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Preface

Man has lost the capacity to foresee and to forestall. He will end by
destroying the earth.

A quote by Albert Schweitzer in Rachel Carson’s Silent Spring

The nation behaves well if it treats the natural resources as assets which it
must turn over to the next generation increased and not impaired in value.

Theodore Roosevelt

In the 1960s the environmental awareness of the U.S. population was
greatly awakened. Many attributed this to a book by Rachel Carson
entitled Silent Spring (Houghton Mifflin, Boston, 1961) that described,
among other hazards, the effect of emissions of chemicals and other
pollutants on the environment and the potential destruction of the
ecology and mankind. But for whatever reasons, the environmental era
of the late 1960s was a wide, grassroots movement of activists, many of
them ill-informed but extremely enthusiasticc. The movement caused
several environmental protection legislative acts, of which the 1972 Water
Pollution Control Act Amendments was the most far-reaching law (see
Chapter 2 for pertinent water quality laws dealing with diffuse pollution).
Earth Day of 1970 was the culminating event of this period.

Some well-known traditional environmental scientists and engineers
called the environmental period of the 1960s and early 1970s “The Age of
Unreason™ or “an ecology binge in which relatively few activists aroused
the concerns of millions but hopelessly ill-equipped Americans over the
future of our environment and indeed our own existence” (Schroepfer,
Journal of the Water Pollution Control Federation, September 1978).
Some of this “unreason” was incorporated into laws that called for “zero
pollution discharge,” but in actuality advocated shifting the pollution

* It is interesting to note that the calls for zero discharge, this time on a more rational
and scientific basis, have been renewed in mid-1990s.

R0022974




X Preface

disposal from surface water resources onto soils, and eventually into the
ground water. Indeed, this environmental period of the 1960s and early
1970s was replaced in the 1980s by consumerism and a general lack of
enthusiasm of the population about the state of the environment. In the
same period, however, the global problems, unseen but predicted to
some degree by Carson and others, became widely publicized. The first
large-scale global environmental problem of diffuse nature was acid rain-
fall and its detrimental effects on North American and Scandinavian lakes
(see Chapter 4 for a detailed discussion of acid rainfall). Even though
natural rainfall is acidic due to the dissociation of dissolved carbon dioxide
from the atmosphere (pH of rainfall in equilibrium with the atmospheric
CO; is about 5.6), rainfall with much lower pH—down to less than 3 in
some areas—is now falling over larger geographical areas of North
America and Europe. This elevated acidity is due to sulfuric and nitric
acids formed from fossil-fuel burning (sulphur-containing coal) and
emissions from all kinds of motorized vehicles. There is now even evidence
that, in addition to acidifying lakes, acid rainfall is also damaging soil
fertility to such an extent that in some parts of the world it poses a threat
to future agricultural production and its sustainability (see Chapter 6).
Toxic compounds present in water are more toxic in acidic water than in
neutral and slightly basic water bodies (see Chapter 8). Other problems
of global proportions include the ‘“greenhouse effect”—that is, the
increased atmospheric content of carbon dioxide and other gases—and
the ozone-hole problem caused by the discharge of fluorocarbons into the
atmosphere. Fluorocarbons, which originate mostly from leaking cooling
systems, are also a water quality problem. Consequently, solving the
ozone-hole problem by banning the production and use of damaging
fluorocarbons may also have a water quality benefit.

Also since the 1970s, beaches of the North, Mediterranean, and
Adriatic seas became clogged by algae to the point that swimming was
not possible except in swimming pools that the hotels and casinos had to
build.

On a smaller but still widespread scale, soil loss from farms and
construction sites is alarming as well as being detrimental to surface
waters. In order to replace the lost plant nutrients and to protect the
monocultural crops from insects and weeds, farmers use more and more
chemicals, a practice that results in severe ground and surface water
contamination. In many places, ground-water resources have been con-
taminated by nitrates and pesticides to a point where they cannot be used
as a drinking water supply, with the result that potable water must be
trucked in or provided in bottles.

As the countries of eastern Europe opened their doors to the West,
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environmental problems on a monumental scale were discovered. It was
known that these countries were a major cause of some global problems,
such as acid rain and atmospheric PCB emissions, but the extent of the
damage to their soil, air, and water resources had not been known and
was kept secret. The most serious pollution problems are diffuse and
widespread in some countries (central and eastern Europe and some
developing countries), where they have reached locally catastrophic
proportions.

These large-scale environmental scares, plus a still very remote but
real possibility that man actually can bring about his own destruction by
contamination of the environment and the atmosphere, have generated a
new environmental awareness in the 1990s. How correct was Rachel
Carson decades ago.

This book does not want to promote gloom and doom, nor does it
want to cause unreasonable limitations on resources. The objective of this
book is rather to identify the environmental problems caused by pol-
lution, some of them of a global nature, and to suggest possible feasible
and economical solutions. The authors wanted to approach the task of
preparing the book in a positive, problem-solving fashion, with emphasis
on the sustainable use of water and soil resources, their protection, and
rehabilitation. As man can destroy the earth, he can also save it and
live in harmony with the environment.

This approach requires some rethinking of the philosophies with
which environmental engineers and scientists used to approach such
problems. For example, a change is needed from the traditional ‘‘sanitary
engineering,” mostly structural approaches that advocated the removal
and transport of pollutants and excess water from the affected areas in
the fastest way possible to less structural and more ecologically oriented
approaches that rely on water conservation and retention. This rethinking
will involve a shift from traditional curb-and-gutter storm sewer drainage
of urban and urbanizing areas to drainage maximizing the use of natural
(grassed) waterways, retention, and infiltration; a change from draining
wetlands for monocultural agriculture and urban development to pre-
serving and retaining them; from lining urban and rural streams with
concrete to preserving the streams in their natural state or restoring them
so they can support an aquatic habitat; from deforestation to forest
preservation and reforestation; from intensive agriculture relying on the
heavy use of chemicals to sustainable agriculture.

A new branch of environmental engineering called ecological engineering
is emerging. An ecological engineer knows how to balance pollution
discharges with the waste-assimilating capacity of the environment. Then
the environment can receive the residual waste loads without harm to the
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ecology, aquatic biota, and beneficial downstream uses of water resources.
If this capacity of water bodies to receive pollutants is not sufficient,
engineering techniques can be employed to both reduce the destructive
quantity of the pollutants and to increase the ability of the environment
to accept potential pollutants without harm. This ability of the environ-
ment to accept limited amounts of pollutants without harm is a great
economic asset that must be included in all considerations of environ-
mental protection and restoration, but it must not be exceeded. Most
environmental restoration and protection projects do not require a zero-
pollution discharge approach.

This book essentially is a follow-up of the Handbook of Nonpoint
Pollution: Sources and Management by Novotny and Chesters (Van
Nostrand Reinhold, 1981). The authors followed also the ideas and
solutions presented in others of their previous books (Krenkel and
Novotny: Water Quality Management, Academic Press, New York, 1980;
Novotny et al.: Karl Imhoff’s Handbook of Urban Drainage and Waste-
water Disposal, John Wiley & Sons, New York, 1989; Olem: Liming
Acidic Surface Waters, Lewis Publishers, 1991). However, the emphasis
on the sustainable use of water resources and the ecological approaches
to solving the problems of diffuse pollution are somewhat new in the field
of environmental engineering and pollution control.

The situation today is different from what it was at the end of the
1970s. Prior to the mid-1970s, diffuse pollution was an unknown pheno-
menon to the general population and its representatives. Environmental
engineering and science was almost exclusively oriented toward waste-
water conveyance, treatment and disposal, and water supply. Urban
engineering was promoting such approaches as curb-and-gutter storm
sewers, sewer separation, and lining streams for drainage. Today,
however, there are very active and quite large groups of professionals
interested in solutions for urban or agricultural diffuse pollution that
would be harmonious with the ecological principles and would lead to the
preservation and enhancement rather than the destruction of ecosystems.
Many excellent examples of developments that have incorporated the
nature and protected the habitat have recently emerged. Specialized
groups have been formed by most major environmental professional
associations, including the International Association on Water Quality
(formerly the International Association for Water Pollution Research and
Control), the Water Environment Federation (formerly the Water
Pollution Control Federation), the American Water Resources Associa-
tion, the American Society of Civil Engineers, the American Society of
Agricultural Engineers, the Soil Science Society of America, the North
American Lake Management Society, and the American Society of
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Agronomy. Their journals and proceedings are now a major source of
information on topics related to the diffuse-poliution problem and its
solutions, and the authors wish to acknowledge the positive role these
associations and their publications are playing in the recognition of the
problems in this area, as well as to their solution. The authors are also
indebted to several foundations and other sponsoring agencies (The
National Science Foundation, the Water Environment Research Founda-
tion, the U.S. Environmental Protection Agency, among others) that
provided funding for research and enabled the authors to gather the
knowledge necessary for preparing this book. The environmental educa-
tion efforts on diffuse pollution by some of these professional organiza-
tions (AWRA, Air and Waste Management Association) have reached
elementary and secondary schools throughout the country.

The authors would also like to recognize the important contributions
of the reviewers of the manuscript of the book, Professor Peter A.
Krenkel of the University of Nevada and Thomas Davenport of the U.S.
Environmental Protection Agency. Credit should also be given to Paul
and Eric Novotny for their computer art work.

The book 1s primarily for graduate students and practitioners in the
environmental areas. Unlike the previous books by the authors, this one
should be considered both a textbook and a handbook. It is intended to
teach the recognition of problems and the finding of solutions as well as
presenting facts and methodologies. Metric (SI) units are used through-
out the book. Conversions into the customary U.S. units are included in
Appendix A.
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Introduction

Originally all pollution was of nonpoint (diffuse) nature. It became
“point” pollution when years ago people in urban and industrial areas
collected urban runoff and wastewater and brought it, at a great expense, 10
one point for disposal.

Paraphrase of a statement made by a well-known urban
environmental economist (Gaffney, 1988) that introduces the topics
to be presented in this chapter.

HISTORICAL PERSPECTIVES AND
TRENDS IN ENVIRONMENTAL
DEGRADATION

From the Romans to Earth Day

It is an irony of history that semi-desert conditions now prevail in much of the
region once known as the Fertile Crescent. . . . Moreover, the earlier peoples
had on the whole a higher standard of living than most of the present
inhabitants. The degradations of the tegion came about almost entirely
because of human discord and neglect. The ancient people had ingeniously
developed the lands of the Fertile Crescent by intelligent use of meager water
resources. . . . Then invaders laid waste to the region and a long decline set in.
A succession of indolent and mutually intolerant people allowed the cisterns
and reservoirs to fall into ruin, the irrigation channels and terraces to crumble,
the trees to be cut down, the low vegetation to be destroyed by sheep and
goats and the land to be scoured by erosion. (Copyright © 1965 by Scientific
American, Inc. All rights reserved.)

These statements are a portion of the introduction by Maurice A. Garbell
(1965) in his discussion of “The Jordan Valley Plan.” The history of the

1
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2 Introduction

Middle East shows that if land stewardship is absent, the well-being of the
people who misuse the land and water resources declines. At some point
these adverse effects and deterioration become irreversible.

However, in the eighteenth century when the first Europeans arrived
in the Piedmont area of the American Southeast they found rivers and
lakes “crystal clean,” without visible pollution, water transparent and
abundant with fish (Clark, Haverkamp, and Chapman, 1985). At about
the same time and earlier throughout the Middle Ages salmon migrated
during the spawning season all the way into the headwater streams of
central Europe to the delight of fishermen in Prague, in the present Czech
Republic (located in the very center of Europe, several hundred
kilometers from the North Sea into which the rivers flow).

One would be greatly mistaken if these statements about the
cleanliness of the rural, mostly uninhabited environment were taken as a
general rule about the environment of the ancient world and the Middle
Ages. The pristine clean state of the rural environment centuries ago was
contrasted by the filth and uncleanness of urban centers. The streets of
medieval cities (and the same may be true for large urban centers of
ancient Rome and other great historical centers) were covered by
garbage, manure, and human excreta. In medieval Paris and other cities
piles of garbage and manure in the streets were one meter or more high.
The smell was strong and nauseating. Terrible epidemics plagued
medieval cities, and even the rural population was not spared. There is no
doubt that the medieval urban governments developed some kind of
street-sweeping—~cleanup or disposal services, and cleanliness or filth
varied from city to city. Many urban dwellers themselves also tried to
keep the streets in front of their houses clean. In addition the water
supplies used by urban dwellers were much smaller than they are today,
resulting in less pollution generation. However, rainfall and urban surface
runoff were the primary and sometimes the only means of disposal of
accumulated street surface pollution. Evidently, problems with urban
runoff are not new. Consequently, storm sewers were built, primarily for
storm water disposal.

When in the middle of the 1800s it was realized that the filth of the
cities and contamination of the water supplies were the major reasons for
such waterborne epidemics as cholera and typhoid fever, the first major
period of environmental awareness was born. It was born because life in
growing industrialized urban centers with medieval drainage became
unbearable to the population and its governments. The first urban sewer
system in the United States was planned in Chicago in 1855, although
sewers had been built in Europe decades and in ancient Rome thousands
of years before. The mixture of urban runoff and wastewater was brought
by the sewers to the nearest watercourse, and the dilution by the flow of
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the receiving water body was considered satisfactory for controlling
pollution. It is interesting to note that until the 1950s many European
receiving water standards were based on dilution (for example, according
to the British water quality standards, one part of untreated sewage
discharge required 500 parts of receiving stream flow). Many rivers soon
became heavily overloaded and gave off an obnoxious stench, which was
caused by the anoxic decomposition of sewage and garbage.

The period between 1880 and 1920 marks the beginning of major
concerns about water quality, especially drinking water. In 1910, in
Essen, Germany, one of the most industrialized areas of the world, the
first water quality management agency was established to provide safe
urban runoff and wastewater disposal. A few communities added
treatment plants at the end point of their sewer systems to purify the
discharged sewage. Almost all sewer systems built in this period carried a
mixture of sewage and urban runoff. These systems are called combined
sewers in contrast to newer and more expensive separate sewer systems,
which employ dual sewers, one for sanitary sewage and the other for
urban runoff (see Chap. 8 for discussion of urban drainage and its water
quality impact). Even thcugh the sewer systems were called combined,
they were designed to carry primarily sewage and industrial wastewater—
so-called dry-weather flow. A typical design capacity of combined sewers
was six to eight times the dry-weather flow. However, this excess capacity
was greatly insufficient for storage and conveyance of rainfall-generated
runoff. Similarly, treatment plants were designed mostly for the dry
weather flow (a typical design capacity was about four times the dry-
weather flow). When, as a result of a rainfall event, the capacity of the
sewers or of the treatment was exceeded, an untreated mixture of sewage
and rain water was allowed to discharge into the nearest watercourse.

In rural areas, family farming using organic (manure) fertilizers
flourished until the middle of the 1900s. This type of farming, in spite of
its appearance and sometimes odor, causes less harm to surface and
ground-water resources, although localized pollution problems from
barnyard wastes were common. Farmers did not use chemical insecticides
and fertilizers until the late 1950s.

After the epidemics of the Middle Ages were largely eliminated public
interest in the environment subsided until the late 1960s. Meanwhile,
however, pollution of the environment in the first half of the 1900s
increased rapidly. The pollution of many urban rivers was again becoming
unbearable. For example, every summer from the nineteenth century to
the middle of the twentieth century the stench of the Thames River in
London became so unbearable that the British Parliament recessed
during the affected periods.

Man-made chemicals were introduced in the middle of the 1900s and
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4 Introduction

many of them have found their way into the environment where they
caused great and almost irreparable harm. Such were the cases of DDT
(dichloro-diphenyl-trichloro-ethane), which was originally heralded as a
savior from malaria and every possible obnoxious insect, including lice,
and PCBs (poly-chlorinated bi-phenyls), which is a group of very useful
industrial chemicals. Both types of chemicals were later found to be
greatly damaging, persistent, and bioaccumulating environmental con-
taminants. Many other chemicals were developed during and since
World War II, which now have contaminated soils, water, and the air.
The spread of man-made toxic chemicals and the potential dangers led to
the second environmental activist period, the impetus for which was the
book Silent Spring by Rachel Carson (1962). In 1970, the Earth Day
celebration emphasized public concern about the state of the environment
and initiated calls for action. This period was also marked by the rapid
expansion of personal and commercial vehicular traffic, spurred by the
building of freeways. Automobile and truck traffic is a major source of
toxic chemicals as well as the activities associated with the expansion of
the freeway system and suburban developments (urban sprawl). »

In the United States and elsewhere, however, some progress in the
abatement of municipal wastewater collected by sewers was made, and
betwgen 1920 and 1970 treatment plants were built at a rapid pace. By
1977 in the United States, 95% of the (156 million) people residing
in sewered communities received some form of treatment of their
wastewater while 70% received secondary biological treatment
predominantly of the dry weather—sewage and wastewater—flows
(Schroepfer, 1978). By 1970, the River Thames in London was alive again
and fish have been caught there since. In 1972, the United States enacted
the Water Pollution Control Act Amendments, which was the most
far-reaching environmental legislative act to solve environmental
problems.

However, even in the United States, and more so.in Europe, many
rivers and lakes could still not support viable fishery, being so polluted
that fish were absent and their bottoms were covered with mud
contaminated with toxic substances of unnatural man-made origin. For
example, Lake Erie of the Great Lakes system was dying. Even where
fish were present, carcinogenic compounds discharged into the receiving
waters in the post—World War II period had stressed the aquatic
population, fish had become unfit for human consumption, and water
recreation had been reduced or had ceased.

In addition to pollution, activities that lead to habitat destruction
should also be considered and remedied. Typically in the past, in the
Jargon of water resource developers, ‘‘channel improvement” meant
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Historical Perspectives and Trends in Environmental Degradation 5

lining a stream with concrete and cutting down stream-bank vegetation,
and “beneficial use of water” meant diverting flows from streams and
lakes to the point that no flow was left during some periods. These
activities caused severe damage, if not elimination, of aquatic habitat.

Wetland Drainage

Until recently in the United States as well as throughout the world,
wetlands were considered as a source of disease (malaria) and as an
obstacle to man’s use of land resources for growth, agriculture, and
economic development. Early “wetland management programs” in the
United States, both governmental and private efforts, concentrated on
drainage, filling, and conversion to agriculture and urban uses.
Furthermore, most extensive insecticide applications (DDT spraying) on
wetlands were to control malaria and mosquitoes, which are vectors of
the disease. The ‘‘success” of these earlier programs has been
documented by the U.S. Fish and Wild Life Service (a government
agency under the U.S. Department of the Interior), which estimated that
more than one-half of the approximately 1 million wetlands in the
conterminous 48 states have been lost between the arrival of the first
settlers and the present time.

