizing bank slope failures and toe scour.
Ditch form is a result not only of construction and main-
tenance, but also, to varying degrees, of fluvial (flowing
water) processes.

Natural stream systems in these settings usually
include not only a main channel, but also a floodplain.
The floodplains of high-quality streams (except those with
steep gradients) are characterized by frequent, extensive
overbank flow. As discussed in Chapter 6, channels, sized
by stable fluvial processes, convey the effective (bankfull)
discharge, and larger flows widen out onto the floodplain.
In equilibrium, a stream system depends on both the abil-
ity of the floodplain to dissipate the high energy of flows
and concentration of the energy of low flow, effectively
creating a balance in sediment transport, storage, and sup-
ply. In flat, poorly drained areas in the Midwest, where
subsurface drainage is widely used, the effective discharge
in ditches and modified channels occurs frequently and
primarily consists of subsurface drainage discharges.

To facilitate drainage and reduce the frequency of
overbank flows, ditches are typically constructed such that
flows as large as perhaps 5- to 100-year recurrence inter-
vals are contained within the ditch. Also, not uncommonly,
the width of the bottom of the ditch is constructed wider
than the channel bottom that would be formed by fluvial
processes, thus making the effective discharge channel
relatively wide and shallow. Therefore, the constructed
ditch channel is often oversize for small flows and pro-
vides no floodplain for large flows. In response to this
imbalance, fluvial processes work to create a small main
channel by building a floodplain or bench within the con-
fines of the ditches (see Figure 7.8). If conditions allow,
these benches can reach a stable size, thickly vegetated
with mostly grasses. The small main channel will often
meander slightly within the ditch and is sized by nature

A

FIGURE 7.8 Large agricultural drainage ditch in Minnesota (A)
before cleanout and (B) after cleanout. (Courtesy Gary Sands.)
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FIGURE 7.9 Meandering small main channel that has developed within the confines of an agricultural ditch in Ohio.

Design Discharge
Rl of 5 to 100 years

| High Flows Spread Across the Benches|

W

A

W

Effective Discharge
Rl <2 years

Bench Anchors the
Side Slope

FIGURE 7.10 A two-stage ditch with a small main channel and recommended minimum width low grassed benches.

to carry the effective discharge (Figure 7.9). The bed will
usually have steep (1:1) sides and a bed consisting of
material coarser than that of adjacent reaches where
benches have not formed.

7.5.1 BENEFITS AND CosTs OF A Two-STAGE DiTCH

Benefits of a two-stage ditch over a conventional ditch are
potentially both improved drainage function and ecologi-
cal function. Drainage benefits may include increased
ditch stability and reduced maintenance. Evidence and
theory both suggest ditches prone to filling with accumu-
lated sediment may require less-frequent cleaning out of
sediment if constructed in a two-stage form (Figure 7.10).
Channel stability may be improved by a reduction in the
erosive potential of larger flows as they are shallower and
spread out across the bench. Stability of the ditch bank

may also be improved where the toe of the ditch bank
meets the bench rather than the ditch bottom. Here, the
bank height is effectively reduced, and the shear stress
(erosive force) on the toe of the bank is less. Also, this
bank material will be drier because it is not in contact
with low flow. However, where the main channel mean-
ders to the toe of the ditch bank, this would not be the
case, and bank erosion might even be induced.

The two-stage ditch has the potential to create and
maintain better habitat. The narrow deep main channel
provides better water depth during periods of low flow.
Grass on the benches can provide quality cover and shade.
The substrate in the main channel is improved as the two-
stage form increases not only sediment conveyance, but
also sorting, with fines deposited on the benches and
coarser material forming the bed. Two-stage ditches might
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also be useful in improving water quality, particularly for
nutrient assimilation. Work has been initiated on the ecol-
ogy of these ditches and the role of the channel and
benches in improving water quality and habitat.

The primary costs of two-stage ditches are increased
width and more initial earthwork. Creating a low bench
typically requires a greater top width of the ditch. A two-
stage ditch might be 10 to 20 ft wider at the top than a
trapezoidal ditch, so the loss of potentially farmable land
might be 1 to 2 acres per mile of ditch. The increased
width, however, will usually increase the capacity (amount
of flow it can carry) by 25 to 100% or more. It is probable
that establishment or retention of this feature will have a
similar or greater benefit than a grass filter. However, it
does not negate the benefit of also having a grass filter
along the top bank of the ditch.

7.5.2 SiziInGg A Two-STAGE DitcH

The probable dimensions of the low-flow channel can be
determined empirically based on regional studies similar
to those conducted for natural streams. Similarly, mea-
surements at study sites in Ohio begin to suggest that a
broad ditch with a total bench width exceeding double the
channel width might result in stable benches. However,
the work by Rhoads and Herricks (1996) in Illinois indi-
cated that there might be a threshold width at which the
low-flow channel will induce meander changes in the ditch
itself. Figure 7.10 shows a total bench width that is double
the channel width. The highest total bench width in a ditch
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that Ward has observed is about six times the channel
width. While this begins to approach the floodplain width
associated with stable, low-gradient natural streams, it is
less than the eight or more channel widths that Ward
believes are necessary to provide both sufficient floodplain
width to reduce the energy of out-of-bank discharges
effectively and allow natural meander migration.

7.5.3 OTHER APPLICATIONS

Two-stage channel designs are beginning to see more fre-
quent application in urban areas. Figure 7.11 shows a
large, artificially lined channel in Japan; a fill material was
placed in the channel to create a more natural “effective
discharge” main channel, and a second stage serves as a
floodplain within the confines of the constructed channel.

An interesting two-stage channel design application
is shown in Figure 7.12 for a wash in Las Vegas, NV. A
wash is an intermittent stream found in the semiarid
regions of the southwestern U.S. Figure 7.12A shows a
concrete-lined section of the channel that is little more
than an open sewer (bad smelling and almost void of any
habitat and biological attributes). Figure 7.12B shows a
downstream reach of the same wash. It has a partially
vegetated low bench, a clean-flowing main channel, and
much better habitat. However, mainly for aesthetic
reasons, much of the vegetation on the benches was
removed or mowed.
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FIGURE 7.11 Establishment of a two-stage geometry in an artificially lined channel in the Nuki River, Japan. (A) The modified
channel prior to restoration. (B) Constructed benches (floodplain). (C) New geometry following deposition associated with a large
flood. It can be seen that the restored dimensions were too wide, and natural processes have produced a narrow channel that is
attached to a floodplain that was built due to deposition on the low constructed floodplain. (Courtesy Yuichi Kayaba.)
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FIGURE 7.12 A modified wash in Las Vegas, NV: (A) a concrete-lined reach and (B) a downstream reach with a more natural two-
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stage geometry. (Courtesy John Lyon.)

PROBLEMS

7.1.

7.2.

7.3.

Determine the discharge in a stream if the aver-
age flow velocity is 5 ft/sec, and the cross-sec-
tional area of the flow is 25 ft2.

A grassed waterway with resistant soils has a
bed slope of 6% and is vegetated with buffalo
grass. What is the maximum permissible veloc-
ity of flow in this waterway?

Determine Manning’s roughness coefficient n
for a channel constructed in earth, with minor
irregularities, occasional changes in cross-
sectional geometry, severe obstructions (use an
average value for this condition), trees intergrown

7.4.

7.5.

with weeds and brush during the growing season
(use an average value for this condition), and a
sinuosity of 1.7.

Use Manning’s equation to determine the aver-
age velocity of a stream if the roughness coeffi-
cient n is increased by weed growth from 0.03
to 0.06. Assume S and R do not change, and the
average velocity with a roughness coefficient of
0.03 is 4 ft/sec.

Use Manning’s equation to determine the veloc-
ity of a mountain stream if the slope of a stream
was increased from 0.02 to 0.03 ft/ft, and R and
n did not change. At the 0.03 slope, the velocity
was 3.0 ft/sec.
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7.6.

7.17.

7.8.

7.9.

7.10.

Compute the discharge for a rectangular channel
that is 20 ft wide, the flow depth is 5 ft, the
channel is concrete lined, and the slope of the
channel bed is 0.01 ft/ft.

Determine the flow depth and flow velocity in a
channel when the discharge is 500 ft’/sec. The
bottom width is 12 ft, and the channel has side
slopes of 1:1 (1 ft horizontal to every 1 ft verti-
cal). The channel is cut in smooth uniform rock
(use the normal Manning’s n for this condition).
Use Manning’s equation to determine the flow
velocity (meters/second) and discharge (cubic
meters/second) in a stream on a plain that has
sluggish reaches and weedy, deep pools. The
main stream channel is rectangular and has a
bottom width of 10 m and a bed slope of 0.4%.
The depth of flow is 1 m (use the normal Man-
ning’s n for this condition).

Develop a conceptual design for a trapezoidal
concrete channel that is sized to convey a design
discharge of 40 m3/sec. Evaluate the feasibility
of constructing a channel with a bed slope of
0.005, a bed width of 2 m, and side slopes of
2:1 (horizontal:vertical). Determine the design
flow depth. If the flow depth exceeds 2 m, the
design will not be feasible. Comment on the
feasibility of the design and, if necessary, discuss
ways the channel might be modified to comply
with the maximum flow depth of 2 m.

The average cross-sectional geometry of a chan-
nel is as follows: 1.0 m bed width; 2:1 side
slopes; 2 m maximum depth; 0.5% bed slope;
Kentucky bluegrass; erosion-resistant soils;
minor irregularities; gradual variations in cross
section; negligible obstructions; medium-height
vegetation; and minor meandering. Will the
channel be able to convey the 25-year, 24-h peak
discharge of 12 m?¥/sec? Will channel erosion be
a problem?

7.11.

7.12.
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An engineer, in collaboration with the NRCS
and a watershed conservancy district, has
designed a flood alleviation scheme for a rural
area. It is proposed to dredge the channel of a
constructed ditch to achieve the design objec-
tives to transmit the 1:20-year flood of 600
ft3/sec. As a recently graduated river engi-
neer/scientist, you think that dredging may be
unnecessary, and that the design objectives could
be achieved by mowing vegetation on the sides
of the channel, killing unwanted brush and
weeds, and removing fallen trees from the river.
You are provided the following information
regarding the original channel:
Trapezoidal channel with 2:1 (horizontal to
vertical) sidewalls
40 ft top width
5 ft maximum depth
0.002 bed slope
Current maximum discharge capacity of 300
ft3/sec
Banks tree lined and overgrown shrubs
Gravel bed with fallen logs
Approximately 30 ft3, per linear foot of ditch,
of sediment deposited in the ditch
Calculate the current roughness of the channel.
Estimate the reduction in roughness needed to
meet the objectives. Estimate the increase in con-
veyance capacity associated with only removing
sediment and based on conducting all the proposed
activities. Outline the long-term effects of dredg-
ing and straightening on channel stability. How
can any adverse effects be minimized?
For the ditch in Problem 7.11, develop a new
design that has a narrow, 10-ft wide by 2-ft deep
channel at the bottom of the ditch and then flat
benches that have a total bench width at least
two times the width of the narrow channel.
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8 Hydraulic Control Structures

8.1 INTRODUCTION

In Chapter 7, we considered steady uniform flow in a
channel. It was understood that the flow was often turbu-
lent; that there was considerable variability in the velocity
at different points in a cross section; that some of flow
might even occur in an upstream direction; and that as the
flow moved around a bend, it behaved somewhat like a
roller coaster. Despite all this variability, useful estimates
of the mean velocity and discharge can be obtained using
a resistance equation such as Manning’s equation or the
Darcy—Weisbach equation. However, there are many times
when use of one of these equations is not appropriate. If
we consider the energy of the flow, we will see that the
following three basic types of flow can occur in an open
channel: subcritical, critical, and supercritical. Uniform
flow is only one kind of subcritical flow regime.

8.2 SPECIFIC ENERGY AND CRITICAL
DISCHARGE

If we take the bed of a channel as a datum, the energy of
the flow is

where E is called the specific energy (feet or meters), d is
the depth of flow (feet or meters), v is the mean flow
velocity (feet/second or meters/second), and g is the grav-
itational constant. The term v%/2g is the velocity head, and
d is the head due to the depth of flow. Equation 8.1 can
be related to the discharge using the continuity equation
(Equation 7.1, Chapter 7). Therefore,

s )

 2gd?

+d (8.2)

Solutions to this equation for three different discharges
per unit width are shown in Figure 8.1.

When the specific energy is a minimum, the flow is
called critical flow, and

1=
\&d,

(8.3)

The term v/Ngd. is called the Froude number F and
is equal to 1 when critical flow occurs. For all specific
energy values except when critical flow occurs, there are
two possible depths of flow. For the deeper depth, the flow
will be stable and is called subcritical flow. For the shal-
lower depth, the flow will be unstable and is called super-
critical flow. Flow prefers to be stable, so at the first oppor-
tunity supercritical flow will try to become subcritical.
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-
L
—
-
-
-

—

| Supercritical Flow |

E=—+d (8.1)
2g
20
Subcritical Flow
15 1
E
5]
5 101
<
o
[0]
D -
5 A
7 S
P
0+
0 5

10 15 20

Specific Energy, E (ft or m)

FIGURE 8.1 Relationship between specific energy and flow depth.
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For a nonrectangular channel, the Froude number F
can be related to the hydraulic depth d, as follows:

1%
F=—F—kF 8.4
Ted, (8.4)

where the hydraulic depth is the cross-sectional area
divided by the top width.

Application of specific energy concepts is useful when
considering flow over weirs, spillways, and riffles. It also
has application when there is a change in the width of a
channel. As flow passes over a hydraulic control structure,
it will often change from subcritical flow upstream of the
structure to critical flow at the nappe of the flow across
the structure. Downstream of the nappe, the flow might
initially be supercritical or might revert directly back to
subcritical flow.

ExawmrLE 8.1

A rectangular channel with a width of 10 ft is carrying
50 ft¥/sec. What are the critical depth and the critical flow
velocity?

Solution

To obtain a solution, it will be necessary to use Equation
7.1 and Equation 8.3. Substituting in Equation 7.1 (Chap-
ter 7),

g=va ft¥sec

where the cross-sectional area a is equal to the width of
10 ft times the critical depth d.. Therefore,

50=(s 104

and

5
v =
c d(‘

Substituting into Equation 8.3 gives

and
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Therefore,
d¥ = L =0.88
¢ V32.2
and
d, =092 ft

As v, = 5/d,, the critical velocity is 5/0.92 or 5.44 ft/sec.
Answer

The critical depth is 0.92 ft, and the critical velocity is
5.44 ft/sec.

ExamrLE 8.2

Use the results from Example 8.1 to develop a relationship
between the critical depth and the specific energy.

Solution

From Example 8.1, the critical depth is 0.92 ft, and the
critical velocity is 5.44 ft/sec.

The specific energy is related to the flow depth by Equa-
tion 8.2 as follows:

SO

5.447

E= 2622

+0.92=1.38 ft

So, the critical depth is 0.92 ft or two thirds of the specific
energy, which is 1.38 ft.

Answer

The critical depth is two thirds of the specific energy. This
result is true for all cases.

Knowledge of the critical depth and critical discharge
is helpful in evaluating flow conditions at riffles, cascades,
steps, and weirs. Usually, the discharge at the nappe
(downstream edge) of the object over which the stream
flows will be close to critical flow. It then might become
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FIGURE 8.2 Weir in a stream. (Courtesy of Dawn Farver.)

subcritical or supercritical flow. In Example 8.3, we show
how knowledge of the specific energy can help us in
evaluating flow stability.

ExampLE 8.3

The rectangular channel in Example 8.1 needs to be
realigned. What is the maximum slope, called the critical
slope, that could be used without causing the flow to
become supercritical? Manning’s » for the realigned chan-
nel is 0.03.

Solution

To obtain a solution, we first need to use Equation 7.2
(Chapter 7):

1.5
v=—"
n

RZ/BSI/Z

where v = 5.44 ft/sec from Example 8.1, n = 0.03 (given),
and the hydraulic radius R equals

(10)(092) 9.2

- = =0.78 ft
10+(2)(0.92)  11.84

where 0.92 ft was the critical depth from Example 8.2.

Substituting these values into Manning’s equation gives

5.44 = £0.782’3s"2
0.03
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and

§"* =0.128
Therefore, the critical slope is approximately 0.016 ft/ft.
Answer

The critical slope is approximately 0.016 ft/ft.

8.3 WEIRS, FLUMES, AND CULVERTS

Weirs and flumes are rigid hydraulic structures with cross-
sectional areas that are considerably less than the channel
in which they are installed and with dimensions that are
closely defined and stable. A weir is a control structure
that raises the bed of the channel (Figure 8.2). A flume
narrows the width of the channel (Figure 8.3). If both the
width and bed height are raised, then the control structure
is normally classified as a flume. The constriction in the
stream channel forces the flow to form a pool at the
entrance to the structure. This still water then plunges
freely over the weir or flume outlet.

A culvert is a hydraulic control structure that is nor-
mally constructed so the flow in a channel can pass under
a road. It can act like a weir, flume, pipe, or channel. A
common property of any of these hydraulic control struc-
tures is that they might cause the flow upstream of the
structure to rise above the normal flow depth. This is called
a backwater (see Figure 8.4), and resistance equations,
such as Manning’s equation, cannot be used to evaluate
flow in the region where the backwater occurs or to eval-
uate flow properties of the hydraulic control structure. At
the outlet of the control structure, the flow might be sub-
critical, critical, or supercritical, and reference should be
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FIGURE 8.3 Flume in a stream. (Courtesy Kevin King.)

Normal Flow

|

Channel Bed

FIGURE 8.4 Backwater curve at a weir.

made to an engineering hydraulics text to develop solu-
tions for the region of flow before normal flow is resumed.
Often, the upstream and downstream zones influenced by
a hydraulic control structure are called the headwater and
tailwater, respectively.

The discharge over a weir ¢ (cubic feet/second) can
be estimated using the equation

g=CLH" (8.5)
where C is a weir coefficient, L is the weir length in feet,
and H is the height of the flow above the riser crest in feet
(Figure 8.5). For a broad-crested weir or a pipe, a value
of 3.1 may be used for C. For a pipe, the weir length L
will be the circumference of the pipe riser. For sharp-
crested weirs, C is approximately 3.3 plus 0.4 times the
ratio of the flow depth over the weir to the height of the
weir.

A sharp-crested weir with a 90° V notch outlet, as
shown in Figure 8.6A, has the following discharge and
head relationship:

Backwater

Normal Flow

Hydraulic Jump

Crest Length L

Flow Height, H

Channel Bed
Weir

FIGURE 8.5 Geometry of a weir for use with Equation 8.5.

qg=25H" (8.6)
where ¢q is the discharge rate (cubic feet/second), and H
is the head (depth of water above the point of zero flow)
in feet. Calibration formulas for weirs with broad crests
and different shapes were given by Brater and King (1976)
or Bos et al. (1991).
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FIGURE 8.6 (A) Geometry of a 90° V-notch weir. (B) Parshall flume and broad-crested 120° V-notch weir, Texas. (Courtesy Kevin King.)

ExamrLE 8.4

The depth of flow at the upstream end of a 10-ft wide
broad-crested weir is 1.5 ft. Calculate the discharge over
the weir.

Solution

To obtain a solution, solve Equation 8.5 using the pro-
vided flow depth and a weir coefficient of 3.1:

g= CcLH"
SO
q=3.110) (1.5)"* =57 cfs

Answer

The discharge over the weir is 57 ft*/sec.
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ExawmrLE 8.5
The broad-crested weir in Example 8.4 will be replaced
with a 3-ft high sharp-crested weir. Calculate the depth

of flow over the weir.

Solution

For a sharp-crested weir, the coefficient C in Equation 8.5
is

C=3.3+0.4£
H

w

where H,, is the height of the weir, and H is the depth of
flow over the weir. Let us initially assume that the depth
of flow over the weir is the same as in Example 8.4; then,

C=33+ 0.4E =35
3.0

Substitute the discharge, weir length, and weir coefficient
into Equation 8.5:

g=CLH™"
and
57=(3.5)(10)H>"

Therefore, H*? equals 1.63, and H equals 1.38 ft. If we
recalculate the weir coefficient and then H, we would
obtain a new estimate of about 1.39 ft for H.

Answer

The depth of flow over the sharp-crested weir is 1.39 ft.

Road crossings can have a major impact on stream
processes and stream stability. Historically, they have been
designed to address the following concerns: (1) traffic
requirements, safety of motorists, and the integrity of the
road; (2) protection of structures, facilities, and people
upstream of the road crossing; (3) protection of structures,
facilities, and people downstream of the road crossing; (4)
legal rights and impacts on landowners at the road cross-
ing; (5) cost; (6) fish and wildlife passage; and (7) stream
stability. Only recently have the last two concerns seen
more attention. Rarely are all seven of these concerns
adequately addressed. The first three concerns will tend
to result in an overdesign, efforts to maintain the status
quo, or a compromise between upstream and downstream
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impacts. Addressing Concern 4 often results in design
modifications, increased costs, or inadequate use of the
terrain at the road crossing. Cost concerns can result in
underdesigns or using “standard,” cookbook-type designs.
Concerns 6 and 7 require more innovation to solve, the
incorporation of knowledge of scientists in developing the
design, and, most important, designs that are much more
site specific than has been the standard practice. Stream
stability concerns require knowledge of the effective dis-
charge channel geometry and associated floodplain, the
development and construction of a design that satisfies
these requirements, and knowledge of the hydraulics of
the flow and the impact of structures (such as bridge piers)
that might have an impact on the flow.

Typically, single-barrel pipes or box culverts are
designed for large events, such as the 10-, 25-, 50-, or
100-year flood. Therefore, they are oversized for the effec-
tive discharge. The large common events that transport
sediment spread out and reduce their velocity upstream of
the culvert. Sediment is deposited upstream, and scour
often occurs downstream. In some cases, the flow is con-
stricted because the large events do not spread across a
floodplain, but build up a high head at the inlet of the
culvert. This results in a backwater upstream of the culvert
and deposition upstream; again, scour often occurs down-
stream. Ideally, a culvert with geometry similar to that of
the natural channel is needed for the effective discharge;
then, at the elevation of the effective discharge flow in the
culvert, there should be a second set of culverts with
characteristics similar to those of the floodplain. Certainly,
there will be many cases when space, cost, and ownership
constraints will have an impact on the feasibility of con-
structing an adequate floodplain under a road crossing.
However, as a society, we need to make more effort to
provide a second high-flow stage that is wide and shallow
rather than narrow and deep.

Based on the work of Chow (1959), many texts
describe six types of flow through a culvert when the
culvert acts as a control structure (Figure 8.7). We have
added a seventh, important, type that needs to be consid-
ered to maintain a more natural flow regime. This seventh
type is a specific case of Chow’s Type 4 flow. The seven
flow regimes are

1. Inlet and outlet submerged and the culvert flow-
ing full. This flow regime can be solved using
Equation 8.23 for pipe flow.

2. Inlet submerged, outlet unsubmerged, but the
pipe flowing full. This condition can also be
solved using the pipe flow equation (Equation
8.23).

3. Inlet submerged, the culvert flowing partially
full, and the depth of flow at the outlet less than
the depth of the culvert. This condition can be
solved using Figure 8.8, which is based on
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H
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FIGURE 8.7 Types of culvert flow. (Based on Chow, V.T., Op
page 497.)

work by Mavis. For a circular pipe with a diam-
eter equal to the culvert depth, assume the width
is approximately 0.7 times the depth.

. Inlet and outlet unsubmerged, but the depth of
flow upstream is 1 to 1.5 times the culvert
depth, and the flow is subcritical. Reference
should be made to hydraulic engineering texts
for solutions for flow Types 4 through 6.

. Inlet and outlet unsubmerged, but the depth of
flow upstream is 1 to 1.5 times the culvert
depth, and the flow is subcritical through the
culvert, but supercritical at the outlet.

. Inlet and outlet unsubmerged, but the depth of
flow upstream is 1 to 1.5 times the culvert

en-Channel Hydraulics, McGraw-Hill, New York, 1959, Figure 17-28,

depth, and the flow is supercritical through the
culvert, but subcritical at the outlet.

7. Subcritical normal flow through the culvert for
flows up to and including the effective dis-
charge and little or no backwater upstream of
the culvert. Solution can be obtained using the
resistance equations for normal open channel
flow presented in Chapter 7.

The U.S. Federal Highway Administration has devel-
oped detailed procedures and software for analyzing flows
through culverts (http://www.fhwa.dot.gov/). While it is
not uncommon to design culverts under state and county
roads using these procedures, most state departments of
transportation have prepared detailed design specifications
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FIGURE 8.8 Partially full Type 3 culvert flow. (Based on Chow, V.T.,
Figure 17-30, page 498; and data of the U.S. Bureau of Public Roads.)

and manuals for road and highway drainage designs that
include culverts. Design discharges are usually deter-
mined using one of the runoff methods described in Chap-
ter 5. Culverts are then sized for one of the flow types
described here. The specific procedure and recurrence
interval event used to develop the design will vary depend-
ing on the type of road and the requirements of the orga-
nization that has jurisdiction over the design of the road
and culvert. Federal Highway Administration procedures
are also used in many countries throughout the world,
particularly English-speaking countries such as Australia.

ExampLE 8.6

Size a culvert to convey a 100-year peak discharge of 352
ft’/sec so that a road located 7 ft above the invert of the
culvert inlet is not flooded. Assume Type 3 flow.

Solution

Use Figure 8.8 to obtain a solution. Let us initially
assume the culvert height is 4 ft. This gives a maximum
Hi/d ratio of about 2 (7 ft/4 ft). Entering the x axis with a
culvert height of 4 ft and going up to the H/d = 2 line,
we determine that the discharge/unit width g, is about 44
ft3/sec/ft width, and

p=32 g
44

Therefore, an 8-ft wide by 4-ft deep culvert could convey
the 352-ft¥/sec design discharge. It can be seen that many
other geometries would also convey the design discharge.
The specific geometry might depend on other factors or
the availability of different size prefabricated culverts.

ft)

Open-Channel Hydraulics, McGraw-Hill, New York, 1959,

If we had selected a culvert height of 2.0 ft, the maximum
H/d ratio would be about 4; from Figure 8.8, the dis-
charge/unit width would be about 23 ft¥/sec/ft width, and
the width would be about 15.3 ft.

Answer

An 8-ft wide by 4-ft deep box culvert could convey the
100-year peak discharge of 352 ft¥/sec. An alternative
design would be a 15.3-ft wide by 2-ft deep culvert.

ExamrLE 8.7

The single-barrel culvert that was sized in Example 8.6
will be replaced with a multibarrel or two-stage culvert
design that incorporates a main channel sized to convey
the effective discharge. The effective discharge dimen-
sions of the natural main channel are a maximum depth
of 1.5 ft, 4-ft width at the bed, and 7.5-ft width at the
effective discharge stage. The channel has a Manning’s
roughness factor of 0.03, and a bed slope of 1%. Above
the effective discharge stage, there is a relatively flat flood-
plain that extends at least 10 ft on either side of the main
channel before sloping at a 2:1 (horizontal:vertical) bank
slope up to an elevation similar to that of the road.

Solution

The 7-ft wide by 4-ft deep culvert would constrict high
flows and would have the potential to cause sedimentation
upstream of the culvert and scour downstream of the
culvert. The 15.3-ft wide by 2.0-ft deep box culvert will
result in flows less than the effective discharge spreading
out and depositing sediment. Insufficient information is
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provided to develop a detailed solution. However, if we
assume the grade of the culvert is similar to the bed slope
of the natural channel, a preliminary conceptual sizing
can be estimated. Ideally, the culvert geometry and chan-
nel geometry should be similar. However, for economic
reasons, culverts are usually circular, square, or rectangu-
lar. Let us assume the culvert will consist of three barrels,
one for the main channel and one on either side of the
main channel that will serve as the floodplain for the 100-
year discharge (see Figure 8.9).

By using Manning’s equation, the effective discharge in
the natural main channel is about 30 ft’/sec (check this
by using the provided information to solve Equation 7.2).
Replacing the main channel with a rectangular concrete
culvert that will have similar flow characteristics is diffi-
cult because the geometry and roughness are different.
Let us try a 4-ft wide box culvert. Then, from Manning’s
equation, when the flow depth in the culvert is 1.5 ft, the
discharge will be 40 ft¥/sec if Manning’s n for concrete
is 0.015. This is slightly higher than the effective dis-
charge, so there will be no constriction or spreading out
of the flows.

Let us locate the two floodplain or flood event culverts at
an elevation of 1.5 ft above the invert of the culvert. Let
us try a 2-ft deep culvert and assume that H/d = 3. Then,
from Figure 8.8, the discharge will be about 20 ft¥/sec/ft
width. The total width of culvert at this elevation will be

35240
20

b =15.6 ft

This width is divided between the two flood culverts and
the main channel culvert, which is 4 ft wide. Therefore,
a 6-ft wide by 2-ft deep flood culvert could be placed on
either side of a square 4 ft by 4 ft main culvert. A more
conservative design that provides better alignment of the
top of the culverts would be to use 6-ft wide by 2.5-ft deep
flood culverts (see Figure 8.9). This is only a preliminary
conceptual sizing. Based on the width of the road and the
slope of the culvert, it would first be necessary to establish

FIGURE 8.9 Three barrel box culvert geometry developed as a solution to Example 8.7.

which type of flow occurs. For the solution presented here,
it was simply assumed that Type 3 flow occurred.

Answer

The geometry of a three-barrel box culvert design is
shown in Figure 8.9. The flood culverts are 6 ft wide and
2.5 ft deep and are located on either side of the main
culvert and 1.5 ft above the invert of the main culvert.
The culvert for the main channel is 4 ft wide and 4 ft deep.

8.4 BENDWAY WEIRS, VANES, AND BARBS

In recent years, there has been widespread use of weirs,
barbs, and vanes to protect stream banks, improve the
hydraulics at bridge crossings, and enhance fish habitat.
The bendway weir concept was first developed in 1977
by Thomas Pokrefke, Jr. at the U.S. Army Engineer Water-
ways Experiment Station (WES) to alleviate navigation
and environmental problems in the Mississippi River
(Derrick et al., 1994).

Currently, WES has a bendway weir concept for nav-
igable rivers and an alternative design for streams. In a
navigable river, the bendway weir is a 400- to 1600-ft long
rock sill that is level crested and angled at 20 to 30°
upstream (Figure 8.10). The spacing of the weirs is sim-
ilar to their length, and they are installed in sets of 4 to
14 weirs per bend. The difficulty with designing the weirs
is that they need to be low enough to allow passage of
normal river traffic, but high and long enough to intercept
a large percentage of the flow. Flow across each weir can
be estimated using Equation 8.5.

For streams with unreveted (unprotected) banks, the
WES stream weir is a rock sill that has a crest that slopes
down into the stream and is angled at 5 to 25° upstream.
The weirs are built of a well-graded stone, are typically
2 ft high at the stream end and rising to 4 ft at the bank
end, with lengths varying from one quarter to one half the
baseflow width of the stream. Rosgen has developed a
variety of vane and weir shapes, such as the J hook,
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FIGURE 8.10 A bendway weir, Buckeye Creek, California, designed by John McCullah, Salix Applied Earthcare, and David Derrick,
U.S. Corps of Engineers. (Courtesy and copyright Salix Applied Earthcare.)

W weir, and cross vane (Johnson et al., 2002). The Rosgen
vane and the WES stream weir are both similar in that
they consist of rock sills that slope down into the stream
and point in an upstream direction. However, Rosgen rec-
ommends relating the bank end of the vane to the bankfull
(effective discharge) elevation and sloping the vane at an
angle down toward the bed of 2 to 7° so that the end of
the vane is at an elevation above the bed of 0.1 of the
bankfull elevation at a location about one third of the
bankfull width of the stream from the bank (Figure 8.11).
Based on flume studies, Johnson et al. reccommended that
vanes and W weirs located at bridges to reduce scour
should have a 25 to 30° upstream orientation to the bank.

A third structure similar to the Rosgen vane and the
WES stream weir is a barb (NRCS, 2002). Stream barbs
are low rock sills that slope down from the bank and across
the low-flow thalweg. Unlike the other two structures, the
angle between the barb and the bank is much greater,
ranging from 50 to 70°. The recommended spacing of
barbs is four to five times the barb’s length. A concern we
have is that all three structures are often used to perform
the same function — to deflect the flow away from an
eroding outer bank at a bend. While they have some com-
monalities, they also have different departure angles, ele-
vations relative to the stream bed and bank, and spacings.
There are numerous examples of where each approach
worked or failed. Success seems primarily to be a function
of the expertise of the designer in matching the geometry
of the structure to the hydraulics of the dominant flow and
the geometry of the main channel. Hardening of stream
banks, revetments with natural or artificial materials, or
the use of weirs, barbs, and vanes to control streams
should be considered a “last resort” approach as they are

treatment approaches that are often not self-sustaining and
that fail to address the cause of the problem, usually an
imbalance associated with human activities on the water-
shed, within the floodplain, or within the stream. Typi-
cally, these approaches address a shopping list of objec-
tives, such as reducing bank erosion, establishing grade
control, maintaining stable dimensions for the main chan-
nel, maintaining channel conveyance, maintaining sedi-
ment transport capacity, preventing problems at bridges,
improving fish habitat, or providing fishing and boating
opportunities. In addition, there is often a goal to have the
structure look natural even if this means using a steel cable
and anchor to keep in place the trunk of a tree that has
been hauled to the site and positioned at some angle per-
ceived appropriate.