However, it is known today that wetlands are ecological and
hydrological assets and should be protected and restored rather than
drained and destroyed. They provide habitat for waterfowl, animals, and
wetland vegetation. Wetlands have the capability of storing water and of
purifying polluted waters. Control of mosquitoes can be achieved by
planting mosquito-eating fish (Gambusia affinis) or by fish management.

Fortunately, Congress and the federal government have realized the
very high ecological, hydrological, and pollution-control benefits of
wetlands and have enacted both federal and state wetland protection and
rehabilitation acts. For example, in Florida developers must now
reestablish 2 hectares (ha) of artificial or restored wetland for each
hectare of natural wetland lost due to development. Draining or filling
wetlands is now prohibited in many states, and efforts to reestablish
formerly drained wetlands are pending. Valuable wetlands cannot be
destroyed even if a replacement is offered.

Present Status of Water Quality Abatement

Since the passage of the Water Pollution Control Act Amendments in
1972, hundreds of billions of dollars have been spent on the cleanup of
pollution, primarily that caused by sewage and industrial wastewater
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6 Introduction

discharges. But at the same time as the money was beginning to be spent
on this type of cleanup, it was realized that these efforts may be
insufficient. In addition to pollution from sewage and industrial wastes,
pollution from land and from the activities by man occurring on the land
would cause the cleanup goals not to be met in spite of the vast
expenditures.

The land-use activities that create pollution cause other damage in
addition to pollution. For example, soil losses that cause the pollution of
receiving waters by sediment and associated pollutants, diminish the
agricultural productivity of soils. An authoritative publication by the
Conservation Foundation (Clark, Haverkamp, and Chapman, 1985)
estimated that damage due to erosion and soil loss of cropland amount to
2.2 billion per year (in 1980 dollars).

Great Lakes Studies

In 1972 the Pollution from Land Use Reference Group (PLUARG) of
the International Joint Commission (IJC) was established for the purpose
of determining the levels and causes of pollution from land-use activities.
A large group of scientists in Canada and the United States studied the
pollution of surface runoff and found that indeed the land runoff, in
addition to pollution from the atmosphere and from the traditional
wastewater sources, was a significant and often major source of pollutant
loads to the Great Lakes. PLUARG was a major international co-
operative effort undertaken from 1972 to 1978. The resulting studies
provided the most exhaustive review conducted up to that time, and to
date it remains the most definite data base and reference source for many
aspects of diffuse pollution in the Great Lakes and elsewhere (Nonpoint
Source Control Task Force, 1983; Novotny and Chesters, 1981).

These studies have found that the most serious pollution of the Great
Lakes arises from land areas of intensive agriculture and urban use. The
most significant and damaging pollutants to the lakes from these sources
were phosphorus, sediments, and pesticides, in addition to a number of
toxic industrial compounds. Phosphorus is of concern in the Great Lakes
because it is the principal factor causing and controlling accelerate
eutrophication (Chapter 12), symptoms of which are the excessive
development of algae, increase of turbidity, and general water quality
deterioration. Land-use activities contributed from a third to a half of
the total phosphorus loads (IJC, 1980). Also, pollution by toxic and
hazardous substances from land drainage is an equal if not greater threat
to the Great Lakes ecosystem. About 400 organic toxic compounds were
identified in the Great Lakes ecosystem, including persistent pesticide
compounds; specifically, aldrin-dieldrin and chlordane continue to appear

R0022984



Historical Perspectives and Trends in Environmental Degradation 7

in the Great Lakes biota in spite of the fact that their use in the Great
Lakes basin has been banned or severely restricted. In addition to land
drainage and wastewater sources, significant loads of many pollutants are
transported to the lakes via the atmosphere (1JC, 1980).

In 1978, the governments of the United States and Canada revised and
signed a Great Lakes Water Quality Agreement. In this agreement the
governments reaffirmed their determination to restore and enhance water
quality in the Great Lakes system.

US EPA Activities
Based on PLUARG and several other studies, and recognizing the fact
that abatement of traditional municipal and industrial wastewater sources
will not alone achieve the water quality goals of the Clean Water Act,
Congress requested the U.S. Environmental Protection Agency to
prepare a comprehensive report on the sources of pollution other than
traditional wastewater sources—the nonpoint sources.! The report was
submitted to the Congress in 1984 (U.S. EPA, 1984). The report pointed
out that virtually every state identified some sort of nonpoint pollution
problem. The principal sources of nonpoint pollution were identified as
agricultural activities—pncluding those resulting from tillage practices and
animal waste management—which were the most pervasive polluting
activities reported from every part of the United States, followed by
urban runoff *and pollution frommrining. Nonpoint pollution from
‘slvicultural activitiesswas considered substantial but localized. The large
amounts of sediment associated with tenstruction activities were
recognized as causes of localized water quality problems in those parts
of the United States experiencing significant development pressures
(Southeast, mid-South, and Northwest). The EPA report to Congress
emphasized voluntary approaches to the abatement of nonpoint sources.
In 1976 the Chesapeake Bay Program of the EPA (see the section
“Important Examples of Systems Affected by Diffuse Pollution” in this.
chapter) was established. The:National Urban Runeff Project (IGJZRE 3
also sponsored by the' EP/AWis a large research project carried-out in- ..,
losalities-shsoughout the TR Sites trom 1978 to 1983-(U.S. EPA.
1983 Fhis-prograiit Had the tollowing objectives:

« To investigate and establish quality characteristics of urban runoff, and
similarities or differences at different urban locations;

« To identify the extent to which urban runoft is a significant contributor
to water quality problems across the nation;

ISee the following section for the definition of nonpoint sources of pollution.
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,;f_%To establish performance characteristics and the overall effectiveness
“" and utility of management practices for the control of pollutant loads
from urban runoff.

From its findings, it concluded that

“%ﬁoﬁty "]Iutants* (toxrd" Iy Brgamic CHEEH&TS) were also G
’ﬁ'ete?:’i‘ea‘ It Stghilic tties, o - _
' “i‘sA‘_ﬁ.ci" Qﬁ?" Minated f)g)% col]form and pathogenic (disease §

o Urban rifitff carries high quantities of sediment.

Other pollutants, such as those causing depletion of the dissolved oxygen
or algal growths in the receiving waters, were present but were less
significant. The NURP program also tested various abatement measures,
some of which they found to be effective and therefore recommended,
such as the use of retention ponds and grassed waterways (swales), while
some were found to be ineffective f(ﬁvgm[?WS street
sweeping (U.S. EPA, 1983).

Rural Programs

The Clean Water Act of 1972 authorized the EPA to carry out
demonstration projects of pollution-control technologies in the Great
Lakes basin. Several experimental watersheds were established, from
which the Black Creek basin (Alen County. Indiana) received the highest
funding. The program demonstrated and addressed in a research fashion
several pioneering pollution-control technologies, such as conservation
tillage, including no-till, and animal-waste management as well as soil
conservation.

The Black Creek project paralleled the PLUARG studies conducted in
the neighboring experimental watersheds of the Great Lakes basin. The
program spent more than $800,000 as a cost-sharing for conservation
treatment on the 4000-ha watershed, but could not show significant water
quality improvement (Humenik, Smollen, and Dressing, 1987). The
experience clearly indicated that the traditional “first come-first serve”
cost-sharing incentive programs are not efficient for water quality
improvement. The major reason was the fact that many soil-conservation
and erosion-control practices do not yield significant water quality
improvement (see Chapter 5). Consequently, the project managers and
other researchers participating in the PLUARG projects developed a
concept of targeting the areas that needed management that would yield
the greatest water quality improvement benefit. The Black Creek project
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also demonstrated institutional aspects of the nonpoint pollution
programs, that is, that the Soil Conservation Service of the U.S.
Department of Agriculture was capable of administering a rural nonpoint
pollution-abatement program (Humenik. Smollen, and Dressing, 1987).

The Rural Clean Water Program (RCWP), which began in 1980, has
funded 21 watershed projects whose objectives were to improve water
quality, to help agricultural homeowners and operators to use pollution-
control practices, and to develop programs. policies, and procedures for
the control of agricultural nonpoint source pollution (Federal Register,
1979). It is a long-term (10 to 15 years) demonstration project, so the
critical targeting of lands producing pollution is required, water quality
objectives are clearly defined, and water quality is monitored. Hence, the
program has a much greater water quality emphasis than previous
programs, which focused primarily on soil conservation. Approved
management practices include water management systems, animal-waste
management systems, fertilizer and pesticide management, in addition to
erosion control and soil conservation.

At the end of the 1980s, approximately seven to ten years after the
start of the program, most projects exceeded their goals of implementing
pollution management practices in 75% of the critical watershed areas.
Projects that have achieved a high level of farmer participation have been
successful because they offered cost sharing for practices farmers want,
such as animal-waste storage, conservation tillage, and irrigation system
improvement. It should be pointed out that the willingness of farmers to
install pollution abatement under voluntary cost-sharing scenarios re-
quired that these practices include other benefits, such as the reduction
of the cost of fertilizers and chemicals, which would compensate the
farmer. Water quality improvements have been documented in several
RCWP projects; however, it commww
documewt_erWt in these pilot watersheds,

—

Present and Future Trends and Needs

In 1990 there was worldwide recognition of the twentieth anniversary of
the Earth Day. This recognition renewed environmental awareness in the
public. The Earth Day movement of the 1960s and 1970s had an impact in
the United States, and produced a landmark legislation, the 1972 Water
Pollution Act Amendments. It also initiated extensive environmental
remediative actions. The present environmental movement is concerned
with global as well as local pollution problems and environmental
contamination. Also the attitude of lawmakers is changing worldwide.
The emergence of Green political parties in Europe which, although still
small, keep the balance of power in some European countries. Public
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pressures have also led to the further enactment of environmental
protection laws.

In the United States it was realized that despite requirements incorpo-
rated in the 1972 and 1977 versions of the Clean Water Act, progress in
reducing diffuse pollution has been extremely slow. It was demonstrated
that in the 15-year period since the 1972 passage of the Water Pollution
Control Act Amendments very little had been accomplished in reducing
the diffuse pollution problem (Thompson, 1989). As a matter of fact,
some problems, especially those related to the use of agricultural and
industrial chemicals, have intensified. Therefore Congress in the 1987
Water Quality Act shifted from 15 years of nonpoint source pollution
planning, studying, and problem identification to a new National
Nonpoint Pollution Control Program (U.S. EPA, 1989). It stated that:

It is the national policy that programs for the control of nonpoint sources of
pollution be developed and implemented in an expeditious manner so as to

enable the goals of this act to be met through the control of both point and

nonpoint sources of pollution.

Far-reaching regulations are being implemented to control diffuse
pollution, including urban and industrial runoff and agricultural diffuse
pollution. Federal and state laws are also being implemented that would
stop the loss of wetlands that are so vital in the ecological balance and for
the control of diffuse pollution.

In spite of some monumental efforts in the United States and
elsewhere to remedy pollution, environmental degradation is still
continuing. The diffuse-pollution problem is only one component of the
overall problem with the earth’s ecological system. The State of the
Environment (OECD, 1991) pointed out three major problems now
facing the earth’s ecosystem:

« Stratospheric ozone depletion;
« The greenhouse effect;
« The global spread of pollution, primarily by atmospheric currents.

These global issues are linked in a number of ways. The causes and
transport of diffuse pollution by surface water bodies may not be
separated from these global issues, but are a part of the overall system.
As forests shrink at an alarming rate thus contributing to the
greenhouse effect by emissions from slush burning, soil is simultaneously
eroded from the deforested lands, causing siltation of bodies of water and
other water quality problems. As the environment is being filled with
man-made chemical compounds, such as fluorocarbons and other
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halogenated hydrocarbons, many of them carcinogenic, these emissions
are also contributing to the depletion of the protective ozone layer.
Nitrous oxides emitted from vehicular traffic and other sources contribute
to both the greenhouse effect and the pollution of surface and ground
water.

There is no doubt that in spite of the expenditures on pollution, the
worldwide state of the environment in the 1990s is worse than it was
during the Earth Day of 1970. In the State of the World, the Worldwatch
Institute (Brown et al. 1990) points out that only a monumental effort can
reverse the deterioration of the planet. As the East—West ideological
conflict vanishes, time and energy of the population and its political
leaders can be concentrated on environmental threats to security. The
present and future years will be a period of reordering priorities,
providing resources to reforest the earth, and conversion to sustainable
development with less harmful pollution problems, as well as avoiding
pollution catastrophes during the second half of the twentieth century.

In the past and even today, economic development has caused
environmental degradation. While on one hand food supplies and
economic output have grown tremendously since the end of World War
11, at the same time the world has lost nearly one-fifth of the topsoil from
its cropland and one-fifth of its tropical rain forest plus tens of thousands
of its plant and animal species (Brown et al., 1990). Rapid increases in
pollutant levels in ground water, particularly nitrate and pesticide
pollutants, are directly tied to the increase in crop yields that has been
stimulated by agricultural chemicals. However, at least in some parts of
the world, the reverse is beginning to emerge, that is, environmental
trends are beginning to shape economic trends.

This combination of public and government awareness of
environmental dangers of diffuse pollution and their willingness to do
something about it and pay for it, gives environmental engineers and
scientists an opportunity to design abatement programs that would bring
about true progress in the reversal of past degradation trends.

DEFINITIONS
Water Quality and Pollution

Any treatise dealing with water quality and pollution needs definitions. In
the minds of the public water quality is often synonymous with pollution
and, similarly, water quality management, including that related to
diffuse sources, is equated with pollution control.

iWater quality reflects the composition of water as affected by natural
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causes and man’s cultural activities, expressed in terms of measurable
quantities and related to intended water use. Water quality is perceived
differently by different people, for example, "& publ : "is
concerned wjth the bacterial and viral safety o
and bathing;fishers are concerned that the quality of water be sufficient
to provide the best habitat for fish; and aquatic scientists are concerned
with the health of aquatic habitats, in luding fish; plankton, and other
plants and organisms. For each intended use and water quality benefit,
different parameters express best water quality.

The term ollutio'rgis derived from a Latin word (pollu’ere), which
means ‘“‘to soil” or ¥to defile.” The terms pollution, contamination,
nuisance, and water (air, land) degradation are often used synonymously
to describe faulty conditions of surface and ground water. Various
definitions have been offered to define pollution and other related terms
(Krenkel and Novotny, 1980; Vesilind, 1975; Henry and Heinke, 1989).
However, these definitions are not identical and, in a legal sense, not
even similar. Probably the definition of pollution most accepted by
scientists is “unreasonable interference with the beneficial uses of the
resource.” However, the perception of beneficial use is again different to
different people, which could be a problem. For example, from the
economic standpoint, the greatest ‘‘beneficial use” of water and air
resources is to provide an inexpensive way to dispose of wastes, in which
case fishing and swimming may be perceived by these “economical users”
as interfering with their “beneficial use.” Indeed, during discussions of
the implications of the Water Pollution Control Act Amendments of 1972
some people with good intentions tried to put dollar values on the cost of
reducing pollution versus the market value of fish in the receiving water
body.

Fortunately, such interpretations are not acceptable now, but they
show the possible problems with simple definitions and with perceptions.
Today’s interpretations put a very high value on the protection of the
environment, and supersede any economic savings that might be achieved
by allowing injurious discharges of pollutants.

The statutory definition of pollution is included in the Clean Water
Act, Sec. 502-19 (U.S. Congress 1987):

The term “‘pollution” means man-made or man-induced alteration of chemical,
physical, biological, and radiological integrity of water.

The term ; -eans “being unimpaired;” therefore, alteration of
integrity means fmpairment or injury. An alternate working definition
(the one that will be followed and expanded on in this book) is:
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Pollution is a change in the physical, chemical, radiological, or biological
quality of the resource (air. land or water) caused by man or due to man’s
activities that is injurious to existing. intended, or potential uses of the
resource.

According to this definition, pollution is differentiated from changes in
the quality of the environment due to natural causes, such as volcanic
eruptions, deposition of fly ash from natural forest fires, natural erosion,
weathering of rocks, and natural elutriation of minerals, even though
these events may have the same actual or potential adverse impact on
water use or of a resource as does pollution. These changes could be
considered nuisance or undesirable quality modifications or even Acts of
God by the legal profession, but in a technical engineering sense they
mostly do not require abatement Or abatement is not technically and
economically feasible.

Consider as an example the Rio Puerco in New Mexico (Fig. 1.1). This
river drains a highly erodible, sparsely populated arid watershed in the
northwestern quadrant of the state. Consequently, extremely high
concentrations of suspended solids exceeding 200,000mg/l are measured
during erosive flows. There is no doubt that man has contributed to these
high loads. Before ranchers moved in more than 100 years ago, the

FIGURE 1.1. Rio Puerco in New Mexico. (Photo: V. Novotny.)
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watershed was more stable. However, overgrazing on the fragile ard
lands of the Rio Puerco for the last 70 to 100 years has been a big
contributor to the high “natural loads.”

Similarly, the Yellow River in China, the Nile River in Egypt, and
many other rivers in arid areas of the world are known to carry high
amounts of sediments and other water quality constituents. Yet the
authorities do not plan any remedial actions at this time, mainly because
of the extremely high cost of the watershed reclamation and a lack of
concern among the local population. On the other hand, sediment
concentrations two orders of magnitude lower due to farming and
urbanization in the Great Lakes region and elsewhere are not being
tolerated, and plans are on the way to remedy the situation. As a matter
of fact, the building of the Aswan High Dam on the Nile River
drastically reduced the natural sediment loads of the river, thus depriving
the farmers in the Nile Delta region of the natural fertilizer brought onto
their fields in flood waters, which resulted in the subsequent damage done
to them and to the economy of Egypt. Similarly, the present decrease in
sediment loads in the Mississippi River caused by settling of sediment in
upstream navigation pools is causing increased erosion and loss of land
along coastal Louisiana. The present rate of wetland loss in Louisiana,
caused primarily by the reduction of sediment input from the Mississippi
River, represents about 80% of coastal wetland losses in the United
States (Rooney, 1989).

Other examples of undesirable natural water contamination, but not
pollution by man, include the high carbon dioxide content of some
ground water which is injurious to building materials and elutriation of
humic organics from decaying aquatic vegetation which impairs the
suitability of water for water supply. Hence, water quality composition
contains both constituents that may be pollution and constituents from
natural sources (Fig. 1.2). The use of the term background pollution for
natural water quality composition is not correct because this pollution is
not caused by man.