8.5 ROUTING FLOWS THROUGH
CHANNELS AND RIVERS

The influence of a channel or river on runoff hydrographs
is not very different from that of a reservoir (Figure 8.12).
Water storage in a river or floodplain frequently will atten-
uate and delay flows. For an impoundment, it is illustrated
in Section 8.6 (Figure 8.14) that the peak outflow rate
intersects the receding limb of the inflow hydrograph. This
will not always be the case in a river because storage is a
function of both inflows and outflows for a reach. Local
inflows to the reach might include flow from tributaries,
overland runoff, groundwater flow, and rainfall. In some
cases, such as karst areas, there might be substantial losses
of water due to seepage. At many points along rivers, there
will also be withdrawals to satisfy irrigation, industrial,
and public water supply needs.
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FIGURE 8.11 A. Rosgen J-hook, Colorado. B. Basic design geometry. (Based on concepts developed by Dave Rosgen.)

Procedures for routing flows through impoundments
will generally not provide good estimates of flow attenu-
ation and storage in stream systems because the flow depth
along a reach will vary as the inflow and outflow rates are
different. Two commonly used channel routing procedures
are the kinematic method and the Muskingum method. A
brief discussion of the use of kinematic procedures as they
relate to describing surface runoff was presented in Chap-
ter 5. For more comprehensive discussions, refer to the
work of Bedient and Huber (1988) or Haan et al. (1994).

Both books contain an excellent level of detail for the
practicing engineer.

In the Muskingum method, channel storage is the
following linear function of inflow and outflow rates:

S=KO+KX(I-0) 8.7

where S is the storage in the reach, K and X are constants,
and I and O are the simultaneous inflow and outflow,
respectively.
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FIGURE 8.12 Attenuation of a hydrograph due to floodplain
storage in a stream system.

For flood routing applications, the Muskingum
method is combined with the continuity equation (Equa-
tion 7.1) to give

0,=0,+C,(1,-0,)+C,(1,- 1) (8.8)
where the subscripts 1 and 2 indicate the beginning and
end of the time period ¢. The coefficients C; and C, are
defined as follows:

20t
C=——"— 8.9
' 2K(1-X)+ot 89
and
ot—2KX (8.10)

2T oK(1-X)+or

The coefficient K is called the storage constant and is
approximated as the travel time of flow in the reach if
streamflow records are not available for 7 and O. If X is
zero, then the procedure describes flow routing in an
impoundment. If X is 0.5, the storage is a function of the
average flow rate in the reach. A good account of the
method was presented by Cudworth (1989).

Flood routing in stream systems is best performed
using computer programs such as the Hydraulic Engineer-
ing Center (HEC) suite of models developed by the Army
Corp of Engineers. Both free and commercial versions of
this software and other routing software can be found by
searching the Internet.

Although an example of how to use these equations
is not presented because of their complexity, it is useful
to understand how runoff estimations might be combined
and to understand routing along a watershed that has been
divided into subwatersheds. There is often a need to make
evaluations at several places within a watershed, and the
development of a detailed computer analysis can be time
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Outlet

FIGURE 8.13 Watershed for Example 8.8.

consuming or require data not readily available. An exam-
ple of how a non-computer-generated solution might be
obtained is presented in Example 8.8.

ExamrLE 8.8

The watershed shown in Figure 8.13 has been divided
into four subwatersheds based primarily on land use. Run-
off methods presented in Chapter 5 were used to develop
storm hydrographs for each subwatershed and are shown
in Table 8.1. Determine the peak discharge at the outlet
by assuming there is no attenuation of the hydrographs
due to bank storage. Consider two cases: (1) the travel
time to the outlet is not considered, and (2) the travel time
is considered. For both cases, assume that the outlet is
only a short distance downstream of Location C. The
travel times from A to B and from B to C are each 15 min.

Solution

If just a peak hydrograph method was used and the peak
discharges for each subwatershed were the same as those
reported in Table 8.1 (shown in bold), then the peak dis-
charge for the whole watershed would be

=30+5+15+10=60 ft¥/sec

qpeak

From Table 8.1, it can been seen that the peak discharge
based on knowledge of the hydrograph for each subwa-
tershed but not considering travel time between locations
A, B, and C is 48 ft¥/sec. Therefore, just combining peaks
for each subwatershed is a conservation approach; for this
example, it resulted in at least a 25% overestimation of
the peak discharge.

If travel time between locations A, B, and C is considered,
the hydrographs for Watersheds 1 and 2 will arrive at the
outlet 0.5 h later than is reported in Table 8.1, and the
hydrograph for Watershed 3 would indicate arrival 0.25 h
later. The time-adjusted hydrographs are presented in
Table 8.2. The peak discharge for the whole watershed is
now 46 ft¥/sec.
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TABLE 8.1
Discharge Values for Each Subwatershed in Example 8.8

Subwatershed Attributes and Discharge (ft3/sec)

Time (h) Mixed A1 Forest A2 Urban B3 Agriculture C4 Whole
0 0 0 0 0 0
0.25 2 0.5 5 1 7.5
0.5 5 1 15 3 24
0.75 10 2 30 6 48
1 15 1 22 10 48
1.25 10 2 15 7 34
1.5 6 3 7 5 21
1.75 4 3.5 4 4 15.5
2 2 4.5 1 3 10.5
2.25 1 5 0 2 8.0
2.5 0.5 4.5 1.5 6.5
2.75 0 3 1 4.0
3 2 0.5 2.5
3.25 1.5 0.1 1.6
35 1 0 1.0
3.75 0.6 0.6
4 0.3 0.3

Note: Bold indicates peak discharges.

TABLE 8.2
Discharge Values for Each Subwatershed after They Have Been “Routed”
to the Watershed Outlet (Figure 8.13)

Subwatershed Attributes and Discharge (ft3/sec)

Time (h) Mixed 1 Forest 2 Urban Agriculture 4 Whole
0 0 0 0 0 0
0.25 0 0 0 1 1
0.5 0 0 5 3 8
0.75 2 0.5 15 6 23.5
1 5 1 30 10 46
1.25 10 2 22 7 41
1.5 15 1 15 5 36
1.75 10 2 7 4 23
2 6 3 4 3 16
2.25 4 3.5 1 2 10.5
2.5 2 4.5 0 1.5 8
2.75 1 5 0 1 7
3 0.5 4.5 0.5 55
3.25 0 3 0.1 3.1
3.5 0 2 0 2
3.75 0 1.5 0 1.5
4 0 1 0 1
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Answer

If only peak discharge data were available, the peak dis-
charge at the outlet would be estimated as 60 ft/sec. If
the hydrographs were combined without considering
travel time to the outlet, the peak discharge would be 48
ft¥/sec. If travel time was considered, the peak discharge
would be 46 ft¥/sec.

Depending on the travel times, subwatershed areas,
and the location of different land uses, the “routed” hydro-
graphs might result in the peak discharge at the outlet
increasing or decreasing. Consideration of bank storage
(not done in the example) would result in further modifica-
tions to the combined hydrograph at the watershed outlet.

8.6 ROUTING FLOW THROUGH
RESERVOIRS

Flood routing through reservoirs and stream channels is a
practical means for evaluating the effect of storage on
hydrograph shapes. In the flood-routing procedure for res-
ervoirs, the factors to be considered are (1) inflow
hydrograph, (2) relationship between reservoir spillway
water depth and detention storage volume, (3) relationship
between spillway water depth and outflow discharge rate,
and (4) outflow hydrograph. These factors pertain to a
reservoir in which detention storage modifies the inflow
hydrograph to produce an outflow hydrograph having a
lower peak discharge, but essentially the same flood vol-
ume (see Figure 8.14).

Features of reservoirs involved in flood routing are as
follows (see Figure 8.15):

1. The principal spillway is designed to carry all
the frequent discharges.
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FIGURE 8.14 Inflow and outflow hydrographs for a reservoir
with a passive spillway system.

2. The flood spillway is usually an open channel
and is designed to operate for a short time,
during which flood flows exceed the capacity
of the other spillways. It is a safety factor and
is designed to prevent overtopping or breaching
of the embankment.

Freeboard, another safety factor, is always pro-
vided to prevent waves or any other water from
overtopping the dam.

The “permanent” pool of water that is formed up to the
crest of the principal spillway is usually sized based on
sediment inflows during the life of the impoundments, rec-
reational needs, and water supply requirements. Water will
be lost from this pool due to evaporation, seepage, pumped
withdrawals, and storage lost due to sediment inflows.

The outflow from most reservoirs is a passive gravity
flow system controlled by a principal spillway. This out-
flow rate is proportional to the height of water above the
spillway inlet. At the beginning of a flood event, there may
be little or no flow over the spillway. In fact, evapotrans-
piration or pumped withdrawals might have caused the
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FIGURE 8.15 Attributes of a multipurpose reservoir.
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water elevation to be lower than the spillway invert. As
inflow continues, the water elevation and outflow rate
increase and continue until the inflow and outflow rates
are equal. When this occurs, the highest water elevation
(stage) in the impoundment and the peak outflow occur.
The peak outflow occurs after the peak inflow, and by
continuity, the peak outflow rate intersects the receding

limb of the inflow hydrograph.
The change in reservoir water storage can be deter-

mined from the continuity equation as follows:

_ I, ;11)51‘— (0, +0')5t

&S

(8.11)

where 8S is the change in water storage, ot is the change
in time between time ¢, and t,; I, and I, are the inflow
rates at times #, and #,, respectively; and O, and O, are the
outflow rates at times ¢, and t,, respectively. Equation 8.11

is best solved using a computer program or a spreadsheet.
The NRCS has related inflow and outflow rates, runoff

volume, and storage volume as follows:

2 3
S0 {q”) 18 (q”} ~08 [q"] (8.12)
V qpi qpi qpi

where V is the runoff volume (area under the inflow
hydrograph), S is the flood storage volume in the impound-
ment, g, is the peak inflow, and ¢, is the peak outflow.
This relationship should only be used for watershed areas
of less than 250 acres. The relationship between the stor-
age volume ratio and the flow rate ratio is plotted in
Figure 8.16.

1.0
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0.8 B = SCS Routing Method
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2 |
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FIGURE 8.16 Determination of temporary flood storage in a
IEServoir.
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ExamrLE 8.9
Estimate the temporary storage volume necessary to pro-
vide a peak outflow rate of 100 ft¥/sec if the peak inflow

rate is 250 ft3/sec and the inflow volume is 80 acre-ft.

Solution

Substituting in Equation 8.12 the values of V, g, and g,,,,:

2 3
512 (10), (10 s (10)
80 250 250 250

therefore,
§=80 (1-0.84+0.288—-0.051) =35 acre-ft

Answer

Approximately 35 acre-ft of temporary flood storage will
be required to provide a peak discharge of 100 ft¥/sec for
the specified inflow hydrograph.

A.D. Ward et al. (1979) developed a simple procedure
that gives a conservative estimate of the required reduction
in peak runoff rate and the storage volume:

S 1- Go (8.13)
1% 49,

This relationship has also been plotted on Figure 8.16

(Curve A). For a given ratio between the peak inflow and

outflow rates, the required temporary storage will nor-

mally be between the values determined by the two methods.

ExampLE 8.10

Determine the temporary storage volume needed for the
same problem as in Example 8.9 if the double-triangle
procedure of A.D. Ward et al. (1979) is used.

Solution

Substitute into Equation 8.13 the peak outflow g,,, of 100

ft*/sec, the peak inflow g,; of 250 ft*/sec, and the inflow
volume of 80 acre-ft. Then,

therefore,
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FIGURE 8.17 Example topographic map for a pond site.

S =0.6x80=48 acre-ft
Answer

The temporary storage volume is 48 acre-ft. This could
have been estimated using Figure 8.16. It can be seen that
the answer is conservative and requires a storage volume
that is 13 acre-ft more than the NRCS method (see Exam-
ple 8.9).

8.6.1 DETERMINATION OF STAGE—STORAGE
RELATIONSHIPS

Once a potential impoundment site has been located, a
survey should be conducted and a topographic map pre-
pared. For small structures with a storage capacity of less
than 20 acre-ft, the contour interval should be 2 to 5 ft
and the scale between 1:600 and 1:2400. An example map
is shown in Figure 8.17. From the map, a stage—area and
stage—capacity curve should be calculated. The incremen-
tal volume between each stage elevation is determined
from the equation

_ (A +A))Z,-2)
2

Vv

(8.14)

where A, and A, are the areas at elevations Z, and Z,,
respectively, and V is the volume of storage between ele-
vations Z, and Z,.

As soon as a stage—capacity relationship has been
established, preliminary design calculations to estimate
the riser configuration and pond embankment size can be
made. Sizing of the pond embankment and the spillway

systems will depend on the magnitude of the design runoff
event and the stage—capacity relationship for the pond.

ExampLE 8.11

Size a sediment and flood control pond for a 10-year, 24-
h postmining event. The pond is to be located at the site
shown in Figure 8.17. Develop a stage—storage relation-
ship for the pond.

Solution

Using Figure 8.17, first calculate the area contained
within each contour. As the lowest reported elevation is
1005 ft, assume that the bottom of the pond at this eleva-
tion will be flat. The area contained within each contour
can be determined using a planimeter, a square grid
approach, or by multiplying the longest length between
contours by the mean width between contours (at right
angles to the length). The calculated area in square feet
should then be converted to acres. Then, use Equation
8.14 to calculate the incremental volume between each
stage elevation.

Answer

The results of the information extracted from Figure 8.17
are summarized in Table 8.3.

8.6.2 DETENTION OR RESIDENCE TIME

Small impoundments such as detention/retention basins,
sediment ponds, or wetlands are often constructed down-
stream from a disturbed area to improve water quality. For
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TABLE 8.3
Stage—Capacity Relationship at the Proposed Pond Location
Elevation Stage Area v Storage
(ft) (ft) (acres) (acre-ft) (acre-ft)
1005 0.0 0.046 0.0 0.00
1010 5.0 0.367 1.04 1.04
1015 10.0 0.735 277 3.79
1020 15.0 1.194 4.72 7.62
1025 20.0 1.560 6.79 15.50
1030 25.0 2.112 9.17 24.67
1035 30.0 2755 12.17 36.75
Qi [~~~
— td —>
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c
]
T
S
L1

Time

FIGURE 8.18 Detention time determination from triangular hydrographs.

example, sediment ponds trap soil eroded from the dis-
turbed areas. The ponds slow the flow, and soil particles
fall from suspension and are deposited. The time it takes
a particle to fall from suspension will depend on the par-
ticle size; the physics of the process is described by
Stokes’s law (Equation 3.3, Chapter 3). The time that flow
is stored in a pond is called the residence or detention time
and can be determined by the procedures developed by
A.D. Ward et al. (1979) as outlined below. These proce-
dures are based on a “first in, first out” approach that
assumes that there is no short-circuiting of flow stored in
the impoundment, and that there is no mixing. In reality
parts of the water in an impoundment will be stagnant and
only rarely exchanged by inflows. Also, there is usually
some mixing between part of the flow stored in an
impoundment with new inflows.

If the inflow and outflow hydrographs are approxi-
mated by triangular hydrographs, relationships can be
established between the peak inflow and outflow rates, the
base time of the inflow hydrograph, the volume of inflow,
and the volume of flood storage in the impoundment.

From the geometry of a triangle (Figure 8.18), the
base time of an inflow hydrograph ¢, is related to the
inflow volume V and the peak inflow g, as follows:

V=05q (8.15)

pi tbi

If Vis in acre-feet, g,, is in cubic feet/second, and ¢,
is in hours, Equation 8.15 becomes

V=00413¢,1, (8.16)

A similar relationship can be established for the temporary
storage:

§=051,(,-4,) (8.17)

where S is the temporary storage volume, ¢,; is the base
time of the inflow hydrograph, g, is the peak inflow rate,
and g, is the peak outflow rate (Figure 8.18). Equation
8.13 is obtained by dividing Equation 8.17 by Equation
8.15.
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qpo/qpi

FIGURE 8.19 Determination of the peak discharge reduction.
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FIGURE 8.20 Temporary storage to satisfy detention time requirements.

If the storage volume is expressed in acre-feet, time
in hours, and flow rates in cubic feet/second, then

§=0.0413 1,(q,,—q,,) (8.18)
S may also be approximated by the equation
§=0.124 1,4, (8.19)

where t, is the detention time in hours between the cen-
troids of the hydrographs, and g, is the peak discharge
rate. When Equation 8.18 and Equation 8.19 are com-
bined, g,, can be estimated from the relationship

Ty 4,

=2 P 8.20
n, (3t, +1,,) (820

Graphical solutions to these equations are given in
Figure 8.19 and Figure 8.20.