Pollution may result from causes other than discharges of wastewater
or soil losses, the two most commonly mentioned causes. Cutting down a
forest, channel modifications (lining), draining wetlands, and similar
activities commonly result in undesirable changes in water quality.
Hence, such activities create pollution.

Water quality and pollution are determined and measured by
comparing physical, chemical, biological, microbiological, and radio-
logical quantities and parameters to a set of standards and criteria. The
difference between the standards and criteria should be explained.

A criterion is basically a scientific quantity upon which a judgment can
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be based. It is usually developed from scientific experiments. A water
quality criterion can be based on morbidity or chronic toxicity of various
substances to man or aquatic life, or it can be related to technical
methods of removing the substances from water. A standard applies to a
definite rule, principle, or measure established by an authority.

The water quality criteria and standards currently used by water-
pollution-control authonties throughout the world, as well as by
engineers and scientists, are either stream standards or effluent standards.
The effluent standards determine how much pollution can be discharged
from municipal and industrial wastewater sources and by some types of
diffuse pollution. Performance standards, which are equivalent to effluent
standards for the control of pollution from lands, are used to control
pollution from subdivisions, construction sites, and mining. The stream
standards can be related to the protection of aquatic habitats, which is
one of the most important beneficial uses of water, and/or to other
existing or intended uses of the water resource. Actual numerical values
of water quality standards are given in Appendix 1, and their fun-
damentals are described in Chapters 12 and 13. The designated use of
a water body must be attainable (see Chap. 16 for a discussion of use
attainability). Standards and criteria may be numerical, chemical-based,
or narrative or based on the toxicity of the entire effluent or water body.

In water quality planning and evaluation, exceeding the water quality
parameters over one or more standards {criteria) implies an injury to the
water use for which the standard was issued. Consequently, a wastewater
discharge that does not result in a violation of a standard may be
considered noninjurious, as it does not cause pollution. The quantity of
potential pollutants that can be discharged into the environment
(receiving water body, atmosphere, or land) is then called the waste-
assimilative capacity. Determining the waste-assimilative capacity of the
receiving water or air body is one of the most important steps in any
environmental protection study. Not taking the waste-assimilative
capacity into consideration during the planning of pollution abatement
or water quality restoration would lead to uneconomical wasteful
approaches or even ineffective solutions. The concept of waste-
assimilative capacity and its determination is shown on Figure 1.3.
Typically, the waste-assimilative capacity of surface water bodies might
be higher for decomposable organic matter, but it is very low to nil for
some toxic chemicals that bioaccumulate in tissues of aquatic organisms
and become injurious to animals and man using them as food.
Consequently, this detrimental capacity is reflected in the magnitude of
the standards. Determination of the waste-assimilative capacity is a part
of the water quality that is based on pollution control, and is now
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becoming the most significant part of pollution-control efforts. In water-
quality-based controls, effluent standards are tied to the the waste-
assimilative capacity of the receiving water body. The process of
integrated water-quality-based (point and nonpoint) pollution abatement
is presented in Chapter 16. Existing waste-assimilative capacity of a water
body can be increased by water body restoration and other measures (see

Chap. 15).

WATER QUALITY LIMITED
WATER BODY
REDUCE LOAD

Waste-assimilative capacity concept.
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According to these definitions a waste constituent becomes a pollutant
if it is discharged into the environment in quantities that are injurious to
or impair the beneficial uses of environmental resources. Many waste
constituents in small quantities are not injurious, and some of them may
even be beneficial in low quantities, becoming injurious (toxic) only in
quantities that exceed the waste-assimilative capacity. For example, some
metals that in higher concentrations are known to be toxic, such as zinc,
are in smaller trace quantities, necessary nutrients for aquatic life.

Best management practices (BMP) are methods, measures, or practices
selected by an agency to meet its nonpoint (diffuse) source control needs.
BMPs include, but are not limited to, structural and nonstructural con-
trols and operations and maintenance procedures. BMPs can be applied
before, during, and after pollution-producing activities to reduce or
eliminate the introduction of pollutants from diffuse sources into
receiving waters.

Definition of Pollution Sources

From the previous discussion it follows that pollution is caused by man
and results in an undesirable or harmful change in the quality of the
resource, whether water, soil, or air. The sources or causes of pollution
can be classified as either point or nonpoint sources of pollution. During
publishing of the previous books by the first author on this topic (Krenkel
and Novotny, 1980; Novotny and Chesters, 1981) the term diffuse
pollution was synonymous to nonpoint pollution. After the U.S. Congress
passed the Clean Water Act in 1977 and the Water Quality Act of 1987, it
became necessary to redefine these characterizations.

Point sources of pollution were originally defined as pollutants that
enter the transport routes at discrete, identifiable locations and that can
usually be measured. Major point sources under this definition included
sewered municipal and industrial wastewater and effluents from solid
waste disposal sites. Nonpoint sources were simply ‘“‘everything else,” and
included diffuse, difficult to identify, and intermittent sources of
pollutants, usually associated with land or land use. These definitions led
to some legal ramifications for abatement efforts. According to the U.S.
Constitution, the government can mandate the control of point sources
that enter so-called navigable waters,” while use of land is considered
sacred making enforcement of nonpoint pollution control impossible.
Hence the new definitions broadened the category of point sources.

2Under legal interpretations in the United States, any body of water on which a canoe
can float, even potentially, is considered navigable.
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Today’s statutory definition of point sources is as follows (Water Quality
Act, Sec. 502-14, U.S. Congress, 1987):

The term ‘‘point source” means any discernable, confined and discrete
conveyance, including but not limited to any pipe, ditch, channel, tunnel,
conduit, well, discrete fissure, container, rolling stock, concentrated animal
feeding operation, or vessel or other floating craft from which pollutants are or
may be discharged. This term does not include agricultural stormwater and
return flows from irrigated agriculture.

This definition does not leave much space for ‘“‘everything else” being
nonpoint sources. This ambiguity or lack or definition led the National
Resources Defence Council to call nonpoint pollution “poison runoff”
(Thompson, 1989).

Rather than looking for some kind of exact legal definition of point
and nonpoint sources we attempt to categorize the sources of pollution
into point and nonpoint categories according to the latest statutory
regulations (see the next chapter for details). The statutory point source
category in the United States today includes the following sources:

« Municipal and industrial wastewater effluents;

« Runoff and leachate from solid waste disposal sites;

« Runoff and infiltrated water from concentrated animal feeding
operations;

« Runoff from industrial sites not connected to StOorm sewers;

. Storm sewer outfalls in urban centers with a population of more than
100,000;

« Combined sewer overflows;

« Leachate from solid waste disposal sites;

« Runoff and drainage water from active mines, both surface and
underground, and from oil fields;

« Other sources, such as discharges from vessels, damaged storage tanks,
and storage piles of chemicals;

« Runoff from construction sites that are larger than 2 hectares (5 acres).

Bypasses of untreated sewage (when the capacity of a treatment plant
would be exceeded) are not allowed by law, and hence cannot be
considered to be a legal source of pollution.

Two common characteristics of these statutory point sources are that
they do indeed enter the receiving water bodies at some identifiable
single- or multiple-point location and that they carry pollutants. Three
more common characteristics of these point sources are that in the United
States they are regulated, their control is mandated, and a permit is
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required for the waste discharges. The statutory nonpoint sources
(“‘everything else”) then include:

« Return flow from irrigated agriculture (specifically excluded from point
source definition by Congress);
« Other agricultural and silvicultural runoff and infiltration from sources
other than confined concentrated animal operations;
« Unconfined pastures of animals and runoff from range land,
« Urban runoff from sewered communities with a population of less than
100,000 not causing a significant water quality problem;
o Urban runoff from unsewered areas;
« Runoff from small and/or scattered (less than 2 hectare) construction
sites;
« Septic tank surfacing in areas of failing septic tank systems and leaching
of septic tank effluents;
« Wet and dry atmospheric deposition over a water surface (including
acid rainfall),
« Flow from abandoned mines (surface and underground), including
inactive roads, tailings, and spoil piles;
« Activities on land that generate wastes and contaminants, such as:
deforestation and logging
wetland drainage and conversion
channeling of streams, building of levees, dams, causeways and
flow-diversion facilities on navigable waters
construction and development of land
interurban transportation
military training, maneuvers, and exercises
mass outdoor recreation.

Some of these “‘nonpoint”’sources are either locally or federally regulated.
For example, in many states developers are required to implement
erosion-control practices, wetland protection laws regulate drainage of
wetlands, before individual septic tank systems can be installed local or
state public health and/or land-use authorities must issue permits. In the
United States no potentially polluting activities on navigable waters (such
as dredging, channel construction, dams) can proceed until the U.S.
Army Corps of Engineers has issued the necessary permits. This agency is
also responsible for issuing permits for any alterations to wetlands.

From the previous discussion and definition of pollution, one might
also conclude that not all lands and land-use activities are polluting. For
example, diffuse-waste emission from low-density suburban developments
are very close to the background emissions of most important con-
stituents. Waste emitted from some disturbed lands located far from a

R0022998



Definitions 21

watercourse is redeposited between the source and the recipient, hence
the land may not cause impairment of water quality (pollution). For this
reason some soil-conservation practices might not have a significant water
quality improvement benefit. The lands that are most polluting within a
watershed (and require pollution elimination) are called hazardous or
critical lands. Determination and location of hazardous (critical) lands
is one of the most important tasks in planning a diffuse-pollution
abatement.

As can be seen, the division of sources into “point” and “nonpoint” 1S
not as straightforward as it might have been during the 1970s when the
Handbook of Nonpoint Pollution: Sources and Management (Novotny
and Chesters, 1981) was written. Today these definitions have more
statutory and legal than technical meanings.

The fact remains, however, that the ‘‘traditional” point sources of
wastewater, that is, municipal, industrial, and agricultural (farm), are
different from diffuse sources, which according to the statutory definition,
may be both point and nonpoint.

The traditional point sources strictly include wastewater effluents from
municipal and industrial areas. The flow and pollution loads from these
sources vary; however, in most cases they are continuous, uninterrupted
discharges, variability is not greatly related to meteorological factors, and
the variability is not great. The primary parameters of interest for control
and regulation are the degradable organics (measured as BODs or COD),
pH, suspended solids, nitrogen, and phosphorus and toxic compounds
(both organic and inorganic). The prevalent method of control is
treatment.

Diffuse sources can be characterized as follows:

« Diffuse discharges enter the receiving surface waters in a diffuse
manner at intermittent intervals that are related mostly to the
occurrence of meteorological events.

« Waste generation (pollution) arises over an extensive area of land and
is in transit overland before it reaches surface waters or infiltrates into
shallow aquifers. '

« Diffuse sources are difficult or impossible to monitor at the point of
origin.

« Unlike for the traditional point sources, where treatment is the most
effective method of pollution control, abatement of diffuse land is
focused on land and runoff management practices,

« Compliance monitoring is carried out on land rather than in water.

« Waste emissions and discharges cannot be measured in terms of
effluent limitations.
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o The extent of diffuse waste emissions (pollution) is related to certain
uncontrollable climatic events, as well as geographic and geologic
conditions, and may differ greatly from place to place and from year to
year.

« The most important waste constituents from diffuse sources subject to
the management and control are suspended solids, nutrients, and toxic
compounds.

ENVIRONMENTAL SYSTEMS AND THEIR
CHANGES, INTERACTIONS, AND IMPACT
ON WATER QUALITY (POLLUTION)

Ecological Systems

There are five biological systems—croplands and grasslands, forests,
urban, air systems, and aquatic systems-—that support the world economy
and provide the means for sustaining biological life on the earth. In
addition, all biological life takes place in the atmosphere (including that
of soil) or in water. These five systems are interconnected in a balance
that is often disrupted by overuse of the resources and/or by their loss
and degradation. Figure 1.4 shows the interconnections and pathways of
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FIGURE 1.4.  Pathways of pollutants between basic ecological systems.
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contaminants between the five basic biological (ecological) systems.
Atmospheric pollution impacts on water quality, not counting the harm
done to human health, deforestation (loss of land resources) has a
tremendous effect on water resources as well as on the atmosphere
(greenhouse effects by slash burning and emissions of CO,); urbanization
(another loss of resources) is a source of many types of pollution,
including contamination of air, water, and soil as well as soil loss. Soil
loss from agriculture and construction diminishes the use of water
resources by clogging the receiving water bodies with excessive sediments
and depriving the aquatic biota of their natural habitat. Sediment is also a
carrier of many pollutants, including those that cause excessive algal
growths (nutrients) and those that cause toxic contamination.

These five systems are not stagnant, but continuously evolve and
change. Until the twentieth century most of the changes that adversely
impacted the environment were of natural origin, such as the erosion
of land, volcanic eruptions, and natural flooding. There have been
incidences throughout history where man has adversely and detrimentally
impacted entire regions. For example, the rich Mesopotamian civilization
flourished until its vast irrigation systems were destroyed by sediment
from erosion when the forests on the surrounding hills were cut down and
the fertility of the soil was destroyed by salts deposited by the irrigation
water. Syria, which is now mostly arid or desert, thousands years ago
was forested and enjoyed more humid hydrological conditions. The
first deforestation of southern Europe took place during the Roman
period, followed by reforestation after the fall of the Roman Empire
in the fifth century. Then in the Middle Ages deforestation was re-
peated by Venetians who cut down the forests of Dalmatia on the
Adriatic Sea (present Croatia), which resulted in tremendous soil loss
and changed the entire hydrology of the region. However, these instances
were mostly localized. As long as the equilibrium between the five eco-
logical systems is not disrupted, the adverse ecological consequences are
minimal.

Several major factors caused the environmental (ecological) balance to
be severely disrupted in the second half of the twentieth century,
resulting in accelerated increases of environmental pollution. They are

« population increase (sometimes termed explosion),
o deforestation,

« conversion of land to intensive agriculture,

« urbanization and industrialization,

. increased living standard, resulting in an increased per capita use of
natural resources.
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TABLE 1.1 World Population Growth

Population Increase by

Year Population (billions) Decade (millions)
1650 0.5 —
1800 1.0 —_
1930 2.0 —
1950 2.515 —
1960 3.019 504
1970 3.698 679
1980 4.450 752
1990 5.292 842
2000 6.251 959

Source: From United Nations, Department of International
Economic and Social Affairs. New York (1988).

Population Increase

Table 1.1 shows the approximate world population. It can be seen that it
took about one million years for the world population to reach the first
one billion. About the same population increase may occur in the 10
years between 1990 and 2000. The population increase is not evenly
distributed throughout the world. While in most developed, industrialized
countries population growth is declining or the population is remaining
stagnant, most of the growth is occurring in less developed countries.
Because the less developed countries lack adequate sanitation, the
increase in population results in the increase of diffuse pollution. The
population pressures are also detrimental to forests and other resources
that are diminishing at an accelerated rate, which results in more
pollution.

In the context of sustainable resources development and containment
of environmental damage, each additional person represents additional
demands on productive resources, and hence additional wastes, plus
wastes caused by the maintenance of the life processes.

Increased population also forces accelerated land-use changes. Since
rural areas cannot economically sustain all families, the excess rural
population is directed toward urban areas in search of employment and
even, as in developing countries, for survival.

The truth is, however, that in many developing countries, and to some
extent even in developed countries, urban areas cannot absorb the influx
of population plus their own population increase, which leads to
homelessness and shantytowns that, without sanitation, create high levels
of diffuse pollution. The population increase of some world urban centers
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has been phenomenal and has greatly outpaced world population growth.
For example, according to United Nations statistics, the population of
Sao Paulo in Brazil, which in 1950 was about 2.4 million, is now over 20
million; Mexico City’s population increased by 19 million between 1950
and 1990; the population of Paris increased by 4 million (from 7.4 million
in 1950 to about 11 million in 1990); and the population of London
remained almost constant.

Watershed in Transition

Land Use and Diffuse Pollution

It has to be realized that in most cases it is not the land or land use per se
that causes pollution. Land use is a simple term to describe the prevailing
activity occurring in the area. As such it bears little relationship to the
pollution generated from the area. Land-use zoning and separation of
activities on land is more unique to the United States than to other
countries. In many European and world urban centers, use of urban land
is mixed, allowing commercial and sometimes industrial activities to exist
side-by-side with residential developments.

Many land uses, such as for economic and living purposes and for
development, are justified. In most cases, it is the misuse Or excessive use
of land that causes excessive pollution.

In the United States, land uses have been generally divided into the
following categories (Novotny and Chesters, 1981):

General Urban Lands

Residential (low, medium, and high density)
Commercial

Industrial

Other developed (large parking areas, sports complexes)
Open (parks, golf courses)

Transportation (airport, rail, vehicular)

Rural (Nonurban) Lands

Cropland (irrigated and nonirrigated)

Improved pasture and rangeland

Woodland and silviculture

Concentrated animal feedlots

Idle land (includes open water surfaces and native lands)
Land used for waste disposal.

This “static” categorization of land uses has been questioned as
insufficient for estimating nonpoint loading (Novotny, 1985; Marsalek,
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1978). Wide variations of loads within each land-use category have been
observed (IJC, 1980; Marsalek, 1978; Novotny and Chesters, 1981;
Beaulack and Reckhow, 1982; Novotny, 1985).

Since it is the use of land by man and his/her associated activities that
generate pollution, diffuse pollution has been related to the land-use type
and to the transition from one land use to another.

Land Use and Land Transformation

There are four basic types of native undisturbed lands (excluding
mountains): arid land (including deserts), prairie, wetland, and
woodland. These four types have various forms, depending on the
geographical location and the elevation.

The transition process, which today is mostly cultural (anthropogenic),
is depicted in Figure 1.5. It begins with one of the four natural lands and
progresses through several intermediate stages to a fully urbanized,
sewered watershed, which represents the end of the transition process.
Most of this transition is irreversible. Just as the natural morphological
processes that carve the basins by erosion and the elutriation of minerals
are responsible for the background water quality composition, cultural
processes of land changes are responsible for pollution. These cultural
land-use modifications and land development processes are also
illustrated on Figure 1.5.

Deforestation

Deforestation is an environmentally devastating and polluting land-use
activity, which today is recognized as having very serious global
consequences. Ancient examples are the Middle East, where de-
forestation changed the woodlands of Syria and other Middle East
countries into desert, and forest cutting by the Romans and Venetians,
which changed most of Dalmatia into a barren, soil-poor country. These
examples are now being followed on a much larger scale by the
disappearance of the tropical rain forest.

Deforestation deprives the soil of its protective, vegetative cover, and
hence increases soil loss through erosion by several orders of magnitude.
As a consequence, the quality of receiving water bodies is also
dramatically reduced by sediments, organic compounds, nutrients
(nitrogen and phosphorus), and possibly other pollutants (Fig. 1.6).

Slush burning practices used today to clear rain forests for farming and
rangeland also add significantly to the carbon dioxide levels in the
atmosphere, thus increasing the greenhouse phenomenon. Brazil, for
example, contributes some 336 million tons of carbon to the atmosphere
each year through deforestation. This contribution also increases

R0023004



S00€200d

LAND USES AND TRANSITION

WATER QUALITY

A SURFACE RUNOFF AND

|
i BASE FLOW Y

i 1 1
ARID LAND | —{ PRAIRIE |—| WETLAND WOODLAND
\\
IRRIGATION PASTURE DRAINAGE | _ _ _|__ _PRAINAGEFLOW
|
RANGELAND [N l
T |
| \ DEFORESTATION |
| |
| ] LOGGING |
¥ TV
A | e U " 7 "SURFACE RUNOFF
] | Y b/
LOW INTENSITY AGRICULTURE BASE - IRRIGATION
RETURN - DRAINAGE
CONSTRUCTION —| (CROPLAND) FLOW >
\ N FEEDLOTS
. N
UNSEWERED LOW DY RUNOFF & BASE FLOW
DENSITY URBAN —— T >
(SUBURBAN) LAND ||/ | SEWERED HIGH |- — - oo g qoppe—— == - >
DENSITY URBAN
y [ | 1A - Tcsos T T T T TTT >
HIGH INTENSITY T g
CONSTRUCTION TREA;MENT \  BY-PASS POINT SOURCE
L o A o e e ——— )
EFFLUENT :

——» LAND USE TRANSITION

FIGURE 1.5.

—_———

Land-use transformation and the generation of pollution.

POLLUTION PATHWAY

NATURAL
( BACKGROUND )

CAPACITY

| WASTE ASSIMILATIVE

POLLUTION

ANTHROPOGENIC




28 Introduction

FIGURE 1.6. Deforestation.

atmospheric pollution, which by dry and wet deposition then affects the
quality of water and terrestrial resources. It should also be pointed out,
however, that the United States and Soviet Union are the largest sources
of atmospheric emissions of carbon (1224 and 1000 million tons per year,
respectively, in 1987), mostly from burning fossil fuel and vehicular
traffic. These emissions far exceed those from the destruction of rain
forests in developing countries (Brown et al., 1990). Developed countries
are also guilty of large-scale deforestation. For example, the dis-
appearance of forests in Florida due to urban development is of the

same order of magnitude as the deforestation of the Amazon rain forest
in Brazil.

Wetland Alteration

About 6% of the total land surface is wetland (Mitsch and Gosselink,
1986); however, like rain forest, wetlands are disappearing rapidly due to
drainage and conversion to agricultural and urban uses. Wetlands
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represent a natural sink for various potential pollutants, including sed-
iment, nutrients, and organic compounds.

Wetland alteration or destruction can take several forms; however,
drainage and filling are the most common. The fertile soil of drained
prairie wetlands provided excellent crop yields, but also deprived the
watershed of natural hydrologic buffers and water quality preservation. In
addition to drainage for agricultural uses. other activities that adversely
alter or destroy wetlands include their conversion to urban uses,
transportation, peat mining and mineral extraction, flood control,
navigation, and industrial activities.

Construction

Newly developing urban lands should receive special attention. For all
land uses, this stage of land is characterized by high production of
suspended solids caused by erosion of unprotected exposed soil and soil
piles. Extremely high pollutant loads (see the subsequent sections) are
produced from construction sites if no erosion-control practices are
implemented. Therefore, in establishing pollutant loading related to land
uses one must first determine whether the area is fully developed or if it is
a developing area and/or if significant construction activities are taking
place therein. An area is considered fully developed and established one
year after completion of the development.

Conversion to Intensive Agriculture
The first conversion of American prairies to an agricultural use was the
use of the land for pasture or range land. It should be noted that the
native prairies (as well as prairie wetlands and woodlands) were actually
sinks of potential pollutants. Timmons and Holt (1977) studied organic
pollution and nutrient (nitrogen and phosphorus) losses from native
prairies in west central Minnesota and found that annual losses of
nutrients in runoff were less than the nutrient inputs in precipitation.
Today about 40% or 3.6 millions km?, of the land area of the United
States is used for grazing livestock. These are mostly unconfined systems.
Although the trend is to confine cattle operations, unconfined production
1s expected to continue to predominate the beef and sheep industries.
The differences between confined and unconfined animal operations
are the same as the division of pollution sources into point and nonpoint.
Unconfined operations, that is, operations where cattle graze more-or-
less freely over an extended pasture area are strictly nonpoint, diffuse
sources. Confined operations are statutory point sources; however, the
largest waste loads occur during storms and are carried by surface runoff,
which is a characteristic of diffuse sources.
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As grazing animals traverse pasture and rangeland, the top soil
becomes more compacted. Trampling by cattle may reduce infiltration
and increase surface runoff (Robbins, 1985); however, such increases
were not significant for pastures with light and moderate intensities of
grazing (Moore et al., 1979). In his studies Robbins (1985) also claimed
that distinguishing between the water quality of streams affected by light
to medium grazing and unaffected streams is difficult or impossible. He
concluded that when management is directed to optimize forage
production, pollutant yields from unconfined animal operations are not
greater than would have occurred under native conditions.

However, it is not the grazing intensity on the land that determines the
degree of pollution from rangeland, it is the unrestricted access of cattle
to the watercourses that has the major impact. This is particularly true in
high-quality cold water fishery areas of the Rocky Mountains and in
slow-moving warm streams of the deep southwest. For example, a 100-
hectare ranch with 200 steers that are excluded from the stream may have
much less impact than a 100-hectare hobby farm with 50 head of cows/
calves and steers that have a direct stream access.

Until the 1950s the expansion of agricultural land for crop production
has more or less kept pace with the population increase. Most farming in
the United States and the world was done on small family farms without
an excessive use of chemicals. However, around 1950 farming began to
qualitatively change. Dramatic changes happened in Eastern Europe,
which followed the Soviet example of a forceful change to large collective
farming, and also in the United States, where small family farming began
to change into larger monocultural enterprises. Concurrently, farming
began to rely more and more on the use of chemical fertilizers to increase
plant yields and on pesticides for insect and weed control. Monocultural
planting requires more chemical use than rotational planting.

Figure 1.7 shows a typical trend in U.S. agriculture. Until 1950 most
increases in agricultural production were due to the conversion of native
lands to agriculture. However, since 1950 the cultivated land area in lowa
has remained about the same, while in some other states it has decreased
due to urban pressures. The increased farm output was solely due to the
increased use of chemicals.

The primary agricultural activity that causes the elevated emissions of
potential pollutants is the practice of disturbing the soil by tillage, which
increases sediment losses, in comparison to the original native lands, by
several orders of magnitude. Increased use of chemicals results in more
losses into the environment. As noted by Alberts, Schuman, and
Burnwell (1978), over 90% of nutrient (nitrogen and phosphorus) losses
are associated with soil loss. Although nutrient losses represent only a
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small portion of the applied fertilizer, their contribution to the receiving
waters almost always exceeds the standards accepted for preventing
accelerated eutrophication of surface waters. Furthermore, the loss of
nitrates into the ground water in areas of intensive agriculture are
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TABLE 1.2  Typical Concentrations of Pollutants in Rural Runoff in the Midwestern U.S.

Suspended Total Total Total
Solids BODs Nitrogen Phosphorus  Coliforms
(mg/l) (mg/N) COD (mg/) (mg/) (mg/) (MPN/100 mi)
Background  5-1000 0.5-3 NA 0.05-0.5  0.01-0.2 10-107
levels®
Cropland® (780) NA (80) 9 (1.2) NA
Grazed NA (13) NA 4.5 ) 10°
pasture’
Feedlots? (30) 1000-11,000 31,000-41.000 920-2100  290-380 NA

Note: () = mean; NA = data not available or insufficient.

?Lager and Smith (1974).

® Wisconsin Priority Watersheds, Wisconsin Department of Natural Resources.
¢ Robbins (1985).

4Loehr (1972).

substantial and can make ground water unsuitable for drinking. Alarming
levels of nitrate contamination of ground- and surface-water resources
have been reached in Eastern and Central Europe. Figure 1.8 shows
trends of nitrate concentrations in the Vltava River upstream of Prague,
Czechoslovakia. The agricultural use of pesticides (atrazine in Central
Wisconsin, the Po River valley in Italy, and elsewhere) is also responsible
for contamination of ground and surface receiving waters. Table 1.2
presents typical concentration ranges of pollutants in agricultural runoff.

According to the U.S. EPA (1984), at the beginning of the 1980s
cropland, pastureland, and rangeland contributed over 6.8 million tons of
nitrogen and 2.6 million tons of phosphorus to conterminous U.S. surface
waters per year. The Corn Belt (Illinois, Indiana, lowa, Missouri, and
Ohio) used 39% of the nation’s phosphorus fertilizer and 32% of its
nitrogen fertilizer.

Delivery losses of pesticides applied to agricultural lands to control
insects and weeds amount on average to about 5% of the applied
pesticide. Most of the loss ends as pollution of ground and surface waters.
However, if rainfall occurs shortly after a pesticide is applied, losses can
be substantial and can result in fish kills. Herbicides (weed control) are
the most used pesticides in U.S. agriculture. In 1980, farmers used about
200,000 tonnes of herbicides and 140,000 tonnes of insecticides. Since
1980, these uses have doubled. Figure 1.9 shows total trends in pesticide
use in the United States.

Agricultural use of arid lands requires irrigation. Civilizations
flourished and vanished because of pollution due to irrigation. The
problem is the salt content of irrigation water and the elutriation of
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minerals from soils during irrigation. Water lost by evapotranspiration
into the atmosphere does not contain salt, hence in order to control salt
buildup in soils, excess irrigation water over evapotranspiration losses
must be applied. This water excess, called irrigation return flow, is
considered pollution that gets deposited in surface or ground waters. In
some irrigated parts of the arid southwest (such as the lower Colorado
River Basin), salinity and pollution of streams receiving irrigation return
flows have reached such high levels that the water is not suitable for
further use. By an agreement between the United States and Mexico,
excess salt from the Colorado River must be removed at great expense to
the U.S. taxpayers.

Feedlots and Barnyards

Feedlots and barnyards, statutory agricultural point sources, are the land
uses that exhibit the highest amounts of diffuse waste loads, mostly
carried by surface runoff. With the advent of improved feeding
techniques, farmers prefer not to put cattle to pasture, but to hold them
in relatively small areas. The high organic content of the surface crust
protects against erosion, and consequently sediment losses from feedlots
are lower than those from uncompacted bare land surfaces. Nevertheless,
as shown in Table 1.2, barnyard and feedlot runoff has extremely high
concentrations of BODs, COD, organic nitrogen, and phosphorus. Even
with these extremely high concentrations, land management techniques
typical for diffuse sources and some ‘‘point source” structural abatement
(lagoons and manure storage basins) are a more effective means of
control than a point-source-type treatment would be (see Chapter 11).

Urbanization

Probably the greatest adverse change in water quality is due to ur-
banization. The population pressures mentioned previously, migration
of population, and economic development result in urbanization.

Urbanization, that is, the transformation of land use from natural
or agricultural lands, occurs in several steps. Urbanization changes
atmospheric composition, the hydrology of the watershed (Fig. 1.5),
receiving streams, and other water bodies, and soil. Native ecological
systems are replaced by urban ecology. Waste emissions increase
dramatically, and the sources of these contaminants are diverse, such as
industries, household heating, transportation, sewage conveyance and
disposal, garbage collection and disposal (landfills, incinerators), litter
deposition, fallen leaves on impervious surfaces, and street salting.
Chapter 8 discusses these sources in detail.
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Watershed during Urban Development (Urbanization)

The soil loss from construction sites can reach magnitudes of over 100
tonnes/ha/year. In urbanizing watersheds, a few percent of the watershed
under construction can contribute a major portion of the sediment carried
by the streams. Often the streams themselves are affected and irreversibly
changed by urbanization, regulation, straightening and lining, which
destroys their natural habitat so that they can no longer sustain fish and
other biotic populations. More surface runoff and hence flooding results
from increased imperviousness that also makes surface runoff more flushy
and higher in volume. On the other hand, ground-water recharge is
reduced. Other profound and adverse changes in hydrology and water
quality are caused by draining wetlands. Pollution is mostly nonpoint,
unless a sewer system is in place and the drainage is located in a large
urban area and/or industrial zone, which would legally reclassify the
runoff pollution as a point source.

Unsewered Urban Development

Disposal of sewage into soils (septic tanks or small Imhoff tanks followed
by infiltration) eliminates or reduces only pollutants that can be filtered
out, decomposed, and/or adsorbed onto soil particles. Mobile pollutants
such as nitrates can cause severe contamination of ground water and,
subsequently, of the base flow of the streams and other water bodies.
When the adsorption capacity of the soil-disposal system is exhausted,
contamination of surface waters by organics and pathogenic micro-
organisms by surfacing sewage may occur and be severe. Failures of
older septic tank systems are common. However, in the absence of such
failures, the pollution potential of established low-density residential and
commerical areas without storm or combined sewer systems is generally
low and not much above the background water quality contributions from
a natural prairie watershed.

Pollution from Fully Developed, Sewered Urban
Watersheds and Transportation Corridors
As the imperviousness of the urban watershed increases, the watersheds
become more hydrologically active, which will impact both pollutant
loadings and flooding potential. The surface runoff events that carry the
heaviest pollution loads become more frequent. Pollutants that accumu-
late on the surface from traffic, litter, street dust, and other sources are
then washed off by the surface runoff into the drainage (sewer) system.
Novotny and Chesters (1981, 1989) have pointed out that the type of
drainage can greatly affect the pollution load within the same land-use
category. Residential areas with natural (swale) drainage produce
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TABLE 1.3  Comparison of the Strength of Point and Nonpoint Urban Sources

Suspended Solids  Total Nitrcgen

Total Phosphorus

Total Coliforms

Type of Wastewater BOD; (mg/l) (mg/l) (mg/) (mg/) LLead (mg/l) (MPN/100 ml)
Urban storm-water” 10-250 (30) 3-11,000 (650) 3-10 0.2-1.7 (0.6) 0.03-3.1 (0.3) 10°-10%
Construction site runoff® NA 10,000-40,000 NA NA NA NA
Combined sewer overflows® 60-200 100-1100 3-24 1-11 (0.4) 10°-107
Light industrial area® 8-12 45-375 0.2-1.1 NA 0.02-1.1 10
Roof runoff* 3-8 12-216 0.5-4 NA 0.005-0.03 10%
Typical untreated sewage? (160) (235) (35) (10) NA 107-10°
Typical POWT effluent? (20) (20) (30) (10) NA 10*-10°

Note:
“Novotny and Chesters (1981) and Lager and Smith (1974).

® Unpublished research by Wisconsin Water Resources Center.
“Ellis (1986).

?Novotny, et al. (1989).

() = mean; NA = not available; POWT = Publicly owned treatment works with secondary (biological) treatment.
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pollution loads that are approximately one order of magnitude lower than
pollution loads from similar land with storm (separate) sewers.

Sewer systems can be either combined or separate. The pollution
potential of urban runoff carried by separate storm sewers is similar to
treated sewage, while that of combined sewer overflows is between
treated and untreated municipal wastewater (Field and Turkeltaub,
1981). Rohmann, Lyke, and Hoban (1988) claimed that urban nonpoint
source released 760 times more lead than the load from point sources.
Table 1.3 shows the approximate concentration ranges for some
components of diffuse urban sources compared to the strength of
municipal wastewater.

In combined sewer systems, wet-weather pollution loads are divided
into two components. The first component is the load that is conveyed by
the combined sewer interceptors (due to their excess capacity over the
dry-weather flows) toward the treatment plant. At the plant this load
represents a point source and should not be considered in nonpoint
pollution studies. The second component is conveyed by combined sewer
overflows (CSO) that occur during wet weather when the interceptor
capacity is exceeded. The load conveyed by overflows, referred to as
wet-weather load, is of diffuse (nonpoint) nature and is considered in this
study. Legally, however, the U.S. Environmental Protection Agency and
state agencies consider the combined sewer overflows as a point source,
for which a National Pollution Discharge Elimination System (NPDES)
permit is required.

A part of the wet-weather pollution carried by combined sewers 1s
diverted to the treatment plant. Even though the concentrations of
pollutants in CSOs are greater than those in flows from separate storm
sewers, the volume of discharged CSOs is smaller. Hence, European
experience and measurements indicate that overall, the total pollution
loads—including dry-weather point loads—from urban zones with
separate and combined sewers are about the same (Novotny et al.,
1989b).

In addition to the traditional pollutants reported in Table 1.3, urban
runoff contains a variety of toxic (so-called priority) pollutants, such as
oils, polyaromatic hydrocarbons (PAH), PCBs, and lead. With the ban
on the use of leaded gasoline in the United States, the lead level in urban
runoff has dropped significantly. Urban diffuse sources have been
identified as a major cause of pollution in surface water bodies by the US
EPA (Myers et al., 1985).

Using a hypothetical example, Pitt and Field (1977) showed that in an
urban area of 100,000 people, the COD contribution from urban runoff 1s
approximately 50% of that from raw sewage. These results, together with
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TABLE 1.4 Comparison of Areal Loadings of Pollutants from a Hypothetical American
City of 100,000 People (tonnes/year)

Pollutant Storm Water Raw Sewage Treated Sewage ]‘
Total solids 17,000 5.200 520 \
COD 2,400 4,800 480 :
BODs 1,200 4,400 440

Total Phosphorus 50 200 10

Total Kjeldahl Nitrogen 50 800 80

Lead 31

Zinc 6

Source:  After Pitt and Field (1977).

comparisons for some other constituents, are shown in Table 1.4. It is
also shown that if sanitary sewage is receiving adequate treatment (90
to 95% removal of solids and organic compounds), almost all—
approximately 97%—of the total solids and 70% of the BOD reaching
the receiving waters comes from urban runoff.

Example 1.1

Compare volume and pollution load (BODs) generated by sewage and by
a 50-mm (2-in) 24-hr storm, after it comes from an urban catchment that
is 70% impervious. The population density in the catchment is 100
persons/ha, with an average per capita sewage flow of 3001/(cap-day).