ExampLE 8.12

Size a sediment and flood control pond for a 10-year, 24-
h postmining event on a 120-acre watershed
(Figure 8.21). Flow should be retained in the structure
for an average time of 24 h. The watershed is located on
the Kentucky—West Virginia border. One seam of coal is
to be surface mined using a contour mine operation. The
disturbed area will total about 60 acres. The postmining
runoff hydrograph has a peak of 140 ft’/sec and a volume
of 11.77 acre-ft. Average land slopes vary between 20 and
60%, with an average of 45%. The maximum flow length
is 3200 ft with an average grade of 7%. The soils are
predominantly Muse—Shelocta association, and land uses
have been marked on the topographic map. The required
sediment storage has been estimated as 0.04 acre-ft for
each disturbed acre. The pond is to be located at the site
shown in Figure 8.17. A stage—storage relationship for
the pond was developed in Example 8.11 and is presented
in Table 8.3.
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Solution

The sediment storage is 0.04 acre-ft times 60 acres or 2.4
acre-ft.

The base time for the inflow hydrograph may be estimated
using Equation 8.16:

V=00413¢,1,

V = 11.77 acre-ft, and g,, = 140 ft¥/sec; therefore, ¢, =
24.2 (11.77)/140 h, or t,; = 2.06 h. Use a value of 2 h.
From Figure 8.18, the peak outflow rate should be about
0.03 times the peak inflow rate for a detention time of 24
h. Therefore, the peak discharge will be 4.2 ft3/sec. Using
Figure 8.20, the required temporary storage is 11.5 acre-
ft (97% of the inflow volume).

From Table 8.3, it is determined that, to provide 2.4 acre-
ft of sediment storage, the lowest elevation at which the
riser crest can be located is 1013.0 ft. The crest of the
emergency spillway should be located at a minimum ele-
vation of 1024 ft to provide an additional 11.5 acre-ft of
temporary storage. A procedure has been described for
determining the lowest permissible elevation of a dewa-
tering device and for estimating the lowest elevation of
the emergency spillway crest. It will now be necessary to
design a spillway system that will provide the desired
detention time and discharge rating curve.

Answer

Total storage volume equals 11.5 + 2.4 = 13.9 acre-ft.

8.6.3 SEDIMENT STORAGE IN LARGE RESERVOIRS

Sedimentation in large reservoirs is both problematic and
an opportunity. It is problematic because sediment trapped
behind a reservoir reduces its useful storage and, in some
cases, can affect functions of the reservoir, including
power generation, navigation, and recreation. In addition,
the removal of sediment creates “hungry water” that
erodes stream channels downstream of reservoirs (G.P.
Williams and Wolman, 1984; see the section in Chapter
9 on sediment budgets).

The opportunity in reservoir sedimentation is to mea-
sure the sediment yield of streams. The conventional
method, measuring sediment yield by sampling streams,
is a very imprecise and problematic process. First, much
of the sediment load, especially bedload, is carried near
the streambed and often goes unsampled, a very serious
problem in many streams. Many suspended sediment sam-
ples must be taken over time, with each related to the
stream discharge at the time the sample is taken. Such
sampling is especially difficult at times of high flows. The
relationship between sediment load and stream discharge
gives a sediment rating curve. This must then be integrated
with a flow duration curve to give the sediment transport of
the stream, usually given in tons/year or, more commonly,
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FIGURE 8.22 The Brune trap efficiency curve for reservoirs. Note that the capacity—inflow ratio is the same as retention time, in
years, of water in the reservoir. The envelope curves allow for adjustments based mainly on sediment texture, with coarse textures

having higher retention rates. (Redrawn from Brune, 1953.)

tons/unit area/year. All of these procedures are subject to
considerable error, and the errors are often compounded.
The great expense of this labor- and equipment-intensive
work means that sampling can be done only for scattered
locations or for fairly short and sometimes discontinuous
periods of time.

The sediment-trapping efficiency of reservoirs pro-
vides an alternative and often superior approach. Reser-
voirs control much of the drainage of the U.S., and the
results of periodic surveys, giving long-term accumulation
rates, were published periodically until about 1980 (e.g.,
Dendy and Champion, 1978). The strong point of reser-
voirs is that they intercept all flows and are very efficient
at trapping the bedload missed by sampling. While the
total volume of sediment deposited in the reservoir can be
measured, uncertainties include bulk density of sediments
and the amount of sediment originating from above-crest
bank erosion by waves, but the greatest uncertainty is the
trap efficiency of reservoirs. That is, what proportion of
the sediment transported into the reservoir is trapped
there? Thus, a reliable predictive model of trap efficiency
is indispensable (see Exercise 14.6, Chapter 14).

One such trap efficiency model is that of Brune (1953;
Figure 8.22). While it has been widely used and revised
(Heinemann, 1981), it is based on the relationship between
reservoir volume and average annual inflow of water. It
gives only a general estimate because there is little con-
sideration of reservoir flow dynamics, and there is no
adjustment for overflow sediment from upstream reser-
voirs. Both limitations are problematic.

A more sophisticated reservoir trap efficiency model
is that of Churchill (1948), which in light of its potential
value, was modified by Borland (1971) and by Bube and
Trimble (1986; Figure 8.23). This model better reflects
reservoir dynamics (such as average velocity of water)
that affect deposition of sediment, and it considers the fine
sediment that has passed over or through upstream reser-
voirs (termed overflow sediment) in addition to sediment

from the immediately adjacent drainage area (termed local
sediment). This ability to deal with both overflow and local
sediment is important because many reservoirs are in
series or in large networks, such as the Tennessee, Ohio,
Mississippi, Missouri, Arkansas, Colorado, Rio Grande,
and Columbia Rivers (Trimble and Carey, 1992). Using
the Tennessee River system (Tennessee Valley Authority,
TVA), with many reservoirs and about 40 years of sedi-
ment data, Trimble and Bube (1990) simulated the cascade
of sediment through the watershed and were able to opti-
mize the predictive power of the Churchill model
(Figure 8.24). This allowed the computation of basin sed-
iment yields and fluxes over large areas (Figure 8.25).

Since about 1980, there has been a great decrease in
surveys of reservoir sedimentation. This may be because
erosion and sediment yields have apparently decreased
significantly in the U.S. (Trimble and Crosson, 2000), and
agencies are reluctant to spend money monitoring what is
no longer considered a problem. As we have seen, how-
ever, the reservoir surveys have other values. It is to be
hoped that agencies will resume these surveys. While res-
ervoir surveys are costly, new technology, such as greatly
improved fathometers and GPS locations, can greatly
expedite these surveys and ultimately make them cheaper.
The use of computer simulation models to predict sedi-
ment transport and deposition in reservoirs has begun to
replace the use of empirical models, particularly in the
design of stormwater runoff retention/detention ponds and
in the design of sediment ponds. These approaches are
discussed in the next section.

8.6.4 ESTIMATING SEDIMENT STORAGE
IN MANAGEMENT PONDS

The control of waterborne sediment is not a recent con-
cern, and settling ponds were probably first employed by
the Romans (Brown, 1943):
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of the long-term sediment cascade through the Tennessee Valley Authority (TVA) system of reservoirs with the predictive power of
the Churchill (1948) model optimized. The preoptimization curves are shown for comparison. (Redrawn from Trimble, S.W. and K.

Bube, Environ. Prof., 12:255-272, 1990.)

The intake of New Anio is on the Sublacesion Way at the
forty-second milestone, in the Simbiunum, and from the
river; which flows muddy and discoloured even without
the effects of rainstorms, and as a result, loose banks, for
this reason a settling reservoir was built upstream from
the intake, so that in it and between the river and the
conduit the water might come to rest and clarify itself.

Our knowledge of Roman techniques is limited, and
it was not until the late 1700s and early 1900s that the

first American theories were presented (Hazen, 1904).
Hazen considered the settling of soil particles under dif-
ferent hydraulic conditions and obtained the trap effi-
ciency based on detention time, fall velocity, particle size,
and the prevailing conditions. In the mid-1900s, Borland,
Brown, Brune, and Churchill developed various empirical
methods based on surveys of sedimentation in reservoirs
(Brown, 1943; Churchill, 1948; Borland, 1951; Brune,
1953). During the same period, Camp (1945) made detailed
studies of the factors affecting sedimentation. The methods
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developed by these scientists and engineers saw wide-
spread application for a period of 30 to 50 years and were
discussed in further detail in the previous section.

Process-oriented approaches are typically used to aid
in designing management ponds, such as sediment pond
and stormwater retention/detention structure. The devel-
opment of process-based and mathematical methods has
occurred in part because of advances in computer tech-
nologies. Also, in small ponds, short-circuiting of flow,
mixing, and the pond and spillway geometry can each
greatly influence the trap efficiency. The work of C. Chen
(1975) and Y. Chen (1976) was particularly noteworthy in
enhancing knowledge of how to describe mathematically
the sediment transport and deposition in ponds. During
this time period, the DEPOSITS (Detention Performance
of Sediments in Trap Structures) model was developed by
Ward and others at the University of Kentucky (A.D. Ward
et al., 1977, 1979). Interestingly, this work was initially
performed to address sediment problems associated with
urbanization, but then focused on surface mining prob-
lems. For a number of years, this model saw widespread
application as federal surface mining regulations were
established during this same period. DEPOSITS is incor-
porated in SEDIMOT II (Wilson et al., 1982) and
SEDCAD (Warner and Schwab, 1992) and is still used to
some extent by the surface mining industry.

An application based on SEDIMOT II was developed
by McBurnie et al. (1990) and is shown in Figure 8.26.
The ratio of the water surface area at the crest of the
principal spillway to the peak discharge is related to the
trap efficiency and soil texture. The curves presented in
Figure 8.26 are useful for developing a basic understand-
ing of the size of structure that might be required for a
particular application. However, we do not recommend
that simple empirical curves, such as those developed by
Churchill and Brune, or computer-generated relationships,
such as those of McBurnie et al., be used to develop final
designs. Trapping sediments in very large, multipurpose
reservoirs is relatively easy and is an unwanted and costly
nuisance. However, trying to trap sediment in very small
sediment ponds is difficult as the residence time is small,
these structures have areas that are bypassed by the flow
of interest, and there is a complex exchange of flow that
falls between a first in, first out (plug) flow and complete
mixing.

Calculation of the sediment storage will depend on
sediment discharges to a reservoir or sediment pond dur-
ing the life of the pond and the trap efficiency of the
structure. Methods presented in Chapter 9 can be used to
calculate the amount of sediment that will reach the struc-
ture. The volume that the trapped sediment will occupy
in the reservoir or pond can be calculated using the fol-
lowing equation (Lara and Pemberton, 1963):

249

[—Silt Loam -~ Clay Loam —=—Loamy Sand]

100 T —=
< S, e
2 90 — o
> 2
) A
o 80
:f:) .47 A
i} ot o
£ 1
g8 60
o
. 50
0.001 0.01 0.1 1

Surface Area/Peak Discharge (acres/cfs)

FIGURE 8.26 Trapping efficiency estimated from an analysis
with SEDIMOT II. (From McBurnie, J.C., B.J. Barfield, M.L.
Clar, and E. Shaver, Appl. Eng. Agric., 6:167-173, 1990. With
permission.)

W=W.P +W,E,+WP, (8.21)

where W, W,, W, are the unit weights, and P, P,,, P, are

the fractions of clay, silt, and sand, respectively
(Table 8.4).

m?

ExampLE 8.13

For the pond that was sized in Example 8.11 and Example
8.12, determine the trapping efficiency if the texture of
the sediment is a clay loam.

Solution

The peak discharge is 4.2 ft’/sec (from Example 8.12).
The surface area at the riser crest can be calculated by
interpolation of information in Table 8.3 as follows (recall
that this riser crest is at an elevation of 1013 ft):

0.735-x  1015-1013
0.735-0.367 1015-1010

0.735-x=(0.735 - 0.367)% =0.147

So, the surface area is 0.577 acres, and the area/discharge
ratio is 0.588/4.2 = 0.14.

From Figure 8.26, a ratio of 0.14 gives a trapping effi-
ciency of about 95% for a clay loam.

Answer

The theoretical sediment trapping efficiency for this pond
is about 95%.
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TABLE 8.4
Unit Weights of Reservoir Sediments

Type of Reservoir Operation

Sediment always submerged
Moderate-considerable drawdown
Reservoir normally empty
Riverbed sediments

Source: From Lara and Pemberton (1963).

Unit Weights W for Equation 7.22 (Ib/ft)

w, w, W,
26 70 97
35 71 97
40 72 97
60 73 97

ExamrLE 8.14

If the clay loam in Example 8.13 is 30% clay, 30% silt,
and 40% sand, determine the sediment storage volume
during the 10-year design life of the pond. It has been
estimated that the average loss of soil per disturbed acre
is 6 tons/year during the 10-year period. The pond will
be dry between storm events.

Solution

From Example 8.12 and Example 8.13, the undisturbed
area is 60 acres, and the trapping efficiency is 95%. The
amount of soil that will reach the pond is

Y., = (6 tons/year)(60 acres)(10 years) = 3600 tons

total

The unit weight of the material that deposits in the pond
is obtained from Equation 8.21:

W=WP+WP +WP

m-m

and from Table 8.4, W, and W,,, W, are 40, 72, and 97
Ib/ft3, respectively. Therefore,
w =2 40)+ 32 (72)+ 29 (97) = 724 1b/£¢°
100 100 100

Therefore, the volume occupied by the sediment will be

_ (3600 tons) (2240 1bs) (95
Yea = (72.4 1b/£t%) (43560 £* /acre) L 100
. acre

=2.43 acre-ft

This is approximately the amount that was provided as a
known input to Example 8.12.

Answer

The sediment storage volume during a 10-year period is
2.43 acre-ft.

8.6.5 SPILLWAYS

As discussed and shown in Figure 8.15, an impoundment
will usually have one or two spillway structures. Presen-
tation of detailed design procedures for either the principal
spillway or an emergency spillway is beyond the scope of
this text. However, a few basic concepts and equations are
presented to facilitate understanding of how impound-
ments function and how they might be used to improve
water quality.

Many small ponds and detention basins have a drop
inlet riser or a hood inlet riser as the principal spillway.
Diagrams of typical drop inlet and hood inlet riser systems
are shown in Figure 8.27 and Figure 8.28. For a drop
inlet riser, the change in discharge with head is controlled
by three different phases of flow (weir, orifice, and pipe
flow). The discharge at any stage is taken as the minimum
flow resulting from weir, orifice, or pipe flow at that stage.
Generally, the conduit riser is 6 in. smaller in diameter
than the vertical drop inlet riser.

Orifice flow occurs when flow is restricted by the size
of the opening and is determined as

Q= Ca (2gH)"? (8.22)
where C is a coefficient that depends on the orifice geom-
etry, a is the cross-sectional area of the pipe, g is the
gravitational constant, and H is the head in feet. For a
sharp-edge orifice, a value of 0.6 may be used for C.

As the head continues to increase, the outlet begins to
flow full, and the flow is controlled by the outlet pipe.
Pipe flow is determined using the equation

0= a (2gH)" : (8.23)

(1+K,+K,+K.L)"
where K, is an entrance loss coefficient, K, is a correction
factor for energy losses in bends, and K, is a friction factor.
H is the head or difference in water elevations between
the flow in the pond and at the outlet. Estimates of the
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pipe size that should be used for a specific flow geometry
can be determined using Table 8.5 and Table 8.6.

ExampLE 8.15

For the pond that was sized in Example 8.12, determine the
size of a drop inlet riser and pipe through the embankment
to convey the peak discharge of 4.2 ft¥/sec. Assume that
the crest of the riser is at the elevation of the top of the
sediment storage volume. A corrugated metal pipe will be
used for the riser.

Solution

The peak discharge should be 4.2 ft¥/sec, and a head, at
the inlet of 12.0 ft, occurs at the peak rate. An illustration

of the embankment and spillway geometry is presented
in Figure 8.29. The difference in elevation between the
inlet and outlet H is 22 ft.

From Table 8.5, it is determined that a 6 in. to 12 in. pipe
will be required. A 12 in. pipe discharges 9.3 ft¥/sec for
a head of 22 ft and a pipe length of 70 ft. A correction
factor of about 0.7 needs to be used because the pipe
length is 170 ft (Table 8.6). Therefore, the discharge
through a 12 in. pipe would be 6.5 ft¥/sec (9.3 x 0.7
ft’/sec). Generally, the vertical riser would be 6 in. larger
than the pipe through the embankment.