Referring to Table 1.3 the average BODs of urban runoff is 30 mg/l,
and that for raw municipal sewage is 160mg/l. Treated sewage has a
BODj of about 20mg/l. Then the flow and volumes are:

Sewage

Flow = 3001/(cap-day) X 100 persons/ha
= 30,0001/(ha-day) = 30 m’/(ha-day)
Raw sewage BODs = 30m®/(ha-day) x 160g of BODs/m’
= 4800 g/(ha-day)
Treated sewage BODs = 30 X 20 = 600 g/(ha-day)

Stormwater

Flow = 0.7 x 50mm/day x 10,000m?/ha x 0.001 mm/m x 1000 1/m?
= 350,0001/(ha-day)
= 350 m*/(ha-day)
Stormwater BODs load = 350 m*/(ha-day) x 30g/m’
= 10,500 g/(ha-day)
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The stormwater BOD load from this storm would be twice as large as the
24-hr BOD load by raw wastewater.

Pollutant Loads from Combined Sewer Overflows

Combined sewers have commonly been designed with a capacity large
enough to accommodate flows that are 4 to 8 times the peak dry-weather
flow. In Europe, combined sewer designs are now being implemented to
handle a critical rainfall of 151/sec-ha (5.4 mm/hr) plus the dry-weather
flow. If the rainfall exceeds the critical rate, overflow from the sewer
system is anticipated. To mitigate pollution by the combined sewer
overflow (CSO), over 10,000 storage tanks have been built in Germany
alone and another 10,000 are planned (Geiger, 1990).

Using this criterion for a typical city located in Switzerland, out of
about 1000 hours of rainfall in a typical average year, overflows would
occur for about 80 hours (Krejci, 1988). In Milwaukee, Wisconsin, 1n an
average year there were over 40 overflows from combined sewers in the
older sections of the city. A large tunnel-interceptor to be completed in
1994 will store the overflows for subsequent treatment.

The poliution strength (Table 1.3) of the overflows is about the same
or only marginally less than the strength of raw sewage. However, due to
the larger volumes when compared to typical dry-weather sewage flows,
overflow from a larger storm represents a pollution shock to the receiving
water body that may greatly exceed, during the time of overflow, the load
by sewage.

As stated by Imhoff and Imhoff (1990) and documented in Table 1.5,
which is taken from Waller and Hart (1986), suspended-solids loadings
from separate and combined sewers are about the same, while nutrient
loadings from an urban watershed with combined sewers and a treatment

TABLE 1.5 A Comparison of Pollutant Loadings (kg/ha-yr) from Separate and Combined
Sewer Systems for Ontario Urban Areas

Separate Systems Combined Systems

Dry-weather Wet-weather Surface Dry-weather Wet-weather Combined Sewer

Pollutant STP Effiuent STP Effluent Runoff STP Effluent STP Effluent Overflows

Suspended 194 24 553 383 66 490
solids

Total 133 16 11 253 44 25
Nitrogen

Total 8 0.9 1.1 15 2.5 4.5
Phosphorus

Source:  After Waller and Hart (1986). (Copyright © 1986 by Springer Verlag; reprinted with per-
mission.)
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FIGURE 1.10.  The first flush concept.

plant, but without storage for the overflows, are about twice that if the
same watershed has separate sewers. Sewage solids that accumulate on
the bottom or as a slime on the walls of the combined sewers during a dry
period preceding a storm may contribute a higher pollutant load to the
first portion of the overflow, the so-called “first flush.” If the drainage
system has a significant supply of readily washable solids located
especially in the sewer system, the peak concentrations and pollutant
loads will precede the peak flow and volume (Fig. 1.10). However, Ellis
(1986), in summarizing primarily the European experience, stated that
the occurrence of first flush is not a consistent feature of either the
separate or combined sewer systems. Nevertheless, controlling pollution

in the first portion of the runoff hydrograph makes sense (see Chap.
10).

Mining Nonpoint Sources

Unlike construction activities, mining cannot be viewed as a homogenous
source of nonpoint pollution. The most common minerals extracted by
mining are coal and metallic ores. Mining nonpoint sources include
discharges from inactive mining operations as well as runoff from roads,
old tailings, and spoil piles. Active mines are considered as point sources
for which a discharge permit is required.

Although mining is not as widespread as agriculture, water quality
impairment resulting from mining is usually more harmful; sediment
discharges and concentrations from mines can be extremely high.
Furthermore, entire streams may be biologically dead as a result of acid
mine drainage (U.S. EPA, 1984). Erosion and sedimentation problems
are associated with almost every abandoned surface coal mine. Other
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pollutants associated with mining operations can have an even more
serious water quality impact than those associated with sediments.

POLLUTION BY TOXIC CHEMICALS
AND METALS

Distribution and Types of Toxic Chemicals

Diffuse pollution may be responsible for the major part of the
contamination of the environment by toxic pollutants. Toxic chemicals
and components contaminating the environment are either inorganic or
organic. Inorganic contaminants are mostly in a category of trace metals,
which may be natural or anthropogenic (man-made) or both. Other
inorganic nonmetallic toxic compounds detected in the aquatic
environments are unionized ammonia (NH;), cyanides, asbestos,
hydrogen sulfide (HS), and low or high pH. Most of the organic toxic
contaminants are anthropogemic, a category that includes organic
chemicals such as pesticides, PCBs, organochlorine chemicals, solvents,
and polyaromatic hydrocarbons (PAH).

As is pointed out in detail in Chapter 13, almost any compound may
become toxic to aquatic biota, water fowl, or man when a certain
tolerance threshold level is exceeded. From the many thousands of
potentially toxic compounds and elements, the category of the so-called
priority pollutants includes the toxic compounds that can be found in the
environment in concentrations and quantities that can be toxic. These
pollutants represent a risk to ecology and human health. The priority
pollutants category includes both inorganic and organic (the majority)
toxic compounds. Many but not all priority pollutants are carcinogenic.

Marsalek (1986) studied the distribution of toxic compounds in
Ontario. He found that in or near urban areas trace metallic elements
were the most prevalent toxic contaminants in runoff and stream
sediments. The most frequently detected elements were zinc (98% of all
water samples), copper (93%), nickel (87%), and lead (78%). Similar
results were also found by the National Urban Runoff Project in the
United States (Table 1.6). In both studies the frequencies of detection of
trace elements in sediments were higher than those in water columns.

Among organic chemicals, pesticides were most frequently detected in
the Canadian and U.S. studies. Marsalek (1986) found that in Ontario
two organochlorine compounds, a-BHC, and y-BHC (lindane) were
found most frequently (98% and 86% of all water samples, respectively).
The detection frequencies for chlorinated benzenes varied from 3% to
64% of all water samples. The detection frequencies of PAH compounds
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TABLE 1.6 Most Frequently Detected Toxic (Priority Pollutants) in NURP Urban
Runoff Samples
Detection rate” Inorganic Organic
Detected in 75% or more  Lead (94%) None
of NURP samples Zinc (94%)
Copper (91%)
Detected in 50%-74% Chromium (58%) None
of the NURP samples Arsenic (52%)
Detected in 20% -49% Cadmium (48%) Bis(2-ethylhexyl) phthalate (22%)
of NURP samples Nickel (43%) a-Hexachlorocyclohexane (20%)

Detected in 10%~19%
of the NURP samples

Cyanides (23%)

Antimony (13%)
Beryllium (12%)

a-Endosulfan (19%)
Pentachlorphenol (19%)

Selenium (11%)
y-Hexachlorcyclohexane
(Lindane) (19%)
Pyrene (15%)
Phenol (14%)
Phenanthrene (12%)
Dickloromethane
(methylene-chloride)
(11%)
4-Nitrophenol (10%)
Chruysene (10%)
Fluoranthene (16%)

Chlordane (17%)

Source:  U.S. EPA (1983).

?Percentages indicate frequency of detection, not concentrations.

varied from 2% to 19% in water samples and from 1% to 37% in
sediment samples. The high frequency of detection of some of these toxic
organic and inorganic chemicals today confirmed Rachel Carson’s worries
in Silent Spring. The origins of these toxic compounds are very
diversified. With the exception of trace elements that have a natural
occurrence, orgamic toxic chemicals are man-made and entered the
environment mostly after World War II.

The example of PCBs shows how a chemical component, originally
considered to be very useful for a number of applications and that
represents only a minor traditional point source problem, could
contaminate the environment and become a serious diffuse-pollution
problem. A similar fate has occurred to asbestos, which until the 1960s,
was a material widely used for insulation, fire protective materials, tires,
sewer pipes, brake linings, and many other applications. Both compounds
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have subsequently been recognized as both a carcinogenic threat to
humans and a persistent widespread pollutant.

Sources and Properties of PCBs

PCBs are in a class of chlorinated organic compounds. These substances
have been manufactured in the United States since 1929 by Monsanto
Chemical Company. Other PCB-producing nations included Germany,
France, Japan, Italy, the USSR, and Czechoslovakia.

PCBs are prepared individually by the reaction of biphenyl with
anhydrous chlorine, and are available as liquids, resins, or solids. The
most important physical properties of PCBs are their low vapor pressure
(high boiling point), low water solubility, and high dielectric constant.
They can be dissolved in many organic solvents, including some humic
acids. The PCBs manufactured in the United States were sold under the
trade name Aroclor. Table 1.7 shows some physical properties of PCBs as
compared to another environmentally serious contaminant—DDT. Since
1929 over 600,000 tonnes of PCBs have been produced in the United
States, with annual production reaching its maximum of 38,000 tonnes in
1970. Figure 1.11 shows the approximate distribution of PCBs that are
said to have contaminated the environment.

From an environmental viewpoint, the commercial use of PCBs can be
divided into three categories:

« Controllable closed systems: PCBs used as dielectrics in transformers
and large capacitors have a life equal to that of the equipment, and
with proper design environmental contamination should not occur.

« Uncontrollable closed systems: PCBs are used in heat transfer and
hydraulic systems that permit leakage.

TABLE 1.7  Physical Properties of Some PCBs and DDT

AROCLOR
1242 1248 1254 1260 DDT
Molecular weight
Range 154-338  222-358  290-3982 324-460 352
Average 262 288 324 370 352
Chlorine (%) 42 28 54 60 50
Solubility in H,O (pg/l) 200 100 50 25 0.7

Vapor pressure at 20°C mmHg 10°*  3x10°° 3.6x107° 15x1077

Source:  After Nisbet and Sarofim (1572).
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68,000 TONNES 635,000 TONNES
EXPORTED PRODUCED SINCE 1929

227,000 TONNES 340,000 TONNES

HAVE ENTERED NOW IN SERVICE

ENVIRONMENT

136,000 TONNES 68,000 TONNES

IN LANDFILL IN AIR, WATER
SOIL, BOTTOM SEDIMENT

23,000 TONNES
DEGRADED OR
INCINERATED

FIGURE 1.11.  Distribution of PCBs. (From the Committee on the Assessment of PCBs
in the Environment, 1979.)

o Dissipative use: PCBs in paint, lubricants, and plasticizers are in direct
contact with the environment.

The major source of PCBs that have contaminated the environment
are (Fig. 1.12):

o Leaks from sealed transformers and heat exchangers;

o Leaks of PCB-containing fluids from hydraulic systems that are only
partially sealed; '

« Spills and losses in the manufacture of either PCBs or PCB-containing
fluids;

» Vaporization or leaching from PCB-containing formulations;

» Disposal of waste PCBs or PCB-containing materials and the migration
of PCBs from landfills and freshwater sediments.

The chemical property of extreme stability that made PCBs an ideal
industrial and commercial compound also made them persistent and
cumulative toxic components in the environment. Because PCBs are
soluble in lipid tissue, these components have been found to accumulate
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in the fat of living organisms including humans. Salmonoid fish are very
susceptible to PCB accumulation because these species have high body
fat. Because of the toxic (carcinogenic) nature of PCBs, the U.S. Food
and Drug Administration established a tolerance level of 2mg/kg of PCB
in fish tissue. Fish testing has shown that most large Lake Michigan fish
species (trout and salmon) contain PCB levels exceeding this limit.
PCBs, which are in a way similar to DDT in the 1950s and 1960s, have
entered into global transport routes and can be detected in extremely
remote areas. Their removal rate from the environment is very slow, and
the primary sink in aquatic ecosystems is burial with organic sediments.

IMPORTANT EXAMPLES OF SYSTEMS
AFFECTED BY DIFFUSE POLLUTION

Chesapeake Bay

The Chesapeake Bay is the largest estuary on the east coast of the United
States. It has been one of the world’s most productive water bodies,
providing habitat to fish and shellfish. However, water quality in this
relatively shallow body of water has been declining. Submerged aquatic
vegetation has been disappearing; fishers have been landing fewer of
certain freshwater spawning fish; and oyster harvests have been declining.
These problems were traced to excess levels of nutrients and toxic
pollutants in the bay system. A 1983 EPA study concluded that these
contaminants were also causing, among other phenomena, depressed
oxygen concentrations in the water column, algal blooms, increased
turbidity, and high concentrations of heavy metals in sediments. The
study also found that diffuse (nonpoint) sources of pollution were among
the chief causes of the bay’s decline.

As a result of these developments, the governors of Pennsylvania,
Maryland, and Virginia, the Mayor of the District of Columbia, and the
Administrator of the U.S. Environmental Protection Agency in
December 1983 pledged to address the problem of nonpoint pollution as
well as other sources of pollution in order to restore and protect the
Chesapeake Bay. This commitment, known as the Chesapeake Bay
Agreement of 1983, established the Chesapeake Executive Council to
coordinate all bay cleanup efforts undertaken by the signatories of the
agreement. Implementing programs to reduce nonpoint source pollution
is one of the most significant elements of the cooperative effort.

The Problem
Excessive nutrients appeared to account for much of the decline in living
resources as well as many of the trends in water quality deterioration
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TABLE 1.8  Nutrient Loads Reaching the Chesapeake Bay from Diffuse Sources

Total Nitrogen from Total Phosphorus from
Land-use Type Diffuse Sources (%) Diffuse Sources (%)
Cropland 45-70 60-85
Pasture 4-13 3-8
Forest 9-30 4-8
Urban/suburban 2-12 4-12
Subtotal for Agriculture 49-83 63-93

(Cropland + Pasture)

Source:  U.S. Environmental Protection Agency (1988).

specified in the preceding paragraph. A watershed model was used to
identify the sources. The model calculations indicated that in a year of
average rainfall, diffuse (nonpoint) sources contribute 67% of the
nitrogen and 39% of the phosphorus entering the bay and that the
traditional point sources (wastewater effluents) account for the rest.
Runoff from cropland was identified as the largest diffuse source of
nutrients in the bay (Table 1.8). Urban runoff loads were minor and
caused only localized problems. However, due to urban development
pressures, the urban runoff contribution is expected to increase.

The watershed model, along with other information, has provided the
basis for understanding the relative contributions of point and nonpoint
by major river basins, and linked the nutrient loadings with specific areas
where nutrient and dissolved oxygen concentrations potentially limited
the aquatic resources.

The inorganic toxic loads to the bay system are also of concern. These
toxics affect the aquatic life and habitats, especially near urban centers.
The first EPA study (1983) found that in some areas toxic concentrations
in sediments had reached magnitudes that reduce the hatching and
survival of aquatic organisms, cause gross effects such as lesions or fin
erosion in fish, and eventually could destroy an entire population of some
sensitive species. Toxic discharges of metals from traditional point
sources and from urban runoff appear to be most significant in urbanized/
industrialized areas such as Baltimore, Maryland, Norfolk, Virginia, and
Washington, D.C. As far as pollution by organic chemicals is concerned,
it was concluded that herbicides were not the primary culprit in the
decline of the bay ecological system.

Abatement Program

The Chesapeake Bay Agreement has established a framework for
cooperation. Concurrently, the U.S. Environmental Protection Agency,
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which is a partner in the program, has established a liaison office in
Annapolis, Maryland. The federal support for the program provided
implementation funds to each state and to Washington to carry out the
program. The bay states and Washington, D.C., have developed a variety
of approaches to address the diffuse pollution problem; however, their
approaches reflect the diverse problems and priorities in each of the
jurisdictions. Furthermore, each jurisdiction began with a different base
of laws and regulations for the control of the sources of pollution and
with varying amounts of resources.

In the agricultural sector, the Chesapeake Bay states have been relying
primarily on voluntary cost-sharing programs to carry out their program
objectives. These programs are helping farmers reduce soil and associated
nutrient losses into the bay. The programs actually build upon the soil-
erosion control programs begun in the 1930s by establishing soil- and
water-conservation districts. All states targets the diffuse sources at
several levels:

« First, the states have targeted general geographic areas where each will
emphasize implementation of agricultural diffuse-pollution controls.

» Second, once a general area has been identified, all the states have
procedures to target the critical areas and management needs within
that area.

» Third, state and local staff identify cost-effective, site-specific
management practices for individual landowners and users.

Urban programs to control diffuse sources within the bay watershed
lean more toward regulation. The urban sediment control programs in the
area have existed since the 1970s. Later sediment control regulations for
developing areas were added.

Progress in the 1980s has been slow. For example, the percentage of
highly erodible lands on which best management practices were im-
plemented in the 1985/1986 period ranged from 2% to 12% between
the states. Installations of animal-waste management (mostly winter
storage) in the same period ranged from 0.5% in Pennsylvania to 10% in
Maryland. By 1990 Maryland had shown the highest reduction of nutrient
inputs (nearly 20% for both nitrogen and phosphorus), while reduction in
the other two states was significantly lower. These reductions in nutrient
loadings were insufficient to yield significant water quality improvement
at the time this book was being written.

Wisconsin Priority Watershed Program

In 1978 the Wisconsin legislature created and funded the Wisconsin
Nonpoint Source Water Pollution Abatement Program. The basic
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purpose of the program was to systematically control nonpoint source
pollution so that the surface-water and ground-water quality goals
specified by the Clean Water Act were met. The program was designed to
deal with the varying nature of nonpoint pollution problems throughout
the state. These problems include pollution from croplands, construction
sites, stream-bank erosion, and nutrient loads from barnyard runoff,
cropland erosion, manure spreading on croplands, and runoff from city
lawns and streets (Konrad, 1985). In 1993, funding for this program was
increased by the Wisconsin legislature.

The Wisconsin program concentrates available funds into selected
hydrological units (watersheds) that exhibit large problems due to diffuse-
pollution inputs. Such units are then called priority watersheds. This
program allows all categories of urban and rural diffuse sources within the
watershed area to be addressed and solved in a comprehensive and
coordinated effort. Specific areas within the priority watershed that
contribute significant amounts of pollutants to lakes and streams are
collectively called priority management areas. This approach enables
effective targeting of most significant pollution sources. The Priority
Watershed Program concentrates available educational, financial, and
technical resources in those critical areas where maximum water quality
benefits will result from investing financial and human resources.

The selection of a Priority Watershed Project is followed by an 8- to
9-year planning and implementation process. An implementation plan,
based on a detailed inventory and assessment of critical source areas in
the watershed and the program objectives, is prepared, usually within the
first year of the project. The plan guides the Priority Watershed Project
and spells out procedures and responsibilities. Central to each Priority
Watershed Project are the water quality objectives identified for the lakes
and streams to be protected. The determination of critical pollutants,
significant sources, the desired level of diffuse-pollution control (pollutant
reduction), and the measurement of results are all based on the specific
water quality objectives for each individual watershed.

Some of the water quality objectives identified for the Priority
Watershed Projects are:

1. Protection of the near-shore waters of Lake Michigan;

Rehabilitation of warm-water fishery;

Rehabilitation of cold-water fishery, such as the upgrading of a trout
stream through habitat improvement;

Protection of a desired warm-water fishery;

Protection of a desired cold-water fishery;

Inland lake rehabilitation;

Protection of an inland lake.

Dl
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The State provides financial support in three major categories: (1) cost-
share (50% to 70%) for landowners and municipalities to install
management practices; (2) aids for local governments to fund additional
technical assistance, education and information, and financial and project
management; and (3) administrative and planning funds for state
administration and the preparation of priority watershed plans.

The Milwaukee River Priority Watershed Program

The Milwaukee River Priority Watershed Program is an example of
a watershed-wide approach to solving excessive nonpoint pollution
problems (Gayan and D’Antuono, 1989). The Milwaukee River is the
largest of the three tributaries of the Milwaukee, Wisconsin, Harbor,
which is a freshwater estuary of Lake Michigan. The drainage area of the
Milwaukee River watershed is about 1800 km?, with a resident population
of about 500,000. The average flow of the river at the entrance into the
harbor is 5.6m3/sec, and the low flow characteristics for pollution
abatement studies and planning (so-called Q;_yo, that is, the 7 days
duration for 10 years expectancy of low flow) is 0.72m?s.

The upper two-thirds of the watershed are mostly composed of
agricultural and mixed land uses, while the lower third is made of
suburban and urban (Milwaukee County) land uses. All sewage flow from
the city of Milwaukee and its sewered suburban sections is collected and
diverted to two regional treatment plants located outside the watershed
boundary. As a result, biologically treated sewage (point pollution) from
only about 31,000 inhabitants is currently discharged into the river.
Phosphorus is removed from the point-source effluents to meet the
standard of 1 mgP/1 for sources located in the Great Lakes Basin. Hence,
most of the pollution of the river is of nonpoint origin. In the lower urban
portion and in the harbor the river receives combined sewer overflows
(CSO) from about 40km? of the older section of the city of Milwaukee.
Most of the city and all of sewered suburbs (more than 90% of the area
served by the Milwaukee Metropolitan Sewerage District) are drained
by a separate sewer (storm and sanitary) system. A large tunnel-
interceptor, providing about 1.5 million m® of storage space for
interception of CSO and infiltration flow excess, has been built in the
dolomite formation 100 meters below the city surface. The total cost of
the point source abatement program (deep tunnel, treatment plant, and
sewer system rehabilitation) is over $2.5 billion.

With the upstream point sources greatly reduced or eliminated, the
existing water quality problems must be attributed to diffuse sources.
These problems include excessive algal growth in the upper reaches of the
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FIGURE 1.13.  The Milwaukee River is affected by nutrient discharges.
(Photo: V. Novotny.)

river (Fig. 1.13) and dissolved oxygen (DO) depletions in the impounded
lower reaches of the river.

The mayor of Milwaukee, Wisconsin, found that after spending more
than $2 billion (mostly subsidized by the federal government) on sewer
rehabilitation and wastewater treatment, including expensive means of
storage and treatment of overflows and by-passes of untreated
wastewater, the receiving water bodies might not be clean and suitable
for most of the uses specified by the Clean Water Act due to upstream
mostly unquantified diffuse discharges of pollutants. He found this
situation politically damaging and irresponsible to the taxpayers.

As a result of serious nonpoint pollution problems, caused by
upstream nonpoint sources, that could diminish the water quality benefits
of the very expensive point source pollution abatement program, the state
legislature declared the Milwaukee River a priority watershed. The
Priority Watershed Program focuses on the control of pollution loads
caused by soil loss and from concentrated animal operations. The
integrated water resource management plan has nine components and
goals:
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Reduction of nutrient and sediment contributions to surface and
ground water throughout the watershed by 30%. This goal is being
accomplished by soil-conservation practices such as strip cropping and
no-till planting in agricultural zones, erosion control of construction
sites, and by sedimentation ponds in urban areas.

Reduction of toxic contaminants in surface and ground water. Most of
toxic contamination originates from abandoned landfills and urban
runoff.

Enhancement and protection of wetlands. Existing wetlands are now
protected and previously drained wetlands adjacent to watercourses are
being restored.

Buffer strips along the watercourses. Five percent of existing ag-
ricultural lands are being converted to perennial grassland to provide
protective buffer strips along watercourses.

Conversion of highly erodible land to woodland. In addition to the
funding provided by the state of Wisconsin from the Priority Watershed
Program, additional funding and incentives to farmers to install soil-
conservation practices and for barnyard waste management are
provided by the Food Security Act of 1985. This act also provides
compensation to farmers for taking highly erodible lands and lands
adjacent to watercourses out of production.

The combined Milwaukee River water quality enhancement plan consists
of:

The Priority Watershed Program aimed at nonpoint sources of pollution
in the upper, mostly rural and suburban (unsewered) parts of the basin;
Milwaukee Metropolitan Sewerage District Water Pollution Abatement
Program, an ambitious $2.5 billion action plan focusing on abatement
of point source pollution, including CSO;

The Milwaukee Harbor Plan, involving in-stream measures such as
low-flow augmentation and aeration during low DO periods.

These programs could be considered an example of an integrated
approach to a regional water quality problem.

Lagoon of Venice

The Lagoon of Venice, Italy, is a tidal embayment located in the
northern Adriatic Sea. This relatively shallow water body has an area of
500km?2. The total surface area of the basin is about 1700km”. The land
distribution today is about two-thirds agricultural and one-third urban
(metropolitan Venice and surrounding communities), with a resident
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population of 1,000,000. During the tourist season the population greatly
increases due to influx of tourists.

The historical center of Venice (resident population of about 80,000
people plus tourists) is located on an archipelago of about 120 small
islands inside the lagoon and is connected with the mainland by a
causeway and railroad bridge.

Evolution of the Water Quality Problem

Until the last century the drainage basin of the Lagoon of Venice was
composed primarily of lowland marshes and wetlands transected by
canals and small tributary streams. Marshes and wetlands served as sinks
for nutrients that promoted the growth of lush vegetation, while at the
same time protecting the lagoon and other waterways from today’s
symptoms of eutrophication and hypereutrophication exhibited by ex-
tensive and obnoxious algal blooms throughout the lagoon.

The Lagoon of Venice is a dynamic ecological system that throughout
the centuries has been subjected to cultural (anthropogenic) changes and
evolution that have included large hydraulic works such as the dredging
of navigational canals and the relocation of two major tributaries outside
of the lagoon to reduce siltation, as well as daily maintenance of the
canals. These works have been carried out by Venetians for centuries.

In some ways the evolution of the water quality problems of the lagoon
1s a consequence of the watershed transition delineated in Figure 1.5.
This transition has been in progress for a period of 100 years, starting
from a mostly rural natural lowland—wetland watershed and moving to an
urbanized and agricultural drained basin of one million inhabitants.

The historical center city of Venice located inside the lagoon, has an
interesting but difficult diffuse-pollution problem. The historic city, which
currently has about 80,000 inhabitants, but which during the height of the
Venetian Republic 500 years ago, had a population exceeding 250,000,
has no sewers. All sewage from the present population and from
thousands of tourists visiting this historical treasure, plus urban runoff
from the city’s almost 100% impervious lands, are discharged by
individual houses and street outlets directly into the famous canals (Fig.
1.14). As a result the canals inside the city are and have been for
centuries severely polluted, with sludge deposits accumulating on the
bottom of the canals. Odors, due to anaerobic decomposition, have
plagued the city since the Middle Ages. The introduction of flushing
toilets and the influx of tourists in recent years have intensified these
problems. Tides provide the only flushing action by which the pollutants
can be carried away from the historic city into the lagoon and through the
gaps between the beach islands into the Adriatic Sea. In 1990 only about

R0023031



54 Introduction
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FIGURE 1.14. A canal in Venice. (Photo: V. Novotny.)

one-half of the urban sewage on the mainland received some treatment;
the rest was discharged without treatment into mainland waterways and
subsequently into the lagoon.

The drainage work that was begun in the basin of the Lagoon of
Venice approximately in 1880 and still may continue, has transformed the
wetlands of the basin into agricultural and urban dry lands. A complex
network of drainage canals with pumping stations has dropped
significantly the ground-water levels throughout the basin and large
quantities of drainage and irrigation return flows rich with nutrients and
residues of other agricultural and industrial chemicals are now directed
toward the lagoon (Fig. 1.15).
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FIGURE 1.15.  Terra Ferma (mainland) canal draining into the Lagoon of Venice, which
is affected by the elevated nutrient concentrations. (Photo: V. Novotny.)

When the wetlands were drained the lagoon was deprived of its natural
buffering system for nutrients, which before the drainage work retained
them. Increased use of fertilizers by the agricultural sector, especially
after the switch from organic (manure) fertilizers to chemicals, is another
factor contributing to the greatly increased transport of nutrients from the
basin to the lagoon. On top of these loads, the largest Italian producer of
chemical nitrogen fertilizers (plus other chemicals) is located on the shore
of the lagoon.

Originally, the lagoon itself was surrounded by brackish tidal marshes,
which still remain in some parts of the lagoon. These marshes constituted
an additional natural buffer, shielding the lagoon from the influx of
nutrients by runoff and shallow ground-water flow. Impounding the
marshes and forming fish ponds (valli da pesca) and draining to reclaim
land limited this buffering capacity.

The watershed itself is mainly composed of flat lowlands, hence,
erosion and soil losses are minimal (mostly from construction erosion in
sewered urban watersheds). Most of the nutrient load from rural
watersheds is carried by drainage flows.
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Pollution Loads

In the agricultural areas annual average fertilizer applications range from
25 to 280kg/ha of nitrogen and 15 to 140 kg/ha of phosphorus, depending
on the type of crops. These fertilizer loads and their losses resulted in
mean concentrations of nitrogen and phosphorus in the mainland
drainage canals of between 1 and 20 mg/l of nitrogen and 0.1 and 4.5 mg/l
of phosphorus (Bendoricchio, 1988). As a result the mainland canals
produce high quantities of algal biomass, as documented on Figure 1.15.

Urban diffuse loads (excluding sewage and industrial wastes) are also
significant; however, the greatest loads originate from the mainland
industrial area where chemical fertilizers are produced. Unit loadings of
pollutants from urban sources and their comparison to sewage loads are
given in Table 1.9.

The annual nitrogen and phosphorus load to the lagoon from all
sources has been estimated as from 10,000 to 15,000 tonnes of nitrogen/
year and 1000 to 2000 tonnes of phosphorus/year from which agricultural
nonpoint sources were responsible for about 50% of the load
(Bendoricchio, 1988). The lagoon is greatly affected by these loads. It
should be realized that, when converted to water-surface loading, these
loads would be devastating to an average lake; however, the tidal water
exchange with the Adriatic Sea results in a relatively short detention time
for pollutants in the lagoon, which used to be adequate to cleanse most of
these waters. Since the 1980s the coastal waters of the Adnatic have also
become enriched by nutrients, mainly from the Po River, resulting in the
rapid deterioration of the water quality of both the lagoon and coastal
waters. Massive algal blooms are now an annual occurrence. The tidal
exchange between the lagoon and the sea may be further affected by the
planned construction of tidal barriers to alleviate the problem of tidal
flooding.

TABLE 1.9  Unit Loads of Pollutants from Diffuse Sources in kg/ha/yr from the Mestre-
Porto Marghera Urban Catchment of Metropolitan Venice and from

Agriculture
Source Suspended Solids Nitrogen Phosphorus
Untreated dry weather wastewater flow? 995 939 62
Wet weather diffuse urban loads 1241 223 26
Average agricultural loads 44-66 4-9

Source:  After Novotny, Miller, and Zheng (1989).

“Includes primarily industrial loads from Porto Marghera. The dry weather flow and a small portion of
the wet weather flow receives biological treatment with nitrification and denitrification.
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Abatement Program

The Pollution Abatement Program approved for the lagoon by the Italian
government envisions broad measures to protect the lagoon ecosystem
and to reverse past trends. For the agricultural sector, which is re-
sponsible for about 50% of the total nutrient load to the lagoon, the
action plan proposes the following:

1. Optimization of fertilizer application rates to minimize losses and
matching applications to the nutrient requirement by crops.

2. Optimization of the temporal distribution of the application of

fertilizers.

Use of soil drainage to increase denitrification of the soil.

4. Limitation and optimization of irrigation to reduce nutrient losses in

the irrigation (surface and subsurface) return flow.

Substitution of organic slow-release fertilizers.

Increasing the organic content of the soil.

7. Soil-conservation practices on erodible lands to reduce loads of
phosphorus, soil adsorbed, and organic nitrogen.

8. Suitable choice of the set-aside lands and conversion to less polluting
crops according to the guidelines of the European Community.

(U8

oW

The Pollution Abatement Program is also using wetlands situated along
the boundary of the lagoon for the abatement of diffuse pollution loads.
Point source abatement is focused on both dry weather and wet weather
(diffuse) point loads. Finally, sewers will be installed in the historic city.

Lake Balaton

Evolution of the Water Quality Problem
Lake Balaton is located in the southwestern part of Hungary. It is the
largest freshwater body in central Europe. On summer weekends up to
one million tourists come to the shores to enjoy recreation. The lake was
reasonably clean until 1965, since when increased agricultural use of
chemical fertilizers in the drainage watershed, tourist use of the lake,
which also increased pollution loads and overloaded existing sewage
disposal systems, and industrial effluents increased the nutrient loads of
the lake by an order of magnitude. As a result, algal biomass levels have
increased dramatically and the lake has become eutrophic (Somly6dy and
van Straten, 1986).

The progression of the intensification of land and lake use along with
the phytoplankton biomass is shown on Figure 1.16. There were also

R0023035



58 Introduction

-
60 - LAKE BALATON
50 -
PHYTOPLANKTON
40 -
BIOMASS
30 -
(annual peaks) 20 [
(g/m’] 10 L
0 LA, u lx 1 1 ] 1
1930 1950 1960 1970 1980 1990
5
SOMOGY COUNTY /
DRINKING WATER SUPPLY\./
4 ~ ( SEWAGE DISCHARGES) f
FERTILIZER USE
3 amd
RELATIVE
INCREASE

( Year 1966 = 1)

A 1 - ] {
0 1966

1930 1950 1960 1970 1980 1990

FIGURE 1.16.  Nitrates, recreation use, and eutrophication of Lake Balaton, Hungary.
(Data from Somlyody and van Straten, 1986.)

several major fish kills that received wide public attention. The first
occurred in 1965 and was most likely the result of fish poisoning by
pesticides. The second, which happened in 1975, was indicative of a
collapsing ecosystem (Hock and Somlyédy, 1990). This occurrence was
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followed by mass proliferation of cyanobacteria in the summer of 1982,
and the waters of the lake became mostly unsuitable for contact
recreation.

The Action Plan
Following these catastrophic water quality events the authorities in early
1980s recognized the problem, and in January 1982, the Hungarian
government decided to launch a series of extensive programs to analyze
the problem and then suggest remedial measures. The remedial plan was
adopted in 1983.

The goal of the plan is restoration of water quality to the levels that
prevailed in the 1960s. This goal is to be achieved in stages, with target
A corresponding to the water quality level of late 1970s, target B
corresponding to water quality of late 1960s, and finally target C is
restoration to early 1960s levels. The plan schedule is 1990 for target A,
1995-2000 for target B, and 2005-2010 for target C.

With the cooperation and sponsorship of the Food and Agriculture
Organization (FAO) of the United Nations, Hungarian scientists
embarked on an ambitions research project to identify the sources of
nonpoint pollution and its management (FAO, 1986). A pilot ex-
perimental watershed was established on a small tributary of Lake
Balaton. By establishing a data base on pollutant loads from various
diffuse and traditional point sources, lake and watershed modeling, and
extrapolation, scientists from the Water Resources Management Institute
(VITUKI) and other institutes were able to present the authorities with
targets, criteria, and possible abatement scenarios.

The first stage of the plan (target A) involves abatement of point
sources, such as upgrading of biological treatment plants along the shore
of the lake and installing tertiary phosphorus removals, and nonpoint
source controls, including construction of sedimentation basins on several
tributaries to reduce loads of particulate pollutants, dredging of polluted
sediments, control of livestock wastes, improved farming methods, and a
complete halt to building of summer homes along the shore.

The Kis—Balaton reservoir network was put in operation by 1990. The
reservoir system is designed to filter out the nutrients and pollutants
flowing into the western end of the lake from the Zala River. The
pollutants are retained in the tributary reservoirs and do not reach the
lake. Concurrently, phosphorus precipitation was introduced in 10
regional treatment plants. By 1990, the phosphorus input in the lake was
cut in half, resulting in improved water quality in the eastern part of the
lake. The rest of the lake, because of internal nutrients storage, will need
a longer recovery time for a noticeable improvement.
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The Emscher River

The Emscher River is a small river located mostly within the municipal
boundaries of Essen in the Ruhr area of Germany. It is a historical river
because the first watershed-wide water quality management agency in the
world was established there in 1906. Karl Imhoff, a famous pioneer of
modern environmental engineering, was then put in charge of the agency.

The drainage area of the Emscher River is 865km?, of which 20%
is currently impervious. The present resident population within the
Emscher River watershed boundaries is 2.5 million. Most of the pollution
entering the river is of urban origin, with only minimal agricultural
contributions.