Answer

Use a 17 in. drop inlet riser and a 12 in. pipe through the
embankment.
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TABLE 8.5
Pipe Flow Design Flow Rates

Pipe Diameter (in.) and Discharge (ft3/sec)

H (ft) 6 in. 12 in. 18 in. 24 in. 30 in. 36 in. 48 in. 60 in. 72 in. 96 in.
1 0.33 1.97 5.5 11.0 17.7 27.7 55.7 91.7 137 255
2 0.47 2.70 7.7 15.6 26.6 40.7 77.7 130 194 360
3 0.57 343 9.5 19.1 32.6 49.9 96.5 159 237 441
4 0.67 3.97 10.9 22.1 37.6 57.7 111 174 274 510
5 0.74 443 12.2 24.7 2.1 64.5 125 205 306 570
6 0.72 4.76 134 27.0 46.1 70.6 136 225 336 624
7 0.94 5.61 15.5 31.2 53.2 71.5 157 260 377 721

10 1.05 6.27 17.3 349 59.5 91.2 176 290 433 706
12 1.15 6.77 19.0 37.2 65.2 99.9 193 317 475 773
15 1.29 7.67 21.2 42.7 72.7 112 226 355 531 977
20 1.49 7.77 24.5 49.4 74.1 129 249 410 613 1139
25 1.66 9.92 27.4 55.2 94.0 144 279 566 675 1274
30 1.72 10.9 30.0 60.5 103 157 305 620 750 1396

Pipe flow chart n = 0.025 for corrugated metal pipe inlet, K,, = K, + K, =

correction factors in Table 8.6 for pipe lengths other than 70 ft.

Source: From NRCS (1975b).

1.0, and 70 ft of corrugated metal pipe conduit (full flow assumed). Note

TABLE 8.6
Correction Factors for Discharges in Table 8.5 for Pipe Lengths Other than 70 ft

Correction Factors for Other Pipe Lengths: Pipe Diameter (in.) and Discharge (ft3/sec)

Length 6in. 12in. 17in. 24in. 30in. 36in. 47in. 60in. 72in. 96 in.
20 1.69 1.53 1.42 1.34 1.27 1.24 1.17 1.14 1.11 1.07
30 1.44 1.36 1.29 1.24 1.21 1.17 1.13 111 1.09 1.06
40 1.27 1.23 1.20 1.17 1.14 1.12 1.10 1.07 1.06 1.05
50 1.16 1.14 1.12 1.10 1.09 1.07 1.06 1.05 1.04 1.03
60 1.07 1.06 1.05 1.05 1.04 1.04 1.03 1.02 1.02 1.02
70 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
80 0.94 0.95 0.95 0.96 0.96 0.97 0.97 0.97 0.97 0.99
90 0.79 0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.96 0.97

100 0.75 0.76 0.77 0.79 0.90 0.91 0.93 0.94 0.95 0.96
120 0.77 0.70 0.72 0.73 0.75 0.76 0.79 0.90 0.79 0.94
140 0.72 0.75 0.77 0.79 0.71 0.72 0.75 0.77 0.76 0.91
160 0.67 0.70 0.73 0.75 0.77 0.79 0.72 0.74 0.92 0.79
Emergency Spillway
V
= A
T T2t
20 ft 22 ft
— / =
pe -
A AL A AKX
< < w&

FIGURE 8.29 Embankment and spillway geometry for Example 8.15.
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PROBLEMS

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.

8.7.

8.8.

A rectangular channel with a width of 8 ft is
carrying 60 ft’/sec. What are the critical depth
and the flow velocity (see Example 8.1)?

A rectangular channel with a width of 2 m is
carrying 15 m?/sec. What are the critical depth
and the flow velocity?

The rectangular channel in Problem 8.2 needs to
be realigned. What is the maximum slope, called
the critical slope, that could be used without
causing the flow to become supercritical? Man-
ning’s n for the realigned channel is 0.04.
Estimate the temporary storage volume neces-
sary to provide a peak outflow rate of 50 ft¥/sec
if the peak inflow rate is 250 ft¥/sec, and the
inflow volume is 100 acre-ft. What are the base
time of the inflow hydrograph and the average
detention time of the flow?

The depth of flow at the upstream end of a 20-
ft wide broad-crested weir is 2 ft. Calculate the
discharge over the weir.

The broad-crested weir in Problem 8.5 will be
replaced with a 4-ft high sharp-crested weir. Cal-
culate the depth of flow over the weir.

Size a culvert to convey a 50-year peak discharge
of 300 ft¥/sec so that a road located 6 ft above
the invert of the culvert inlet is not flooded
(assume Type 3 flow).

The single-barrel culvert that was sized in Prob-
lem 8.7 will be replaced with a two-stage culvert
design that incorporates a main channel sized to
convey the effective discharge. The effective dis-
charge dimensions of the natural main channel
are a mean depth of 2 ft and an effective dis-
charge width of 10 ft. The natural channel has a
Manning’s roughness factor of 0.04 and a bed
slope of 1%. Above the effective discharge stage,
there is a relatively flat floodplain that extends
at least 12 ft on either side of the main channel
before sloping at a 2:1 (horizontal:vertical) bank

8.9.

8.10.

8.11.

8.12.

8.13.

8.14.
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slope up to an elevation similar to that of the
road. Determine and then draw the dimensions
of the two-stage design.

Estimate the temporary storage volume neces-
sary to provide a peak outflow rate of 240 ft*/sec
if the peak inflow rate is 600 ft*/sec, and the
inflow volume is 80 acre-ft.

The surface area of a pond is 0.6 acre, and the
peak discharge is 10 ft’/sec. Determine the trap-
ping efficiency if the texture of the sediment is
a silt loam.

If the silt loam in Problem 8.10 is 10% clay, 60%
silt, and 30% sand, determine the sediment stor-
age volume during a 20-year design life of the
pond. It has been estimated that the average loss
of soil per disturbed acre is 4 tons/year during
the 20-year period. The sediments will usually
be submerged.

For the pond that was sized in Example 8.12,
determine the size of a drop inlet riser and pipe
through the embankment to convey a peak dis-
charge of 16 ft/sec. Assume that the crest of the
riser is at the elevation of the top of the sediment
storage volume. A corrugated metal pipe will be
used for the riser (see Example 8.15).

In a 70-ft wide reach of a mountain stream, a 1-
ft high boulder riffle was added to retain
upstream spawning gravels in a pool. The dis-
charge at the bankfull stage of 5 ft is 1400 ft3/sec.
Calculate the specific energy of the normal bank-
full flow in the reach. What are the critical flow
depth, velocity, and discharge if there is no back-
water effect? Is the use of a 1-ft high boulder
riffle appropriate?

For the same stream considered in Problem 8.13,
determine how narrow the channel could have
been made without causing a backwater effect.
In this case, assume there is not a 1-ft high
boulder riffle.
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9 Soil Conservation and Sediment

Budgets

9.1 INTRODUCTION

Erosion is one of the most important and challenging
problems for natural resource managers worldwide. It is
the main source of sediment that pollutes streams and fills
reservoirs. Some estimates of erosion rates in the 1970s
were as high as 4 billion tons annually in the U.S. (Schwab
et al., 1993). This amount dropped to 3 billion tons in
1982 and was estimated at 2.13 billion tons in 1993 due
to advances in soil erosion control and a reduced number
of acres under cultivation (NRCS, 1994).

In recent years, greater emphasis has been given to
erosion as a contributor to nonpoint pollution. Nonpoint
refers to pollution from the land surface rather than from
industries, feedlots, or gullies. Eroded sediment can carry
nutrients, particularly phosphates, to waterways and con-
tribute to eutrophication of lakes and streams. Adsorbed
pesticides are also carried with eroded sediments, lower-
ing surface water quality.

Soil erosion can also reduce the productivity of some
soils (Lowdermilk, 1953; Shertz et al., 1989). Eroded sed-
iments remove soil organic matter, degrading soil structure
and reducing its fertility. On shallow soils, the loss of
topsoil can lead to reduced availability of soil water to
plants, resulting in restricted growth because of drought
stress (Figure 9.1).

The two major types of erosion are geological erosion
and erosion from human or animal activities. Geological
erosion includes soil-forming as well as soil-eroding pro-
cesses that maintain the amount of soil in a favorable

balance suitable for the growth of most plants. Geological
erosion has contributed to the formation of our soils and
caused many of our present topographic features, such as
canyons, stream channels, and valleys. Conversely, human
tillage and vegetation removal by humans (such as defor-
estation) and grazing animals may cause accelerated ero-
sion, which leads to a loss of soil productivity.

Water erosion is the detachment and transport of soil
from the land by water, including rainfall and runoff from
melted snow and ice. Types of water erosion include inter-
rill (raindrop and sheet), rill, gully, and stream channel
erosion. Water erosion is accelerated by farming, forestry,
grazing, and construction activities.

9.2 FACTORS AFFECTING EROSION
BY WATER

The major variables affecting soil erosion are climate, soil,
vegetation, and topography. Of these, vegetation and, to
some extent, soil and topography may be controlled. Cli-
matic factors, however, are beyond human control.

9.2.1 CLIMATE

Climatic factors affecting erosion are temperature, humid-
ity, solar radiation, wind, and precipitation. Temperature,
humidity, solar radiation, and wind are most evident
through their effects on evaporation and transpiration.

|mSlight CModerate E2Severe|

Yield, Bu/acre
[0
o
l

Morley

Soil Series

FIGURE 9.1 Effect of erosion phase and soil series on crop yield. (Based on data by Shertz et al. 1989.)

255



256

Environmental Hydrology

FIGURE 9.2 Mass wasting due to deforestation.

These processes reduce soil water content and subse-
quently decrease surface runoff rates and erosion. Wind
also changes raindrop velocities and the angle of impact,
which may influence erosion rates. The relationship
among precipitation characteristics, runoff, and soil loss
is complex; a more complete discussion is presented here.

9.2.2 Sou

Soil properties affect the infiltration capacity and the
extent that soil particles can be detached and transported.
For example, clay particles are more difficult to detach
than sand, but clay is more easily transported. Texture is
the dominant property determining erodibility, but soil
structure, organic matter, water content, and density or
compactness, as well as chemical and biological charac-
teristics of the soil, also influence erodibility (Elliot et al.,
1993).

9.2.3 VEGETATION

Vegetation plays a major role in reducing erosion by (1)
protecting the soil from raindrop impact; (2) reducing
surface runoff velocity; (3) holding soil in place; (4)
improving soil structure with roots, plant residue, and
increased biological activity in the soil; and (5) increasing
transpiration rates. These vegetative influences vary with
the species, climate, season, soil type, and degree of matu-
rity of the vegetation, as well as the type of vegetative
residue left from the previous crop, like roots, stems, or
leaves. A particular global concern is deforestation. Often,
this occurs in areas with very high precipitation rates.
Once the trees are removed, there is little to stabilize the
soil, and these areas rapidly become degraded and unsuit-
able for plant growth. Erosion rates are high, and in steep,
sloping areas, there are often slope failures due to mass
wasting (Figure 9.2). During the last 30 to 40 years, a

significant portion of the world’s forest cover has been
removed by human activities.

9.2.4 TOPOGRAPHY

Topographic features that influence erosion are slope
steepness, length, and shape. On steep slopes, runoff water
is more erosive and can more easily transport detached
sediment downslope. On longer slopes, an increased accu-
mulation of overland flow results in increased rill erosion.
Concave slopes, with less-steep slopes at the foot of the
hill, are less erosive than convex slopes. The relationship
of the upland slopes to channels in a watershed and the
sediment transport capabilities and stability of the channel
will also influence the total erosion within a watershed.

9.3 TYPES OF EROSION

9.3.1 INTERRILL EROSION

Interrill erosion includes raindrop splash and erosion from
shallow overland flow (Figure 9.3). Splash erosion results
from the impact of raindrops directly on soil particles or on
thin water surfaces. Although the impact of raindrops on
shallow water surfaces may not splash soil, it does increase
turbulence, providing greater sediment-carrying capacity.
Early erosion studies found that tremendous quantities
of soil are splashed into the air, most particles more than
once. The amount of soil splashed into the air was found
to be 50 to 90 times greater than the runoff losses.
Splashed particles may move more than 2 ft in height and
more than 5 ft laterally on level surfaces (Ellison, 1947).
If raindrops fall on crop residue or growing plants,
the raindrop energy is absorbed, and soil splash is
reduced. Raindrop impact on bare soil not only causes
splash, but also leads to crusting and increased runoff
(see Chapter 3). Raindrops detach the soil particles, and
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Raindrop Impact and Overland Flow

Cause Interill Erosion

Concentrated Channel Flow
Leads to Rill Erosion

FIGURE 9.3 Predominant upland erosion processes: (A) splash erosion and (B) interrill and rill erosion.

the detached sediment can reduce the infiltration rate by
sealing the soil pores. Shallow overland flow detaches
some sediment, but mainly transports sediment first
detached by raindrops. Low overland flow rates may result
in reduced interrill erosion because of low sediment trans-
port capacity. Research has shown interrill erosion is a
function of soil properties, rainfall intensity, slope (Watson
and Laflen, 1986; Liebenow et al., 1990), and in some
cases, runoff rate (Kinnell and Cummings, 1993).

9.3.2 RiL ErROSION

Rill erosion is the detachment and transport of soil by a
concentrated flow of water. Rills are small enough to be
removed by normal tillage operations (Figure 9.3B). Rill

erosion depends on the runoff rate, which is affected by
rainfall intensity, soil infiltration rates, and length of the
slope contributing to overland flow.

Rill erosion is the dominant form of erosion on longer
and steeper slopes, whereas interrill erosion is more dom-
inant in shorter, flatter conditions. The interrill and rill
erosion processes are incorporated in several physically
based erosion prediction computer models, including the
Water Erosion Prediction Project (WEPP) (L.J. Lane and
Nearing, 1989).

9.3.3 GuLLy ErosioN

Gully erosion produces channels larger than rills
(Figure 9.4). These channels carry water during and
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FIGURE 9.4 Gully erosion in Swaziland.

immediately after rains. Compared to rills, gullies cannot
be obliterated by tillage. The amount of sediment from
gully erosion is usually less than from rill and interrill
erosion, but the nuisance from having fields divided by
large gullies has been a greater problem.

The rate of gully erosion depends primarily on the run-
off-producing characteristics of the watershed; the drainage
area; soil characteristics; the alignment, size, and shape of
the gully; and the slope in the channel (Bradford et al., 1973).
Gully formation can be reduced or halted by diverting runoff
away from the gully or by installing engineering structures
at the head of the gully (Schwab et al., 1993).

9.3.4 STReEAM CHANNEL EROSION

Stream channel erosion consists of soil removal from stream
banks or soil movements in the channel (Figure 9.5).
Stream banks erode by runoff flowing over the side of the
stream bank, scouring and undercutting below the water
surface, and mass wasting (failure) of the banks. Stream
bank erosion, less serious than scour erosion, is often
increased by the removal of vegetation, overgrazing, till-
ing too near the banks, or straightening the channel. Scour
erosion is influenced by the velocity and direction of flow,
depth and width of the channel, and soil texture. Poor
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FIGURE 9.5 Stream channel erosion due to scour and bank instability.

channel alignment and the presence of obstructions such
as sandbars increase meandering. Meandering is the major
cause of erosion along the bank. Straightening channels,
however, may increase the rate of scour erosion. Addi-
tional discussion is presented in Chapter 6 and Chapter 12.

9.4 ESTIMATING SOIL LOSSES

Soil losses, or relative erosion rates for different manage-
ment systems, are estimated to assist farmers, natural
resource managers, and government agencies in evaluating
existing management systems or in future planning to min-
imize soil losses. In the period from 1945 to 1965, a method
of estimating losses based on statistical analyses of small
field plot data from many states was developed that resulted
in the universal soil loss equation (USLE) (Wischmeier and
Smith, 1978). A revised version of the USLE (RUSLE) has
been developed for computer applications, allowing more
detailed consideration of farming practices and topography
for erosion prediction (Renard et al., 1991). The RUSLE
program can be downloaded from http://www.sedlab.ole-
miss.edu/rusle/. A RUSLE2 version with a Windows inter-
face is now under implementation and has greatly increased
the capabilities of RUSLE; it can be obtained from http://
bioengr.ag.utk.edu/rusle2/.

Since the mid-1960s, scientists have been developing
process-based erosion computer programs that estimate soil
loss by considering the processes of infiltration, runoff,
detachment, transport, and deposition of sediment. Numer-
ous research computer models have been developed, and
some of these computer models are under improvement for
field use. In the 1990s, it was anticipated that the process-
based WEPP model would replace use of the USLE, partic-
ularly by the NRCS and other U.S. government agencies

(G.R. Foster, 1988). However, a decade later, the RUSLE
is still used extensively. The WEPP model with a Windows
interface can be downloaded from: http://topsoil.nserl.
purdue.edu/nserlweb/weppmain/wepp.html. This site also
accesses an online version of the WEPP model with a
simple interface that can be run from any computer with
a Web browser. An interface similar to WEPP intended
for forest and rangeland conditions can be found at
http://forest.moscowfsl.wsu.edu/fswepp/.

9.5 THE UNIVERSAL SOIL LOSS
EQUATION

The USLE continues to be a widely accepted method of
estimating sediment loss despite its simplification of the
many variables involved in soil loss prediction. It is useful
for determining the adequacy of conservation measures in
resource planning and for predicting nonpoint sediment
losses in pollution control programs. The average annual
soil loss, as determined by Wischmeier and Smith (1978),
can be estimated from the equation
A = RKLSCP .1
where A is the average annual soil loss in tons/acre; R is
the rainfall and runoff erosivity index for a geographic
location; K is the soil erodibility factor; LS is the slope
steepness and length factor; C is the cover management
factor (Table 9.1 or Table 9.2); and P is the conservation
practice factor (Table 9.3).
In this text, English units are used for A, R, and K.
If using other sources of information for the USLE,
ensure that units are consistent (G.R. Foster et al., 1981).
Although developed for use in the U.S., the procedure
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TABLE 9.1

Cover Management C Factors for Permanent Pasture, Rangeland, and Idle Land?

Vegetal Canopy: Canopy

Type and Height of Raised Canopy®?  Coverc  Type

No appreciable canopy G

w

Canopy of tall weeds or short brush 25 G

(1.5 ft fall height)® w

50 G

w

75 G

w

Appreciable brush or bushes 25 G

(6 ft fall height)® w

50 G

w

75 G

w

Trees, but no appreciable low brush 25 G

(12 ft. fall height)® w

50 G

w

75 G

w

Cover that Contacts the Surface:

Percentage Ground Cover

0 20 40 60 80 95-100
045 020 0.10  0.042  0.013 0.003
0.45 024 0.15 0.090 0.043 0.011
036 0.17 0.09 0.038 0.012 0.003
036 020 0.13  0.082  0.041 0.011
026 0.13 0.07 0.035 0.012 0.003
026 0.16 0.11  0.075  0.039 0.011
0.17  0.10 0.06  0.031 0.011 0.003
0.17  0.12 0.09  0.067  0.038 0.011
040 0.18 0.09 0.040 0.013 0.003
040 022 0.14 0.085 0.042 0.011
034 0.16 0.85 0.038 0.012 0.003
034 0.19 0.13  0.081  0.041 0.011
028 0.14 0.08 0.036  0.012 0.003
028  0.17 0.12  0.077  0.041 0.011
042  0.19 0.10  0.041  0.013 0.003
042 023 0.14  0.087  0.042 0.011
039 0.18 0.09 0.040 0.013 0.003
039 021 0.14  0.085  0.042 0.011
036  0.17 0.09 0.039 0.012 0.003
036 020 0.13  0.083  0.041 0.011

2 All values shown assume (1) random distribution of mulch or vegetation and (2) mulch of appreciable depth where

it exists.

b Average fall height of waterdrops from canopy to soil surface.
¢ Percentage of total area surface that would be hidden from view by canopy in a vertical projection.

4 G = cover at surface is grass, grasslike plants, decaying compacted duff, or litter at least 2 in. deep; W = cover at

surface is mostly broadleaf herbaceous plants (as weeds) with little lateral root network near the surface or undecayed

residue.

Source: Cooperative Extension Service and Ohio State University, Ohio Erosion Control and Sediment Pollution

Abatement Guide, Columbus, OH, 1979.

is used in many countries and has been the focus of
considerable study during the past 30 years. Methods for
determining each of the input parameters for the USLE
and examples of their use follow.

9.5.1 Rainfall Erosivity R

The rainfall and runoff erosivity index R varies with
amount of rainfall and individual storm precipitation pat-
terns. For a given storm, a rainfall and runoff erosivity
index EI is calculated. It is the product of the kinetic
energy of the storm E and the maximum 30-min intensity
for that storm /. An example calculation was presented in
Chapter 2. The EI values for all the storms occurring in a
given year for a location are summed to give an annual
erosivity index. The average annual rainfall and runoff
erosivity index R is shown in Figure 9.6 for the continen-
tal U.S.

ExampLE 9.1

What is the R factor for a farm located in northeast lowa?

Solution

From Figure 9.6, determine R for northeast Iowa.

Answer

R =170.

For development projects or land uses that change
throughout the year, it is sometimes desirable to determine
the rainfall erosivity associated with different periods dur-
ing the year. Figure 9.6 shows the cumulative distribution
of rainfall erosivity for different locations in the U.S.
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TABLE 9.2

Example of Typical Cover Management C Factors Developed by State Agencies for the Ohio Climate

and Vegetation Conditions

Vegetation

Agricultural Rotations

Continuous corn (Co) 0.40
Corn and soybeans (Sb) 0.42
Two-year rotation with corn grown in Year 1 0.30
and soybeans and wheat in Year 2
Corn, corn, oats (O), meadow (M) 0.13
Corn, oats, meadow, meadow 0.055
Corn, corn, oats, meadow, meadow 0.11
Corn, soybeans, oats, meadow, meadow 0.13

Permanent Pasture
Poor condition
Good condition

Autumn Conventional

Tillage Practice

Spring Conventional  Spring Conservation  No Till

0.36 0.27 0.10

0.37 0.24 0.10

0.28 0.24 0.10
0.12 0.10 0.064
0.050 0.033 0.033
0.094 0.082 0.052
0.12 0.082 0.052

0.04

0.01

Source: Cooperative Extension Service and Ohio State University, Ohio Erosion Control and Sediment Pollution Abatement Guide,

Columbus, OH, 1979.

Estimates of partial year erosivity can be determined by
distributing the erosivity determined from Figure 9.6 with
the percentages obtained from Figure 9.7.

ExAmPLE 9.2

Determine the rainfall erosivity for northeast Iowa for the
period April 1 to October 1.

Solution

In Example 1, we determined that the annual erosivity
was 170. In Figure 9.7, the climate in Iowa is described
by Curve A. On April 1, Curve A is at 4%, and on October
1, Curve A is at 90%. Therefore, the percentage erosivity
that occurs during this period is 90 — 4 = 86%.

Answer

The erosivity that occurs between April 1 and October 1
in northeast Iowa is R = 170 x 0.86 = 146.

9.5.2 Soil Erodibility K

The soil erodibility factor K (Figure 9.8) for a series of
benchmark soils was obtained by direct soil loss measure-
ments from fallow plots located in many U.S. states
(Figure 9.9). Soils that have high silt contents tend to be
the most erodible. The presence of organic matter, stronger
subsoil structure, and greater permeabilities generally
decrease erodibility. In RUSLE, K varies to account for
seasonal variation in soil erodibility, with higher erodibil-
ity in the spring or after tillage.

Soil erodibility factors for the 10 most common soils
in each state are presented in Appendix D. A consideration
with using the information in Appendix D is that land use
activities might change the soil structure or permeability
of a soil. This is particularly true if the land is used for
agricultural purposes or if it has been severely disturbed
by construction activities. One soil type may exhibit a
wide range of erodibility values, depending on textural,
slope, compaction, management, and cultivation factors.
These problems can be addressed by applying the nomo-
graph presented in Figure 9.8 to determine the erodibility
of a given soil.

ExAamMPLE 9.3

Determine the soil erodibility K for a soil with the fol-
lowing properties: 65% silt and very fine sand; 5% sand;
2.8% organic matter content (OM); a fine granular soil
structure; and a slow-to-moderate permeability.

Solution

In Figure 9.8, enter the left graph at silt plus very fine
sand = 65%, move right and intersect with 5% sand, move
up to 2.8% organic matter, move right to soil structure =

2, move down to permeability = 4, and then move left to
determine K.

Answer

K=031.
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TABLE 9.3
Conservation Practice Factor P for the Universal
Soil Loss Equation

Farming Up and Down Slope
All crops P=10

Contour Farming

Land Slope Percentage Maximum Slope Length* (ft) P factor
1to2 400 0.6
3to5 300 0.5
6to 8 200 0.5
9to 12 120 0.6
13 to 16 80 0.7
17 to 20 60 0.8

Strip Cropping

With grass and row crop Contour P x 0.5

With small grain and row crop Contour P x 0.67
Terraces

Loss from crop Same as Contouring P

Loss from terrace
With graded channel outlet Contour P x 0.2
With underground outlet Contour P x 0.1

Subsurface Drainage
P=0.6

2 Maximum slope length for strip cropping can be twice that for contouring.

Source: Bengtson, R.L., and G. Sabbagh, J. Soil Water Cons., 45:480-482, 1990; Wis-
chmeier, W.H., and D.D. Smith, Predicting Rainfall Erosion Losses — A Guide to Con-
servation Planning. USDA Handbook 537, USDA-Science and Education Administration,
Washington, DC, 1978.

9.5.3 Topographic Factor LS
ExampLE 9.4
The topographic factor LS adjusts the predicted erosion

rates to give greater erosion rates on longer or steeper Determine the LS factor for the field with a slope steepness
slopes and lower erosion rates on shorter or flatter slopes of 4% and a slope length of 700 ft.
compared to a USLE “standard” slope of 9% and slope
length of 72.6 ft. The erosion plot in Figure 9.9 approx- Solution
imates these topographic conditions.

The slope length is measured from the point where From Figure 9.10, enter the x axis at 700 ft. Move up
surface flow originates (usually the top of the ridge) to the until you intersect the 4% slope line. Move left to find the

LS factor.

outlet channel or a point downslope where deposition
begins. RUSLE considers nonuniform concave or convex
slopes (Renard et al., 1991), as do most process-based
erosion prediction programs. For the USLE, the LS factor
can be determined from Figure 9.10.

Answer

LS =0.9.
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FIGURE 9.6 Rainfall and runoff erosivity index R distribution in the U.S. (From Wischmeier, W.H., and D.D. Smith, Predicting
Rainfall Erosion Losses — A Guide to Conservation Planning. USDA Handbook 537, USDA-Science and Education Administration,

Washington, DC, 1978.)
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FIGURE 9.7 Monthly distribution of the rainfall erosivity index
R. Curve A: Iowa, Nebraska, South Dakota; Curve B: Missouri,
[llinois, Indiana, and Ohio; Curve C: Louisiana, Mississippi,
Tennessee, and Arkansas; Curve D: Atlantic coastal plains of
Georgia and the Carolinas. (Based on Wischmeier, W.H., and
D.D. Smith, Predicting Rainfall Erosion Losses — A Guide to
Conservation Planning. USDA Handbook 537, USDA-Science
and Education Administration, Washington, DC, 1978.)

9.5.4 Cover Management Factor C

The cover management factor C includes the effects of
vegetative cover, crop sequence, productivity level, length
of growing season, tillage practices, residue management,
and the expected time distribution of erosive events. For
agricultural systems, C factors are generally based on crop
rotations and tillage sequences. For forest, rangeland, and
other nonagricultural conditions, C factors are generally
estimated from the density of vegetation and the amount
of vegetative residue on the soil surface.

Table 9.1 provides C factors that are useful for many
different land uses in much of the U.S., provided the land
use exhibits some vegetative cover. For a disturbed bare soil
as in Figure 9.10, a value of 1.0 or greater should be used.
The table is particularly valuable when relative soil losses
associated with land use changes are determined. Erosion
from permanent pasture, rangeland, and forest is generally
much lower than from agricultural lands. Human or livestock
activities, like roads, grazing, or timber harvest, that disturb
the vegetation are generally the source of most of the eroded
sediment from rangeland and forests. Forest erosion pro-
cesses are discussed in detail in Chapter 10.
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FIGURE 9.9 Fallow soil erosion plot located near Pullman, WA, with a standard length of 72.6 ft and a slope steepness of about 9%.

trees (4 to 8 ft high). Determine the change in the C factor

ExampLE 9.5 during the first year following clear-cutting.

Logging operations in Pennsylvania result in part of a Solution

forest being clear-cut. Immediately following the clear-

cutting, there is no appreciable canopy, but there is a 40% From Table 9.1, the C factor immediately following clear-
ground cover of decaying compacted duff. A year after cutting is 0.15. If we assume the percentage ground cover

the clear-cutting, there is a 75% canopy of brush and short does not change during the first year, the C factor at the
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FIGURE 9.10 Slope and length factor LS as a function of slope and length.

end of this period will be 0.12. Therefore, based on the
change in the C factor, soil losses at the end of the period
will be 80% of that immediately following clear-cutting.

Answer

The change in canopy cover during the first year following
clear-cutting will result in a 20% reduction in the C factor.

Table 9.2 gives some typical agricultural C factors for
Ohio. These values should provide reasonable estimates
for the central and eastern U.S. However, these factors do
not account for climate differences between locations that
might influence seasonal changes in C factors. Also, the
table does not fully consider differences in the amount of
residue left in a field following harvest. Whenever possi-
ble, you should consult local SCS or other natural resource
agency offices to obtain C factors for your region.

From Table 9.2, it can be seen that the C factor will
vary based on the crop and tillage practices. The tradi-
tional functions of tillage were weed control and prepara-
tion of a seedbed in which traditional planters and drills
would function. With the development of conservation
tillage planters and drills, tillage management has become
increasingly important as a conservation tool. Currently,
the primary purpose of tillage operations is to provide an
adequate soil and water environment for the seedling to

germinate. The role of tillage in weed control has dimin-
ished with increased use of herbicides and improved tim-
ing of operations.

Conventional tillage tends to incorporate the majority
of surface residue, leaving the surface bare and susceptible
to erosion. Conservation tillage systems leave residue
from previous crops on the surface, protecting the soil
from raindrop impact and reducing the erosive shear of
sheet and rill flow on the soil. The presence of residue
significantly reduces erosion rates, as can be seen by the
lower C factors for all the conservation systems listed in
Table 9.2.

One of the major benefits of reduced tillage is the
increased amount of residue left on the surface, which
reduces runoff and erosion. Other methods for reducing
runoff, such as putting checks in furrows in cropland or
imprinting rangeland, can also reduce erosion.

ExAMPLE 9.6

As part of a conservation plan, a farmer in Indiana decided
to place part of her land into pasture. Originally, the land
was in continuous corn production, and the farmer used
conventional tillage in the autumn. Determine the relative
soil reduction associated with this land use change;
assume the worst-case condition for pasture.
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FIGURE 9.11 Contour strip cropping in Wisconsin.
Solution
From Table 9.2, it is determined that continuous corn
production and conventional tillage in the autumn has a
C factor of 0.40. The worst case for the pasture, poor
condition, has a C factor of 0.04, which is 10% of 0.40.

Answer

Converting the land use into pasture will reduce soil loss
by 90%.

9.5.5 Erosion Control Practice P

The vegetation cover or farming system selected can have
a major effect on soil erosion rates. There are practices
besides vegetation management that can be employed to
control erosion. Erosion control practices include contour-
ing, strip cropping, and terracing. For many applications,
no erosion control practices will be used, and the P factor
will be 1.0. Table 9.3 presents typical P factors that can
be used to estimate the effect of conservation practices on
predicted soil erosion.

Contouring. Contouring or contour farming is conduct-
ing field operations, such as tillage, planting, and harvest-
ing, approximately on the contour. Contouring reduces
surface runoff by impounding water in small depressions
and decreasing the development of rills. The greatest con-
centration of contouring in the U.S. is in the eastern wheat
belt, where the benefits include both erosion reduction and
conservation of water. The design of contours requires site
surveying and is discussed in detail in the work of Schwab
et al. (1993).

The relative effectiveness in reducing erosion by con-
touring on different slopes is shown by the conservation
practice factor P in Table 9.3. The benefits of contouring
decrease as the slope increases because the water-holding
capacity of the rows diminishes with an increase in slope.
Also, there are practical limitations on the slope length
for which contouring is effective. On 2% slopes, the max-
imum slope length that should be contoured is about 400
ft, while for a 12% slope, the maximum length is only
120 ft. Contouring on steep slopes or under conditions of
high rainfall intensity and soil erodibility will increase the
risk of gullying because row breaks may release the stored
water. Row breaks cause cumulative damage as the vol-
ume of water increases with each succeeding row.

Strip Cropping. Strip cropping is the practice of grow-
ing alternate strips of different crops in the same field. For
controlling water erosion, the strips are on the contour
(Figure 9.11). Rotations that provide strips of close-grow-
ing perennial grasses and legumes alternating with grain
and row crops are the most effective practice to reduce
erosion by water. Generally, strips that are farmed in row
crops have parallel borders and widths that are convenient
for multiple-row equipment operation. Maximum slope
lengths for strip cropping can be twice those for contour-
ing alone. For slope lengths longer than those recom-
mended in Table 9.3, terracing is recommended if tillage
operations are required for the management system.