The Emscher River Association (Emschergenossenschaft) is one of
several river association that have been subsequently established in this
highly industrialized area of Germany. In order to provide sanitation and
a safe water supply by relatively few small rivers for about 8 million
inhabitants and about one-third of the German heavy industry, Karl
Imhoff and his coworkers devised a plan of primary water uses for each
individual river. In this plan, the largest river, the Ruhr, became the
primary source of water supply and recreation for the population, while
the Emscher River assumed the sad task of conveying mostly untreated or
only partially treated sewage and industrial wastewater.

In the late 1800s and early 1900s the Emscher River received mostly
untreated sewage from the Essen industrial area. The river was mostly
septic with thick sludge deposits on the bottom. In the early 1900s the
goal of the new association was to keep the river fresh and avoid further
deposits of sewage sludge. However, land subsidence of up to 20 meters
due to deep coal mining made drainage by conventional enclosed sewers
extremely difficult and costly. Hence, in the first period of the sanitation
work in the Emscher River watershed, wastewater effluents received
primary treatment (mostly in so-called Emscher or Imhoff primary
settling tanks), after which the effluent was discharged into open,
concrete-lined channels, and hence into Emscher River. Such open
channels allowed for easier correction of the slopes that were disrupted
by the subsidence.

To reduce public hazards and increase the aesthetics of these open
sewers the channels were fully lined to provide higher velocities that
would keep the flow fresh (aerobic) and control odors, the river banks
were lined with trees, and the channels were fenced on both sides to
prevent access (Fig. 1.17). A treatment plant to treat the entire river flow
was built before the confluence with the Rhine River. The river thus
became an example of the ultimate conversion of a natural small stream
into an open sewer (Anon., 1986).
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FIGURE 1.17. The Emscher River in Essen, Germany. (Photo: V. Novotny.)

Today, combined sewers replaced most of the open channels;
however, until 1990 the river itself was still primarily unchanged. Hence,
all of the pollution entering the river has been from combined urban and
industrial sewer connections, and of a diffuse nature.

A Plan to “Renaturalize’”’ the Emscher River and

Drastically Reduce Pollutant Loads

A new plan for returning the river to a more naturally looking urban
stream was prepared by the Emscher Association (Geiger, 1990). In 1990
the annual nutrient inputs in the river were estimated as 13,500 tonnes of
nitrogen and 3600 tonnes of phosphorus, respectively. The treatment
plant at the mouth of the river reduces these nutrient loadings from the
Emscher and Rhine rivers (and the North Sea, which has a severe
eutrophication problem caused by nutrient loads, primarily from the
Rhine and Elbe Rivers) by about 15%. To reduce the pollutant loads to
the river the association proposed an ambitious plan that considered
installation of 200 storm-water-detention basins with a total volume of
1.3milm? combined with limited reuse and infiltration of storm water.
The individual pretreatment of wastewater discharges should meet the
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effluent standards of 15mg/l for nitrogen and 0.5mg/l for phosphorus,
respectively.

To further reduce flow and pollutant loads to the river, partial
infiltration, separation, and reuse of storm water was considered. It was
also suggested that storm-water discharges should be diverted to about
500 meters from tributary creeks, which would also enhance infiltration.
Through modeling it was found that such measures could reduce peak
storm-water flows and volumes by up to 85%. With these measures the
nitrogen load from the watershed could be reduced by about 60%, and
that of phosphorus by 92%. Along with the flow and pollutant reduction
measures the river channel would be partially converted to a more
naturally looking stream. ‘

The Experimental Watersheds of the Shirako and
Shakiji Rivers ‘

Until 1964 (the year when the Olympic games were held in Japan) most
of the watersheds of the Shirako and Shakiji Rivers located in the
metropolitan Tokyo area were not sewered. Since 1965 sewerage projects

FIGURE 1.18.  Shiroko River in Tokyo. (Photo provided by S. Fujita.)
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FIGURE 1.19. The ESS concept. (Replotted from Fujita, 1984.)

in Japan have accelerated, with the result that the two watersheds became
fully urbanized by the mid-1980s. Consequently, the river channels,
limited by urbanization, became insufficient to handle flows (Fig. 1.18).
Flooding has thus become a major problem.

In 1982 the Tokyo metropolitan government selected the two rivers as
experimental watersheds, in which various infiltration, storage, and other
flood-control measures were to be installed and tested. The objective of
the measures implemented within the experimental watersheds was to
minimize flooding; the pollution control at the beginning of the project
was secondary. Unlike U.S. and European practices, which usually do
not infringe on private properties and all stormwater control is carried out
outside of private homes, the Japanese plan included on-site household
water infiltration and heavily relied on it (Fujita, 1984; Fujita and
Koyama, 1990). Figure 1.19 shows the concept of the experimental sewer
system (ESS). The extent of the ESS system as of 1990 is given in Table
1.10.

The ESS system relies heavily on site infiltration and to a lesser degree
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TABLE 1.10 Characteristics and Extent of the ESS System

Parameter/Abatement Shakiji River Shirako River Total
Watershed area (ha) 305 597 702
Resident population 39,600 72,100 111,700
Infiltration iniets 4,778 15,218 19,996
infiltration trenches (km) 43 84 127
Infiltration curbs (km) 22 49 71
Permeable pavements 200 408 608
(1000 m?)
Construction cost 12.5 (83) 24.3 (162) 36.8 (245)

bil. Jap. ¥ (mil. U.S. §)

Source:  Fujita and Koyama (1990).

TABLE 1.11 Comparison of Pollutant Loads from Tokyo Urban Watersheds with
Combined Sewers with and without the ESS System for an Average Year

Constituent Without ESS With ESS Percent Reduction
Total number of rainfalls 71 71
Overfiow frequency 36 7 81
Overflow loads (kg/ha)

Suspended solids 223 19 91

BOD 103 4.7 95
Total annual load” (kg/ha)

Suspended solids 1057 589 45

BOD 788 528 33

Source:  Fujita and Koyama (1990).

“Includes treatment plant effluent with dry-weather flow.

on storage. Again this is in contrast to past sewerage practices that were
designed to convey storm water as fast as possible from the site to the
watershed outlet. The goal of the ESS system is to retain and infiltrate
and minimize conveyance as much as possible. Although the sewer
system is combined, wastewater and storm water enter the system
separately.

Implementation of a system such as the ESS, which relies heavily on
site measures and storm-water disposal, requires the cooperation of
homeowners. An extensive educational effort was part of the program.

Water Quality Benefits of the ESS System
As stated the water quality improvement was not the primary objective of
the program. However, the ESS system is an example of the dual benefits
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of urban storm-water management practices. The pollution loads and the
frequency of overflows from the ESS systems, both of which were
measured and simulated by a model, were compared to a similar
watershed served by combined sewers without on-site storm-water
management (Fujita and Koyama, 1990). The results of the comparison
are given in Table 1.11.
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2

Laws, Regulation, and
Policies Affecting
Water-Pollution Abatement

Every person learns early in life that “self-preservation” is the first law of
nature.

Henry P. Caufield, Jr. (1991)

Often, engineers and scientists dealing with pollution abatement may not
realize that they are working and acting within a social and legal system
that is relatively complex and that imposes legal constraints on what can
and cannot be done to resolve or limit the problem of pollution. These
legal problems and social issues have been partially addressed in the
previous chapter. The laws and legal rules that affect or may affect
discharges of pollution and their abatement and control are numerous. In
order to comprehend the complexity and ramifications of the legal rules
one should become familiar with U.S. and international legal systems
and with policies that rule pollution-abatement programs. Pollution
abatement is both a technological and political-economical-legal
problem. However, it has become clear that managing water resources
and maintaining and achieving acceptable water quality is far less a
technological issue than a political, institutional, and economical one.
Technical and scientific solutions of the problem and the economical
feasibility of various alternatives alone will not automatically lead to
implementation of pollution-abatement programs. Although technical
solutions to the problem of diffuse pollution have been researched and
are available, implementing diffuse-pollution programs is not easy, even
if financial resources are available (Novotny, 1988a, 1988b). This book
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addresses both technological and nontechnological means of en-
vironmental protection and abatement.

The planners, engineers, and scientists involved in pollution abatement
must also deal with the legal profession, since environmental law is now
a well-established branch of our legal system. Special courses on
environmental law are taught in law schools and many law firms now
specialize in handling environmental cases. Several international treaties
include transboundary environmental issues, including pollution.

SOCIAL CAUSES OF POLLUTION

Living and production to sustain living both produce waste. According to
the definition of pollution in the previous chapter generation of pollution
results from the use of resources in a fashion that is detrimental to the
environment or to the beneficial uses of environmental resources.
However, man has three distinct roles in this process. On one side, man is
a producer (developer) and consumer, hence the polluter. On the other
side. man and ecology are adversely impacted by pollution, hence man is
a sufferer of pollution. The conventional explanation for pollution by
economists is that it is the least expensive way for consumers and
producers to get rid of waste products (Braden, 1988). Excess pollution
arises when the waste-disposal capacity of the environment is provided
free of charge (Solow, 1971) and/or when the consumers—producers do
not incorporate into their economic considerations the cost of the damage
caused by pollution. (Recall from Chapter 1 that the definition of pollu-
tion implies damage and subsequent cost to the society.)

The basic driving force for production and consumption is sustainment
of living processes first and production profit second. In the societies of
the Middle Ages and ancient times the producers, consumers, and
sufferers of pollution were small groups of people living in a relatively
small confined area. Most likely they were unable to recognize the link
between pollution and disease, but certainly they could smell and had
some sense of aesthetics, therefore, they dumped their waste and that of
their domestic animals at some distance from their living areas. The
relationship between the living and economical process and pollution
unaffected by regulations and pollution-control laws can be illustrated by
the following realistic example.

In the historic walled city of Fez in Morocco (one of the world’s
historical treasures, with about 200,000 inhabitants) time has stopped and
people live there in the same way as they did 500 years ago (Fig. 2.1).
People living in the city are brought up and educated in the Moslem
religion. The oldest Islamic university was founded in the city in the

R0023048



Social Causes of Pollution 71

FIGURE 2.1.  Historic Fez in Morocco. Famous outdoor tanneries.
(Photo: V. Novotny.)

eighth century, long before the first European university was established
in Bologna, Italy (founded in the thirteenth century). The streets of Fez
are reasonably clean because homeowners and merchants clean the narrow
streets and alleys around their premises. Hence, there is no major urban
runoff pollution problem, even though instead of automobiles (which
cannot enter the historical city) donkeys and mules are used for
transporting goods and people. The simple reason is that the sufferer of
pollution is also its cause and he/she may realize the linkage between
living and economic activities and the damage done by consequent
pollution (for example, no one would come to an artisan shop if the area
around it was unclean and smelly). In this way the cost of the damage by
pollution is incorporated in the citizens’ economic reasoning.

This kind of more or less voluntary participation in cleanup efforts 18
successful if everybody participates. Let us consider a situation in which
several citizens of the city do not participate and let their garbage, refuse,
and dirt accumulate. By doing so they cause harm to their neighbors by
bad smells, disease, and rats, thus keeping away customers for their
products. In the absence of regulations and laws the sufferers have no
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legal recourse. This is the problem of economic externalities, which will
be explained throughout this book. However, those who want to keep
their neighborhood clean can do the following: (1) express their
displeasure and try to persuade the polluter not to pollute; (2) put moral
and economic pressure on the polluters (for example, boycott their
merchandise); (3) go to court; or (4) set up an enforcement scheme by
asking their legislative body to pass a law preventing this kind of
pollution-generating activity.

In order to set up enforcement they first have to state that pollution is
a problem and has to be limited. Hence, they have to formulate a
pollution-control policy. In the policy statement they have to say what is
acceptable and what is not. Hence. they have to define pollution and
pollution-causing activities. They may even say how much pollution is
tolerable. Subsequently, they must formulate the penalties for violations
and a mechanism for collecting and enforcing the penalties. These are
typically the simplest components of a policy to control pollution. Such
systems of self-control are feasible only if the sufferers of pollution are a
majority in a group of producers and consumers—the polluters and their
own pollution directly affects them.

In the same city, however, there is also a small stream that transects it.
The stream receives all pollution from households, commerce, and the
famous outdoor tanneries, as well as urban runoff. In a section between
the city walls about one kilometer long the water quality of the stream
changes from marginally good to an awful open sewer, leaving the stream
heavily polluted and devoid of oxygen for many kilometers downstream
from the city. However, a great majority of the populace of Fez rarely
leaves the confines of the walls of the city. Hence, they do not realize the
damage done to the stream, nor do they experience any of the economic
damage caused by the heavy pollution of the stream. The damage by
pollution has been done to downstream farmers who cannot use the
stream water for irrigation or drinking, as the water is unfit for any use.
The stream is smelly and unsightly, but there is no linkage between the
damage done to downstream users and economic production and
consumption in Fez where the pollution originates. Consequently, there is
no abatement. Again the externality character of pollution prevents
abatement if no enforceable regulations or law to control pollution are in
place.

One does not have to go to north Africa to see the same effect. In the
United States the water quality of Chesapeake Bay has been deteriorating
rapidly, causing great economic harm to commercial fishing and the
recreation industry. The causes of pollution are farming, point, and
nonpoint urban sources throughout the watershed. Yet again there is no
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economic linkage nor mechanism by which the sufferers of pollution
(fishers and recreationalists) can recover the damage from polluters. A
farmer whose motives are economical (profit making) will use man-made
chemicals to increase yields and pesticides to control weeds and insects.
Consequently, nutrient and pesticide losses degrade both downstream
water quality and ground-water resources. Yet those who are impacted by
this pollution cannot recover the cost of damage from the farmer, and the
farmer himself may not be economically impacted by the pollution. As
pointed out in the preceding paragraph, this situation is creating a cost to
someone else—including the damage to the resource, cost of resources
forgone, and remedial costs—and the costs are transferred by physical
means and not by market transaction. This is called an externality. The
externality problem, especially in diffuse-pollution generation, is per-
vasive and general, and must be resolved before any meaningful plan
of abatement is put in place (Novotny, 1988a, 1988b).

A prominent political economist (Solow, 1971) defined externality as
follows: “One person’s use of a natural resource can inflict damage on
other people who have no way of securing compensation, and who may
not even know that they are being damaged.” Overcoming the externality
problem and incorporating the cost of damage caused by pollution in the
economic thinking of producers and consumers are the major objectives
of pollution-abatement policies. Again quoting Solow: ‘““We would like to
insure that each resource is allocated to that use in which its net social
value is highest,” which is called by political economists Pareto
optimaliry.

Ignoring externality may have serious consequences as it did in the
countries of Eastern Europe where these economic principles were
disregarded. (To a lesser degree many developing and less developed
countries ignore them as well.) The implications of external effects must
be traced further than just considering them a cause of pollution. They
have secondary effects on production and resource allocation. If, for
example, the cost of acid rainfall damage to lakes and soils (forests) is not
included in the economic thinking of the producers of electricity, electric
power is then “too cheap” to consumers, because they are not charged
for the damage. Other commodities that are produced with the help of
cheap electricity will also be cheaper, and they will be overproduced
(Solow, 1971). This will then result in greater consumption and more
damage. In this way, society will subsidize those using a lot of electricity.
Similarly, it is known that automobiles cause significant pollution,
especially of a toxic and acid nature (see Chapter 8 for details). If the cost
of damage by the emitted pollutants was not included in the cost of
driving an automobile, then society would subsidize automobile users,
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resulting in more automobile use, more urban sprawl, and consequently
more urban erosion from building highways and urbanization. Very often
the cost is hidden. Using again East Europe as an example, “free” health
care and sending children from heavily polluted zones to sanatoria and
health care resorts in Czechoslovakia was a substitution for ‘“costly”
pollution abatement during the period of the socialist totalitarian regime.
Overall, the cost of the damage to the health of the populace and the
destruction of the ecology was much greater than the investment in
pollution abatement and the curtailment of subsidized but grossly
polluting production processes.

ENVIRONMENTAL POLICIES OF DIFFUSE
POLLUTION ABATEMENT

In the environmental policy arena there is a difference between the
management tool and policy. A tool is a single element—effluent
standard, enforcement technique, zoning restriction—devised to achieve
a specific result or, in a few cases, several results. A policy is a set of one
or more tools chosen to achieve an overall environmental objective. A
management tool can be thought of an action that is taken in the hope of
achieving a particular result. Taking the action involves adverse effects
(cost of implementation, cost imposed on various participating parties),
but the expected results will produce beneficial effects (improved
environmental quality, lower cleanup cost, increased benefits to users)
(Boland, 1991).

From the reasons stated in the preceding section, policies for use of
resources, waste disposal, and protection of the environment represent a
compromise between the producers in the economic production process
and consumers on one side and those who suffer from the adverse effects
of production and development and waste disposal on the other. This
compromise 1s reached on several institutional levels. All three branches
of government (legislative, judicial, and executive) are involved, as are
many pressure and lobbying groups. Implementation of successful and
efficient diffuse-pollution control programs requires that competing
groups (farmers, urban dwellers, urban polluters, developers, industries)
cooperate. Pollution abatement often involves conflicts with powerful
interests, notably the farm lobby, chemical manufacturers and their
lobbying associations, and developers.

Various policy options can be used for enactment and implementa-
tion of pollution control and water quality protection and restoration.
As shown below, these options range from those that are simple but
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ineffective to those that are potentially effective (Carson, 1980; Novotny
and Joeres, 1983; Novotny 1988a, 1988b):

« No action
« Moral persuasion and public pressure
« Court litigation:
damage payments
court established standards
« Regulation (laws and enforcement required):
ban on harmful substances and chemicals
mandatory control processes and performance standards and permits
stream and effluent standards
« Economic incentives (laws and enforcement required):
taxes and charges
subsidies, tax write-offs, and payments for taking land out of
production
marketable discharge permits
« Government contributions for research, education, rehabilitation, and
preservation

However, the effectiveness of a solution depends not only on tech-
nological or legal methodology but also on political conditions and
the institutional framework in which the abatement alternatives are
implemented.