The strips of grass or small grains act as sediment
filters by slowing the overland flow velocity and increas-
ing infiltration, causing sediment to be deposited. Also,
the velocity of runoff entering the next strip of crop is
reduced and therefore causes less soil erosion. The reason
the grass strips act as filters is that they provide more near-
surface vegetative cover than row crops such as the corn
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FIGURE 9.12 Terraces on gradual sloping areas in Swaziland. Tall grass is planted on the terraces. Cattle in the foreground are a
major cause of soil erosion as they compact the soil and remove vegetation.

or soybeans. A short-term economic impact of this prac-
tice is that some of the land is no longer in crop production
or is planted to a crop such as grass, which has less
economic value than corn or soybeans.

ExAmMPLE 9.7

A farmer decides to switch from farming up and down
the slope to contouring. The farmer’s field has a slope of
3%. Determine the soil loss reduction benefit of this
switch in practices. Also, determine any additional benefit
that might be obtained if the farmer strip crops with grass.

Solution

From Table 9.3, a P factor of 0.5 is obtained for contour-
ing on a 3% slope. Without contouring, the P factor would
be 1.0. Therefore, contouring reduces the soil loss by 50%.
Also, from Table 9.3, we see that strip cropping with grass
will further reduce the P factor to 0.25. This will result
in a 75% reduction (1 — 0.25 x 100) in the predicted soil
erosion. An additional reduction in erosion may also occur
if the farmer has more years of grass (meadow) in the
rotation because of a reduced C factor (Table 9.2).

Answer

A switch to contouring would reduce soil loss by 50%.
Including strip cropping would reduce soil loss by 75%.

Terracing. A common erosion control practice is to con-
struct terraces on eroding slopes (Figure 9.12). Terraces
reduce the slope length and reduce runoff. The terrace
channel may be level or graded to direct runoff to grassed

waterways or subsurface drains that convey runoff away
from the susceptible area. A level terrace restricts the
lateral movement of water and is generally installed on
soils with high infiltration rates or in drier climates for
both soil and water conservation. The details of terrace
design or construction are presented in the work of
Schwab et al. (1993) and in other engineering textbooks.

Terracing affects the slope length so that the LS factor
in a terracing system is altered to determine the amount
of sediment delivered to the terrace. In terrace systems,
the P factor can be used to estimate the reduction in
sediment yield leaving the terrace. From Table 9.3, it is
possible to predict either (1) sediment detached from the
cropping area (the P factor is the same as for contouring)
or (2) sediment yield leaving the field and include the
terrace factor. The P factor for terrace sediment yield is
10 to 20% of the contour farming P factor.

ExampLE 9.8

For a field with a total slope length of 700 ft and an
average steepness of 4%, find the P factor for (a) sediment
delivered to terraces at 100-ft spacings and (b) sediment

transported from a graded terrace channel with a spacing
of 100 ft leading to a surface channel outlet.

Solution
Refer to Table 9.3 to determine the appropriate P factors.
Answers

(a) For the sediment delivered to terraces at 100-ft spacings,
P is the same as for the contour farming value, P = 0.50.
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The slope length has been reduced from 700 to 100 ft, so
from Figure 9.10, the LS factor will reduce from 0.9 to
0.5. (b) If the terraces have a graded channel to a surface
drain, then the P factor for sediment delivery is 0.5 x 0.2
=0.1.

9.6 SOIL LOSS TOLERANCE T

Natural resource managers sometimes find it helpful to
determine a maximum level or tolerable level of erosion
that can be allowed. Management plans can be evaluated
by comparing the predicted erosion to a maximum or
tolerable level. Both physical and economic factors, as
well as social aspects, need to be considered in establish-
ing soil loss tolerances, sometimes called 7 values. These
values vary with topsoil depth and subsoil properties and
range from 3 to 20 tons/acre. They are the maximum rates
of soil erosion that will permit a high level of crop pro-
ductivity to be sustained economically and indefinitely. In
some cases, criteria for control of sediment pollution may
dictate lower tolerance values. In other cases, it may be
necessary to allow for higher levels of erosion to ensure
the economic viability of a rural community.

9.7 APPLICATIONS OF THE UNIVERSAL
SOIL LOSS EQUATION

In Section 9.5, we focused on determining the factors in
the USLE and determining soil loss changes associated
with each factor. Often, we will be interested in determin-
ing the soil loss associated with a combination of all or most
of the factors. This will require knowledge of the location,
soil, land use, slope steepness, slope length, and any erosion
control practices. We present two examples of applying the
USLE to estimate soil erosion. Table 9.4 describes an actual
field that had been experiencing severe erosion prior to the
implementation of conservation practices.

ExAmMPLE 9.9

Determine the average annual soil loss for the field
described in Table 9.4.

Solution

From Example 9.1, R = 170. From Table 9.4, K = 0.27.
From Figure 9.6 for length = 720 ft and steepness = 3%,
LS = 0.6. Assume Iowa C factors similar to Ohio, so
from Table 9.2 for Co O M M rotation, spring tillage,
C = 0.05. From Table 9.3 for contour strip cropping,
P=0.5x0.5=0.25.
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TABLE 9.4
Details from a Field in lowa with Observed Soil
Erosion Susceptibility

Feature Value

Location: Clayton County in northeast Iowa

Soil series and texture: Kenyon loam

Erodibility K factor 0.27

Stated T value 5 t/acres per year

Total length of slope 1200 ft
Length of eroding slope 720 ft
Average steepness of eroding slope 3%

Current farming system: contour strip cropping
with grass, spring conventional tillage, 1.7
t/acre spring residue

Rotation: corn, oats, meadow, meadow

Source: USDA (1972).

Answer
Applying Equation 9.1,

A =170 % 0.27 x 0.6 x 0.05 x 0.25 = 0.34 tons/acre/year

The erosion rate in Example 9.9 is relatively low for
an agricultural system and is due to the combination of
crop rotation and contour strip cropping, which are both
very effective management techniques in reducing soil
erosion. The T value for the field described in Table 9.4
is 5 tons/acre/year. The above example predicts an erosion
rate of less than 1 ton/acre/year, which will ensure that
the productivity of that field is maintained indefinitely.

The USLE can be applied to many land uses, including
agriculture, forests, pastures, rangeland, idle land, and
land disturbances associated with surface mining or land
development. However, when using the USLE, it is impor-
tant to recognize that knowledge of C and P is better for
agricultural applications than for surface mining or other
land disturbances, such as urban development. Also, there
is limited information available on LS factors for slopes
greater than 20% or slope lengths greater than 2000 ft.

ExampLE 9.10

Compare annual soil losses prior to and following recla-
mation of a surface mining activity in eastern Kentucky.
Disturbed areas are returned to the original contours, the
average land slope is 20%, and typical slope lengths are
750 ft. Mining is conducted in a Shelocta soil series. Prior
to mining, the area was predominantly a forest, and dis-
turbed areas are undergoing reclamation to permanent
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pasture. Poor soil fertility and acid conditions prevent
establishment of more than 60% ground cover of grass
and legumes in the pasture. Suggest conservation prac-
tices that might reduce the postmining soil losses to less
than a soil loss tolerance 7 value of 5 tons/acre/year.

Solution

From Figure 9.6, determine that, for eastern Kentucky,
the R factor is 150. From Appendix D, we find that a
Shelocta soil has a K factor of 0.32. From Figure 9.9,
establish that the LS factor for a 20% slope and a 750-ft
slope length is 10. Using Table 9.1, the C factor for a
forest is 0.003 (95 to 100% ground cover of decaying
compacted duff), and the C factor for the permanent pas-
ture will be about 0.042 (60% ground cover).

The only factor that changes when we move from the
premining to postmining use is the C factor. The soil
losses before and after reclamation are determined as:

Condition A R K LS C P

Premining forest 1.4 150 032 10 0.003 1.0
Postmining grass 20 150 032 10 0.042 1.0

It will be difficult to reduce postmining predicted losses
from 20 to less than 5 tons/acre/year, but a number of
options are available. Improved management to increase
the vegetative cover will reduce the C factor. If soil fer-
tility can be improved to give 80% cover rather than 60%,
the C factor will decrease from 0.042 to 0.013. Installing
terraces at 250-ft spacings will reduce the LS factor from
10 to 5.5. The following table summarizes the options:

Condition A R K LS C P

Postmining grass 20 150 032 10 0.042 1.0

Improved grass 6.24 150 032 10 0.013 1.0

Improved grassand 3.4 150 032 55 0013 1.0
terraces

Answer

To ensure that predicted postmining on-site erosion is
reduced to less than 5 tons/acre/year, it is necessary to
improve the soil fertility to ensure an 80% grass cover
and to install terraces at 250-ft spacings.

In Example 9.10, if the proposed terraces drain into a
grassed waterway, the sediment leaving the site will be
reduced even further with a P factor of 0.2, leading to a
predicted net soil loss from the site of 0.7 tons/acre/year.
Natural resource managers need to determine if their goal
is to reduce on-site erosion to maintain site productivity
or to reduce off-site impacts to maintain water quality. See
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Chapter 14, Exercise 14.8, for additional examples of
applications of the USLE.

9.8 DOWNSTREAM SEDIMENT YIELDS

Natural resource managers may need to know sediment
delivery downstream in a watershed. One method for esti-
mating sediment delivery is to use the USLE and a sedi-
ment delivery ratio (SDR). The USLE estimates gross
sheet-and-rill erosion, but does not account for sediment
deposited en route to the place of measurement or for gully
or channel erosion downstream. The sediment delivery
ratio is defined as the ratio of sediment delivered at a
location in the stream system to the gross erosion from
the drainage area above that point. This ratio varies widely
with size of area, steepness, density of drainage network,
and many other factors. For watersheds of 6.4, 320, 3,200,
and 64,000 acres, ratios of 0.65, 0.33, 0.22, and 0.10,
respectively, were suggested by Roehl (1962) as average
values. The development of new process-based erosion
models in GIS environments will enhance the prediction
of sediment delivery from watersheds.

Renfro (1975), for the Blackland Prairie area in Texas,
developed the SDR equation

log,, SDR=1.8768-0.14191 log,, 10A  (9.2)
where SDR is the sediment delivery ratio (percentage of
annual erosion), and A is the drainage area in square miles
(A < 100 mi?).

Numerous other models have been developed. For
example, the Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1996) considers storm runoff and uses the
equation

0.56

SDR = [qp
P

r

] (0.78285+0.21716 Qj 9.3)

P

where SDR is the sediment delivery ratio (fraction of the
gross erosion for the event), g, is the peak runoff rate, P,
is the peak rainfall rate, P is the rainfall, and Q is the
runoff depth (all units are millimeters or millimeters/hour,
although inches and inches/hour can be used provided a
consistent set of units is used for all quantities).

ExampLE 9.11

Assume that the erosion rate calculated for the field in
Example 9.9 is typical of a 320-acre watershed draining
into a small reservoir. Estimate the sediment delivery to
the reservoir for a 20-year period.
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Solution

The average annual erosion rate is 0.34 tons/acre/year.
The sediment delivery ratio for a 320-acre watershed was
given as 0.33.

Answer

The sediment yield from 20 years will be

Sediment = 0.34 tons/acre/year X 320 acres
x 20 years x 0.33 = 718 tons

Exercise 14.8 in Chapter 14 has additional applications of
predicting off-site impacts of soil erosion.

9.9 SINGLE-EVENT SEDIMENT YIELDS

The USLE is useful for determining gross erosion from
an area for seasonal, annual, and extended time periods.
In Section 9.8, we showed how a delivery ratio can be
used to determine a downstream sediment yield estimate.
However, application of a delivery ratio to gross erosion
estimates based on the USLE cannot be used to obtain
sediment yields for individual events, only for long-term
averages. A method called the modified universal soil loss
equation (MUSLE) (J.L. Williams, 1975) illustrates how
sediment yields for individual storm events might be
obtained:

)0.56

Y =95(Qq)" K LS CP

9.4)
where Y is the single-storm sediment yield in tons, Q is
the storm runoff volume in acre-feet, ¢ is the peak dis-
charge in cubic feet/second, and the other terms are the
standard USLE factors discussed in this chapter. The
approach has seen widespread application, but should be
used with caution as it was developed empirically based
on limited data for Texas and the southwestern U.S. The
procedure should only be used on small watersheds, and
considerable judgment is required in selecting an appro-
priate slope length when determining the LS topographic
factor. A delivery ratio should not be included if the sed-
iment yield is determined at the outlet of the watershed
used to obtain the runoff volume Q and the peak discharge
q. However, if a sediment yield estimate is required down-
stream of the watershed evaluated with the MUSLE, then
a delivery ratio would also need to be used. Estimates of
QO and ¢ can be obtained using the procedures presented
in Chapter 5.
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ExampLE 9.12

Determine the soil loss from the 320-acre watershed
described in Examples 9.9 and 9.11 for a storm that pro-
duces 12 acre-ft of runoff and a peak discharge of 200
ft’/sec from a 2-in. rainfall.

Solution

From Example 9.9, K =0.27, LS = 0.6, C = 0.05, and P =
0.25.

Y =95 (12 x 200)%3¢ (0.27)(0.6)(0.05)(0.25) = 15 t
Answer

The soil loss is 15 tons.

9.10 ESTIMATING SEASONAL C FACTORS
FOR AGRICULTURAL CROPS

Sometimes, local C factors such as those presented in
Table 9.1 and Table 9.2 are not available. This section
demonstrates how to determine a C factor based on general
crop properties (Table 9.5) in conjunction with a local
climate (Figure 9.4).

Table 9.5 gives the seasonal losses from several typical
farming systems as a percentage of the soil loss for contin-
uous fallow soil during the growing season. The annual
distribution of erosive events varies with geographic loca-
tion. Examples from different regions of the U.S. are given
in Figure 9.7. The C factor for a given crop rotation is found
by first multiplying the soil loss ratio for each growth period
in a crop rotation (Table 9.5) by the percentage of annual
erosion during each respective period (Figure 9.7). These
products are then summed, and an annual average is calcu-
lated to give the C factor (Example 9.13).

ExampLE 9.13

Calculate the C factor for the field described in Table 9.4.

Solution

Table 9.6 contains the solution to this example. The rota-
tion given in Table 9.4 is corn, oats or small grain,
meadow, meadow.

1. The various stages of crop growth and their respective
months are determined for each growth stage, and the
months are entered in Column 1 of Table 9.6.
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TABLE 9.5

Seasonal Distribution of Cover Management Factor Expressed as Percentage of Soil
Loss from Crops to Corresponding Loss from Continuous Fallow for Selected Crop

and Tillage Management Systems

Spring Planting

Soil Loss Ratio?for Crop Stage Period and
Canopy Cover”

Line no., Cover, Residued Coverr F SB 1 2 3:80 90 96 4L

Sequence and Management¢ (tons) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Continuous

1 Co, RdL, spring, TP 2.3 — 31 55 48 38 — — 20 23

2 As above, less residue

6 Co, RdL, fall, TP 1.7 — 36 60 52 41 — 24 20 30

46 Co, chisel or cultivate only GP — 49 70 57 41 — 24 20 —

63 Co ridge tillage on contour 1.7 50 — 16 13 12 — 12 9 24

130 Small grain — — — 07 07 07 07 0.7 07 0.7

200 Meadow 1.7 60 — 16 14 12 7 4 2 17

0.8 06 04

Rotation

110 Co after Bn, spring conv GP 47 78 65 51 — 30 25 37

124 Bn after Co, spring, TP GP 39 64 56 41 — 21 18 22

210 Rowcrop after meadow, Rdl, 9 24 21 18 — 12 10 18
spring, TP

Conservation Tillage

52 Bn or Co after Co 1.3 40 — 21 20 19 19 15 12 30

121 Co after Bn GP 30 — 33 29 25 22 18 14 33

131 Small grain after Co in disk residue 1.7 40 — 27 21 16 9 5 322

Bn = beans; Co = corn.

* The soil loss ratios, given as percentages of the loss that would occur from fallow, assume that the indicated crop
sequence and practices are followed consistently.

b Crop stage periods are F, rough fallow; SB, seedbed until 10% canopy cover; 1, establishment until 50% canopy
cover; 2, development until 75% canopy cover; 3, maturing until harvest for three different levels of canopy cover;
4L, residue or stubble.

¢ RdL, crop residue left in field; TP, plowed with moldboard.

4 Dry mass per acre, after winter loss and reductions by grazing or partial removal, 2 t/acre represents a yield of
100 to 130 bu/acre; GP is good productivity level.

¢ Percentage of soil surface covered by plant residue mulch after crop seeding. The difference between spring
residue and that on the surface after crop seeding is reflected in the soil loss ratios as residues mixed with the topsoil.

Source: Wischmeier, W.H., and D.D. Smith, Predicting Rainfall Erosion Losses — A Guide to Conservation
Planning. USDA Handbook 537, USDA-Science and Education Administration, Washington, DC, 1978.

2. The C values from Table 9.5 for each period are

entered into Table 9.6, Column 2.
3. The percentage of annual erosivity for each of these

periods is determined from Figure 9.9, Curve A, and

entered into Table 9.6, Column 3.
4. The product of the C value and the erodibility (both

expressed as decimal fractions) is calculated and

entered in Column 4 of Table 9.6.
5. The sum of these products is divided by the number

of years in the rotation to obtain an average C factor
for the rotation, which is 0.060.

Answer
The C factor for the field described in Table 9.4 is 0.060.

The calculated C factor of 0.06 from Table 9.4 is
greater than the C factor of 0.05 given in Table 9.2 for
Ohio conditions because the Iowa climate experiences
more erosive storms during the critical crop period in June
and July (compare the steepness of Curves A and B in
Figure 9.9), and different assumptions may have been
made regarding the C factor in the Ohio data.
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TABLE 9.6

Solution to Example 9.13, Calculating the C Factor for the Conditions

Described in Table 9.4

Soil Loss,
Percentage of
Continuous
Fallow

Months (Table 9.5)
Column 1 Column 2
Corn, First Year, Line 210
January to April 0.6
May 24
June 21
July 18
August to September 12
October to December 18

Annual Erosion

Small Grain with Meadow Seeding, Lines 130 and 200

January to March 18
April 16
May 14
June 12
July to August 4
September to December 0.6

Meadow, Line 200

January to December 0.6
January to December 0.6
Total

Average

(Figure 9.7) C Factor
Percentage Column 2 x Column 3
Column 3 Column 4
10 0.0006
10 0.024
20 0.042
20 0.036
30 0.036
10 0.018
4 0.0072
6 0.0096
10 0.014
20 0.024
40 0.016
20 0.0012
100 0.006
100 0.006
400% 0.242
0.242/4 = 0.060

9.11 SEDIMENT BUDGET CONCEPTS

9.11.1 INTRODUCTION

A particle of sediment often has a long and complicated
journey on its way from upland slope to the sea (Walling,
1983). Both in the popular environmental literature (Gore,
1992) and, most egregiously, in the scientific literature
(Pimentel et al., 1995), the idea remains that a particle of
soil, once detached by running water, moves immediately
on its way to the sea or to some navigable stream, lake,
reservoir, or harbor, there to create havoc. The falseness
of this idea is easily demonstrated. The most recent esti-
mates of U.S. soil erosion are about 4 billion tonnes per
year, but the sediment estimated to be leaving from rivers
as sediment yield to the sea is only about 0.5 billion
tonnes/year, of which a large, but unknown, quantity
comes from stream channel and bank erosion (Meade et
al., 1990; Trimble and Crosson, 2000). Part of the disparity
of more than 3.5 billion tonnes/year is found in both large
(Dendy and Champion, 1975; Meade et al., 1990) and small
(Renwick, 1996; Smith, et al, 2002) reservoirs, which effec-
tively trap much of the sediment transported by streams.
Also, a large, but unknown, quantity is deposited in channels

and on floodplains. The net result is that some of the
missing 3.5 billion tonnes/year can be taken into account,
but we simply do not know how much. Simply, there is
no equilibrium or steady state between the slopes and the
stream (Trimble, 1975a).

In Chapter 4, we looked at water budgets and saw that,
for a given time period, all mass has to be taken into
account. In that case, the input was precipitation, storage
was in soil and groundwater, and outflow or efflux was
ET and Q (Equation 4.4). Thus, if we know P and Q and
can account for storage changes, we can calculate AET.
A sediment budget is quite similar in that we must account
for fluxes and storage of mass over time. The inputs are
earth materials that come from slopes by erosion or mass
movement (Toy et al., 2002). Additional sediment may come
from wind erosion in some regions, as discussed in the first
part of this chapter. Efflux is measured as sediment yield
at some downstream point. Between the slopes and the
downstream point where sediment yield is measured, how-
ever, there are many places along streams where sediment
can be stored by stream or fluvial processes, thus decreas-
ing downstream sediment yield. Likewise, fluvial pro-
cesses may remove sediment from these same storage
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“compartments” and release it downstream to become sed-
iment yield. As we shall see, these fluxes and processes
are quite complex, and the science of sediment budgets is
in its infancy.

9.11.2 SEDIMENT DELIVERY FROM SLOPES

In the beginning of this chapter, we examined principles
and prediction of soil erosion and pointed out that most
sediment from eroded soil travels only a short distance
downslope, and generally, only a small proportion actually
moves into streams under ordinary conditions. Indeed,
much of the eroded soil moves only a short distance and
is deposited as slope deposits or colluvium. By practice.
we adjust for this assumed deposition along the pathway
using the SDR, the proportion of eroded soil reaching
some point downstream (see Section 9.8 and Exercise
14.6, Chapter 14). But, we must understand that the SDR
is a gross generalization based on few and very difficult
to obtain data (Roehl, 1962; Walling, 1983); like most
models, it can hide huge disparities. We have already
discussed the efficiency of water moving in channels com-
pared to that moving across slopes as shallow flow; so it
is with sediment delivery from slopes to streams. If soil
erosion is so advanced on an upland surface that rills and
gullies are present, then water and sediment can be effi-
ciently conveyed off the slopes; indeed, additional sediment
may well come from the rills and gullies themselves. During
the 1930s, when erosion was rampant on the Driftless Area
(Mississippi River hill country or Paleozoic plateau), sed-
iment delivery ratios were about 1.28 (Trimble and Lund,
1982). Figure 9.13A clearly demonstrates what was hap-
pening: The drainage density had radically increased
under conditions of poor land use (1853 to 1935), so that
rills and gullies could efficiently convey water and sedi-
ment to tributary streams. By the 1960s, when the land-
scape had been totally transformed by modern soil and
water conservation practices (Figure 9.13B), there was no
sign of rills and gullies, and not only had soil erosion been
drastically reduced, but SDRs were also drastically
reduced, averaging only 8%, with the disparity deposited
as colluvium or alluvium (Trimble and Lund, 1982). Such
are the vagaries and unknowns of moving sediment just a
few hundred meters.

9.11.3 SEDIMENT IN STREAMS

Once the sediment moves into the stream system, the
processes are even more complex (Figure 9.14). The first
principle is that streams can transport only so much sed-
iment over time (termed capacity). A stream channel may
be a fairly efficient conveyor of water and sediment, but
during out-of-bank flows, much of the conveyance path is
the floodplain. It is usually rough hydraulically and thus
inefficient at routing sediment, especially through the
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lower main valley. The quite obvious result is that flood-
plains are subject to varying amounts of sediment storage
as vertical accretion. Particularly under conditions of
accelerated soil erosion, the amount of sediment conveyed
exceeds the conveyance capacity of the floodway (channel
and floodplain), so that the surplus is stored. This is clearly
demonstrated by three sediment budgets for Coon Creek,
Wisconsin, 1853 to 1993 (Figure 9.14). Perhaps the most
noteworthy phenomenon is that, although sediment fluxes
varied greatly through time, the flow of sediment yield out
of the basin and into the Mississippi River remained
approximately constant, demonstrating the sediment-trap-
ping effect of stream floodplains, especially the wide
floodplain of the lower main valley.

Conversely, when the stream is deprived of its “nor-
mal” load of sediment, the available stream energy may
be used to erode the channel and banks. This is easily
demonstrated in erodible channel reaches downstream of
reservoirs. There, the reservoirs have trapped most of the
sediment, creating flow with excess energy or “hungry
water.” Many such reaches have degraded several meters,
and the eroded materials have been transported downstream
as sediment yield (G.P. Williams and Wolman, 1984). Some-
times, the stream is unable to erode the channel bed (e.g.,
“armored” with large particles) or banks (e.g., armored
with effective vegetation or riprap), so that its energy will
simply be dissipated, and little work will be done.

Some of these concepts are embodied in Figure 9.15.
Line BA, extended, is the steady state at which down-
stream sediment yield equals upstream sediment supply.
Point and Level A is the maximum sediment conveyance
capacity of the floodway. When upstream sediment supply
exceeds A, the excess goes into storage, largely as vertical
accretion on floodplains or channel filling. When upstream
sediment supply drops below A, the stream attempts to
use its excess energy to obtain sediment load from bed
and banks. If sediment is easily obtainable and can be
mobilized, it will be taken from storage; the perfect case
is line AB’, with 100% of the available energy used for
geomorphic work. However, in many cases, the bed and
bank materials may be (1) too large to transport, (2)
armored or protected by large particles or vegetation, or
(3) to a much lesser extent, without sediment. The result
of any and all of these cases is to make the stream dissipate
at least part of its available energy. The latter condition,
as we shall see, is what stream engineers and planners
attempt to accomplish with bank reshaping, riprap, and
vegetation.

9.11.4 THE SOUTHERN PIEDMONT

These concepts are best demonstrated with examples from
the American landscape. The southern Piedmont is a region
that suffered massive historical soil erosion, but was
reclaimed by soil conservation measures and reforestation
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FIGURE 9.13 Hydrologic processes written on the landscape, Coon Creek, Wisconsin, basin, 1934 and 1967: A. Early 1934; note
rectangular fields and gully systems extending into the upland agricultural fields. B. 1967; note contoured and strip cropped fields.
Although the visible conservation methods here are striking, those not seen, such as crop rotations and stubble mulching, have just
as much impact. (From Trimble, S.W., and S.W. Lund, Soil Conservation and the Reduction of Erosion and Sedimentation in the
Coon Creek Basin, Wisconsin, USGS Professional Paper 1234, 1982.)

starting in the 1930s. The landscape changes and stream
responses are shown over time in block diagrams indicating
an upstream reach and a downstream reach (Figure 9.16).
In Figure 9.16A, we see the heavily forested Piedmont at
the time of European settlement (ca. 1770 to 1820). Set-
tlers quickly took up the fertile floodplains and stream
terraces for agriculture and for home sites. With time, the
uplands were cleared for tobacco, corn, and cotton. The
clean-tilled crops in this region of high R values (Koeppen
Cfa, Chapter 2 and the USLE equation in this chapter) and
often-steep slopes, along with poor soil conservation prac-
tices, created massive sheet and gully erosion that filled
upstream valleys and moved progressively downstream

(Figure 9.16B). Channels were to a large extent filled with
sandy sediment, from the acid igneous soils, and this
resulted in the raising of the stream levels. Natural levees
formed, which then prevented water from moving to the
stream, and the floodplains and low terraces became
swamps.

The advent of soil conservation practices and reforesta-
tion in the 1930s greatly curtailed upland erosion, so runoff
from the uplands no longer transported much sediment (for
an analysis of the hydrology during this period, see A.P.
Price, 1998). The result was as described in Section 9.11.3;
that is, the hungry water eroded upstream channels, trans-
porting the sediment downstream, where it exacerbated
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Sediment Budgets for Coon Creek, WI, 1853-1993
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FIGURE 9.14 Sediment budgets for Coon Creek, Wisconsin, 1853 to 1993. This basin is about 25 km southeast of La Crosse, WI,
and has an area of 360 km?. Numbers are annual averages for the periods in 10> Mg/year (1 Mg = 1 metric ton). All values are direct
measurements except net upland sheet-and-rill erosion, which is the sum of all sinks and the efflux minus the measured sources. The
lower main valley and tributaries are sediment sinks, whereas the upper main valley is a sediment source. (From Trimble, S.W.,
Science, 285:1244-1246, 1999. The 1853—-1939 and 1938-1975 portions of the figure are copyright AAAS, 1981; the 1975-1993

portion is copyright AAAS, 1999.)

already-existing problems (Figure 9.16C). Such stream pro-
cesses as those described in Section 9.11.3, with impacts
moving upstream or downstream, were termed by Schumm
(1977) as a complex response. Note that the tributary chan-
nels, by virtue of 2 to 7 m of aggradation, had steepened
their longitudinal profiles, thus increasing the potential ero-
sional energy when the sediment supply was curtailed by
improved land use. Schumm pointed out that aggrading
streams could, in some cases, steepen their profiles to the

point at which they became intrinsically unstable and might
start degrading on their own without the mechanism of cur-
tailed sediment supply as discussed here.

Stream and valley cross sections, or profiles, show
these processes more clearly. Figure 9.17 shows an
upstream site where a 4m-high milldam was built across
the stream in 1865, at which time the stream was flowing
on bedrock. The local area was cleared for crops, and by
1930, the stream had aggraded about 5 m and buried the
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FIGURE 9.15 Schematic relation of downstream sediment yield and upstream sediment supply. Value A is the stream valley
conveyance capacity. When upstream sediment supply exceeds A, the excess goes into storage, largely as vertical accretion on
floodplains or channel filling. When upstream sediment supply drops below A, the stream attempts to use its excess energy to obtain
sediment load from bed and banks. If sediment is easily obtainable and can be mobilized, it will be taken from storage, with the
perfect case line AB’, with 100% of the available energy used for geomorphic work. Generally, much of the available energy will
be dissipated, so line AB” is more likely. (Modified from Trimble, S.W., Am. J. Sci., 283:454-474, 1983.)

dam more than a meter. With the improvement of land
use, the stream had degraded about 2.5 m by 1969, exhum-
ing the buried milldam. Local bridges were undermined
by this degradation, demonstrating one cost of stream
instability. During the same period, about 20 km down-
stream the stream aggraded almost 3 m, in large part from
the migrating sediment brought from upstream storage
(Figure 9.18). By 1969, the stream had aggraded almost
to the bridge sills, built in 1934. This demonstrates another
way in which unstable streams can be costly. This bridge
flooded out frequently and had to be rebuilt and raised in
the 1970s so there would be adequate flood clearance
through the bridge opening. Despite these large masses of
sediment in movement, only about 4% of all material
estimated to have been eroded from Piedmont slopes dur-
ing historic time has been transported to the edge of the
region, the fall line (Trimble, 1975a).

9.11.5 HybprAuULIC MINING IN CALIFORNIA

While the above processes were caused by agricultural
soil erosion, construction or mining can cause similar
effects. In the mid-19th century in the Sierras of Califor-
nia, waste gravels from hydraulic mining were dumped
into Sierra tributaries of the Sacramento River, burying

the floodplains to 25 m in some locations (Gilbert, 1917,
Adler, 1980; James, 1989). Finer particles were trans-
ported downstream, where they buried the floodplains of
streams like the Yuba, Bear, and American Rivers and filled
the channel of the Sacramento River, causing flooding at
Sacramento and other cities. A court order to cease mining
cut off the supply of new sediment in the late 1800s. Since
then, hungry water has caused upstream degradation of more
than 10 m in some locations. This has caused a “wave” of
sediment to move through some downstream reaches, first
aggrading, then degrading (Figure 9.19).

Lest it be construed that all accelerated erosion and
legacies of sediment problems are human induced, note
that some pressing sediment budget problems have their
origins in the Holocene from effects of tectonism, glaci-
ation, and volcanism (Church and Slaymaker, 1989; Slay-
maker, 1993). In addition, past climatic changes have
altered sediment budgets (e.g., Knox, 1999) and certainly
will do so in the future. As you might guess, the instability
under consideration has long been a topic in hydrologic
studies. In particular, many basic principles have come
from the classic work of Gilbert (1917), Happ et al. (1940),
Mackin (1948), and E.W. Lane (1955b). Perhaps not per-
fectly, but we see encapsulated in the results presented here
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FIGURE 9.16 Block diagrams showing historic evolution of the southern Piedmont riverine landscape, 1700 to 1970, with the
downstream migration of historic sediment and concomitant morphologic—environmental changes. The stream in the upstream block
might drain 10 to 20 mi?, while the downstream block might portray 50 to 100 mi?. (From Trimble, S.W., Man-Induced Soil Erosion
on the Southern Piedmont, 1700-1970, Soil Conservation Society of America, Ankeny, IA, 1974. Copyright S.W. Trimble, 1971.)
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FIGURE 9.17 Processes in the upstream block of Figure 9.16, Periods 1 to 3. Aggradation and degradation at Mauldin Millsite,
Mulberrry River, Hall County, Georgia. (From Trimble, S.W., Culturally Accelerated Sedimentation on the Middle Georgia Piedmont,
U.S. Department of Agriculture Soil Conservation Service, Fort Worth, TX, 1970.)
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FIGURE 9.18 Processes in the do