Most efficient policy alternatives require regulation and enforcement.
One may ask why any regulation and enforcement is needed for control
and abatement of (diffuse) pollution. The economic system prevalent in
the United States and many other countries is based on capitalistic—
democratic free enterprises—the market system where market forces
determine how much production is needed to satisfy the need of society.
The reader should distinguish between the political system of the
government (democracy, dictatorship, feudal authocracy) and the
economic system (capitalist—free market, socialist, feudal, communist).
History and recent social changes in eastern Europe have proved that the
capitalist—democratic system is more efficient than any other economic—
political systems. Then why not let the same market forces determine the
level of pollution and the level of abatement. For one thing, political
economists have found, demonstrated, and documented that market
forces do not control pollution and do not stimulate pollution abatement
(Kneese and Bower, 1968; Bator, 1958; Solow, 1971; Braden, 1988;
Baumol and Oates, 1988). Bator describes the market’s inability to
control pollution as the failure of a more or less idealized system of
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price—market institutions to sustain ‘“‘desirable” activities. Hence, to
charge for the use of the environment for waste disposal and to collect
damages may require regulation. The free market economy in indus-
trialized countries without environmental regulation and enforcement
will lead to a deteriorating environment and to environmental catas-
trophes as exemplified several decades ago in Japan (Minamata mer-
cury poisoning) and currently in several less developed but rapidly
industrializing countries throughout the world. On the other side of
the spectrum are the authoritative political regimes, such as those in
place until 1989 in Eastern Europe and the Soviet Union, where all
activities were subject to some kind of regulation, yet the state of the
environment was even more deplorable. The problem in these latter
systems was the lack of market forces. Also, the value of environmental
damage was not included in the economic thinking of policymakers,
leading to the overuse of the environment and to the well-publicized
environmental catastrophes primarily caused by diffuse pollution of
immense proportions (for example, most soils and ground- and surface-
water bodies in former East Germany are heavily contaminated by
chemicals, acid rain is widespread throughout central and eastern
Europe, irrigation and chemical uses in the Soviet Uzbekistan led to the
disappearance of the Aral Sea, and excessive contamination of the entire
region by dangerous chemicals, including DDT, which is now an
ecological catastrophe).

The process of formulating an environmental policy compromise is
neither gradual nor smooth. Throughout history there were a few
landmark periods during which most important environmental regulations
were enacted, followed by periods of partial regression. In the early
1970s, the first strong environmental legislation was enacted in the United
States by a well-organized classic “‘iron triangle” of legislators, public
agency officials, and environmentalists. These three groups are largely
responsible for formulating environmental policies today. In Europe the
presence of environmental political parties (the Greens) has had a
profound impact on formulating environmental policies. These parties,
although small in membership, often represent swing votes in the
parliaments and cannot be ignored by the larger governing political
parties.

Viessmann and Welty (1985) wrote that policymaking in the
management of water resources and pollution control is an outcome of
political forces operating in different political arenas. Conflict is an
inherent element of these political processes, and it serves to ensure that
a multiplicity of values is represented. Compromise is a partner to all
policymaking, and the art of reaching compromise can be greatly

R0023054



Environmental Policies of Diffuse Pollution Abatement 77

enhanced by appropriate technological input and the use of state-of-
the art analytical techniques. The formulation of environmental policies
has been described by Caufield (1988, 1991). Environmental policy
formulation and implementation is a process that is structured and occurs
over time; it is societal in that it is a collective process in which many
individual decisions play a role; and it is ““‘authoritative” in the sense that
outputs of the process are generally accepted and have the force of the
law.

Caufield (1991) also described the process of bargaining and
compromising among policymakers (legislators) that must take place if an
environmental statute is to be enacted. In this process at least one interest
group must be served by the proposed legislation, though more often the
legislation serves a much wider segment of the population, if not the
public as a whole. Most environmental legislation requires the active
support of environmental interest groups. Legislators who support the
views of the groups and seek to pass environmental legislation engage in
vote trading.

Policies are built on tradition, scientific knowledge, and common
sense. Some of this knowledge has been incorporated into certain
generally accepted rules called doctrines or imperatives. These im-
peratives can be technological-physical (such as conservation of mass
and/or energy), economic (a project will fail if the cost associated with
the project is less than the benefit gains), or political. An example of
political rule is the notion of private ownership of land—Cujus est solem
ejus ad collum at ad inferno, or “He who owns the soil owns it from the
heavens to the inferno.” Using this doctrine until recently, the courts
interpreted all polluting activities on private lands as not being subject to
restrictions, which had a profound effect on diffuse-pollution abatement.
This decision preciuded any effective enforcement of pollution abatement
on private lands, which meant that most of the pollution efforts of the
past twenty years had to rely on the voluntary participation of
landowners.

Other doctrines have been incorporated into legal documents. For
example, if pollution discharge is causing harm to a navigable body of
water, it can be regulated and/or restricted by the federal government.
This right is derived from the Commerce Clause of the U.S. Constitution.
The sociopolitical imperatives of diffuse pollution control are introduced
later in this chapter. The bulk of this book is devoted to physical-
technological rules and imperatives. The last chapter is devoted to
institutional imperatives and solutions.

Rogers and Rosenthal (1988) defined several policy imperatives for
control of pollution. These imperatives are
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Equity. No group of individuals in society should bear a disproportionate
cost in meeting environmental quality requirements. The levels of
environmental quality chosen should be such that no additional benefit
can be derived without making one group or individual worse off
(Pareto optimality).

Irreversible impact. No actions may be permitted that would irreversibly
harm the environment and natural resources. This concern for
irreversible environmental deterioration and the consumption of
nonrenewable resources has to be guarded against by society at large
(intergenerational impact). This imperative is also known and is now
being implemented as a requirement for sustainable economic
development.

Regulations and statutes. Due to the failure of the general market to
control the quality of the environment and protect the resources, there
must be legislation and regulation. The regulations must be clear and
easy to carry out.

Acceptance. There must be concurrence on the part of the people and
groups being regulated that they will, by and large, obey the
regulations.

The equity imperative is especially crucial to diffuse-pollution
abatement. For example, consider two identical farmers, one of whom is
located near a watercourse, while the other is far from it. A physical rule
that will be described in subsequent chapters states that pollution is
attenuated as it travels overland from the source to the receiving body of
water. Hence, relating the required pollution abatement to the damage of
the receiving body of water would impose a cost on the farmer located
near the body of water that the other will not have to bear. A more
equitable solution, at least subjectively, would be to share the cost;
however, this would be impossible without tax incentives and subsidies,
which can only be imposed by regulation.

All pollution management tools will likely redistribute benefits and
cost nonuniformly across the population. Benefits might be enjoyed by
recreational fishers and boaters, while the cost is borne by the residents in
polluting communities installing point source abatement, by farmers
implementing soil conservation, and by industries treating their
wastewater. The situation where some must bear the cost so that others
can benefit is described as a redistribution of income. The equity criterion
implies that all those affected should bear the cost and share the benefits
more or less equally. However, there has been a long-standing policy
imperative used in water resource development projects that is also
applied to foreign aid to developing countries, stating that those who are
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poor should receive proportionally more benefit than those who are more
well off (Maas et al., 1970)

In most cases, however, the most equitable resolution of the conflict
between the polluters and sufferers of pollution is—by regulation or
voluntary participation—to make polluters pay for abatement. In
economic terms this means that the price of goods and services should
fully reflect both the cost of production and the cost of the resource used,
including the use of the environment for waste disposal. In theory and
practice, the polluter should pay the full cost of damages caused by
his/her activity, which, in turn, will create an incentive for the reduction
of polluting activities at least to the level where the cost of pollution
reduction equals the cost of damage caused by pollution. This leads to
another policy imperative:

Polluter Pays Principle (PPP). Polluters bear the primary responsibility
for pollution and its abatement.

The member governments of the Organization for Economic Co-
operation and Development (OECD, 1991) agreed to pursue
environmental policies that would appropriately use economic in-
struments, alongside cost-effective regulatory instruments, which would
be in accordance with the polluter pays principle. These economic
instruments and types of payments for pollution and its abatement are
explained in Chapter 16.

Pollution of the environment and adverse water quality are a result of
many human activities. Generally, the sources of pollution are classified
into point and nonpoint (see Chap. 1). In the past, water quality con-
siderations were fragmented, and almost all financial resources were
devoted to point source abatement. Sewage treatment, storm-water
management, nonpoint source control, and point source programs were
carried out separately from each other, despite the fact that these sources
are interrelated and produce combined water quality deterioration. Also
water quality has been generally evaluated as if air pollution, solid and
hazardous waste disposal, and land- and water-use management and
decisions were unrelated. The reverse is true. All these aspects of the
pollution problem are interrelated and their combined effect must be
considered. This leads to the next policy imperative:

Integrated Approach. The pollution problem must be resolved in an
integrated manner, whereby the causes of pollution, all sources, and
the combined environmental impact are considered, and the resulting
combined solutions are therefore most equitable and efficient.
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Single management tools (such as a treatment plant) may have a single
medium result (improvement of water quality). Some solutions may
produce results in more than one medium. Land-use restrictions, for
example, can protect the quality of the air, as well as that of surface
runoff and ground water. Phosphorus loads to the receiving water bodies
originate from both point and nonpoint sources and to the biota of the
receiving water body whose productivity is stimulated by the phosphorus
input; it does not matter where the phosphorus load is coming from.

The OECD member governments will also pursue policies that will
encourage the progressive adoption of anticipatory, rather than
exclusively reactive, instruments of environmental policy. This means that
more emphasis should be placed on pollution prevention in contrast to
pollution abatement, which was prevalent throughout the 1970s and
1980s. Emphasis will be placed on not creating pollutants in the first
place. Pollutants that must be created should be removed as close to the
source as possible. Care must be taken to avoid shifting pollutants
between media (air, water, soil, or underground formations) and to find
the most appropriate (smallest risk) media into which unavoidable
pollutants should be released. Therefore the last imperative is

Pollution Prevention. Environmental policies will promote economic
development that will anticipate potential pollution problems and react
to them by political and economic and technological means before they
occur.

Criteria for Pollution Abatement Based on Equity and
Irreversible Impact

As was pointed out in Chapter 1, two sets of criteria and standards are in
force in the environmental area. The first set (the legal difference
between standards and criteria was explained in Chap. 1) is designed to
protect human health and the well being of fish and aquatic life. We can
call them ecological—-toxicological or receiving water standards and
criteria, which will be introduced and discussed in Chapters 12 and 13 and
in the Appendix.

The second group of standards is not directly related to water quality,
though they generally apply to all sources within various source
categories. Most of these standards are based on the equity imperative—
that is, all polluters should reduce some part of their waste load
regardless of whether or not harm is being done by the emissions to the
receiving body of water. Other standards and criteria may be based on
the avoidance of the irreversible harm to future generations by the
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TABLE 2.1 Examples of Technology-based Standards

Land-use Type Typical Standard Policy Imperative
Urban runoff Capture and treatment of first 1.2 to Equity
2.5 cm of runoff*
Mandatory street sweeping Aesthetics
Pasture Cattle density limitations, fencing Irreversible impact, Public
along the streams health
Agriculture Soil erosion control Irreversible impact,”
equity
Construction sites Soil erosion control Equity, air pollution,
irreversible impact
Suburban lands Septic tank regulations Public health, ground-
water protection
Pesticide and fertilizer sale Ground-water protection,”
regulations public health
Combined sewer Restriction on the number of Equity®
overflows overflows or mandatory capture and

treatment of a certain portion of the
wet-weather flow

Surface mining Land reclamation and restoration Equity, irreversible impact
BOD and suspended Maximum effluent BODs and Equity

solids standard for suspended solids limits of 30 mg/l as

municipal point monthly averages

sources

2 Typically it controls about 90% of the water and pollution load.
®In addition to water quality control benefits.

overuse of the resource, or the standards may be based on aesthetics, air
pollution control, ground-water protection, or damages to infrastructures.
Most of these standards require the mandatory application of certain
technologies, hence, we call them technology-based standards. Examples
of technology-based standards are given in Table 2.1. Such standards are
also known as effluent standards and are based on the best available
technology economically achievable (BATEA) used in point source
abatement or on performance standards used for diffuse-pollution
abatement.

Once issued, technology-based standards are easy to implement and
monitor for compliance. Water quality standards, on the other hand, are
difficult to enforce because there is rarely a direct and simple relationship
between a pollution discharge and the water quality (pollution) of the
receiving body of water. Water-quality-based approaches require models
that may sometimes be inaccurate and unreliable. For example, nitrogen
and phosphorus discharged from point and nonpoint sources cause
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accelerated eutrophication, which is manifested by algal blooms and other
symptoms (see Chapter 12), but the relation between the nutrient levels
in the receiving bodies of water and algal biomass is very complex and to
some degree speculative. Even more uncertainty is involved in modeling
the fate and effects of toxic chemicals (see Chapter 13).

WATER USES AND WATER RIGHTS

The primary objective of all pollution-control efforts is to protect and
enhance the use of bodies of water for present and future generations.
There is a general consensus that water is public goods and everybody
should have an access to and the right to use them. However, in the
United States the uses and ownership of water rights (who can use water
and in what quantity and quality) differ among the states, because water
laws are under the administration of the individual states and consist
primarily of two doctrines known as riparian and appropriative rights, as
shown on Figures 2.2 and 2.3. In general, two kinds of laws have
developed because of the two major problems occurring with water, use
and drainage. The majority of water-use laws have developed in the
West, where critical water shortages occur, while the majority of drainage
laws have been promulgated primarily by the ‘‘wet” eastern states
(Krenkel and Novotny, 1980). These two completely different water
rights doctrines can make some eastern water laws inoperational in the
West and vice versa. For example, maintaining minimum flow for waste
assimilation is impossible in the West, while flows are guaranteed in the
East. On the other hand, interbasin transfer of water is legally very
difficult to impossible in the East while permitted in the West.

Riparian Water Laws

Nearly all of the states east of the Mississippi River follow the riparian
doctrine. Its key features are:

The owner of land adjacent to a stream is entitled to receive the full natural
flow of the stream undiminished in quantity and unimpaired in quality. The
riparian owner has a legal privilege to use the water at any time, subject only
to the limitation that the use is reasonable. The right is a natural right that
cannot be transferred, sold, or granted to another person as property. The
legal body owning this right is then called a riparian owner and the property
adjacent to the water body is then riparian land.

During a time of water shortage, all riparian owners have equal rights
to the reasonable use of water and the supply is shared, although
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domestic use may have preference over other uses. As pointed out, the
riparian rights do not allow transfer of water from one basin to another (a
notable exception is a small transfer of flow from the Great Lakes basin
to the Illinois River via the Chicago River and connecting canals that was
approved by the governors of all the Great Lakes states and by two
Canadian provinces and after a succession of litigations was finally
approved by the courts). The riparian landowners and users are protected
from withdrawals or uses of water that unreasonably diminish its quality
or quantity.

The private riparian ownership of water rights may conflict with the
rule of water as public goods and with the right of the federal government
stemming from the Commerce Clause of the U.S. Constitution. Imagine a
situation (that could be very common in the East) where one owner or a
group of private owners acquires all riparian lands surrounding a lake or
any other body of water. This would preclude public access and public
use of that water. The courts, however, have allowed the states to
become riparian owners, even by expropriation, of a small piece of land
(for example, for a public boat landing) and have upheld the federal
government’s rights over all navigable waters. Hence, through a public
agency becoming a riparian owner of the body of water the public
interests are protected and the use of the body is in the public domain.

Use of so-called riparian buffer zones and riparian wetlands for the
abatement of diffuse pollution (see Chapters 10, 11, and 14) necessitates
either the acquisition of water rights of a strip of riparian lands along the
affected body of water or, by regulation or persuasion, the imposition on
the riparian landowners of the abatement in a strip of land adjoining the
body of water.

Appropriation Water Laws

The system of water laws adopted by most western states is known as the
law of appropriation, which is best stated as: “First in time is first in
right.” The basic tenets of the system are:

(1) A water right can be acquired only by the acquiring party diverting the
water from the water course and applying it to a beneficial use, and (2) in
accordance with the date of acquisition, an earlier acquired water right shall
have priority over later acquired water rights. Water in excess of that needed
to satisfy existing uses is viewed as unappropriated water, available for
appropriation and application of the water to a beneficial use.

The process of appropriation can continue until all the water from the
stream is subject to rights of use through withdrawals from the stream. In
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times of shortages, the earliest claimants take full share, and others may
do without water. If the right is not used, it is lost. In addition, the right
is not identified by ownership of riparian land.

There are several problems related to the application of the
appropriation doctrine in western states. First, there is no natural flow
notion (Beuscher, 1967). The appropriators can take as much water as
they are entitled to, even though it exhausts the flow. This leads to
situations where the entire river flow may be withdrawn by irrigators and
other users, which means that the downstream flow, if any, is then
composed of irrigation return flows with greatly elevated salinity and
other pollutant content. Some western states, however, permit the states
to file for, and ultimately acquire, the right to the unappropriated flow,
and thus to preserve such flow, if desired.

Second, because water rights can only be acquired by diversion,
protecting in-stream quality values and uses is difficult to impossible. If
water is brought from another basin to augment the flow to improve
water quality and increase the waste-assimilative capacity of the stream,
the increased flow could be appropriated, diverted, and used by others,
thus negating the diversion’s purpose of improving water quality.

Third, some management practices that are very popular in the East,
for example, those relying on infiltration, in the West may be seen as
using water that is already appropriated. Hence, implementation of these
practices may be prevented.

Fourth, many western rivers are subject to appropriation by Indian
Nations (tribes) that are considered to be first claimants whose right to
the water precedes any subsequent claims by white settlers. In such
situations, any water quality management plans must include con-
sultation, consent, and the cooperation of water managers from the
Indian Nations whose water rights would be affected.

LAWS AFFECTING POLLUTION
ABATEMENT

The term environmental law refers primarily to that body of law that
seeks to prevent adverse environmental consequences by regulating
individual, corporate, and governmental behavior. It is also a form of
social control whose objective is to regulate the production and
consumption of goods in order to preserve ecological balance, natural
beauty, and protect public health and endangered species, so as to
maintain a stable and satisfactory level of living and quality of life for
present and future generations.

The U.S. legal system and the laws protecting the environment and
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governing environmental abatement efforts are based on legislative
(statutory) enactments by legislative or other authoritative bodies or on
judicial decisions in environmental litigations.

Statutory Laws

The first statutory environmental law, passed by Congress in 1899, was
The Refuse Act, which stated that it is unlawful to place any matenal,
except sewage and runoff, into a navigable waterway or tributary thereof
without a permit. It is interesting to note that in the absence of any
meaningful pollution-control legislation until 1972, this archaic statute
was used in the late 1960s and early 1970s to control water pollution from
industrial sources, although the original intent of the act was to protect
navigation and not water quality.

The first Water Pollution Control Act was passed by Congress in 1948
(PL 80-845) and was amended several times between 1948 and 1972. The
act and its subsequent amendments authorized the creation of
environmental research centers, established a Division of Water Pollution
Control within the Public Health Service, authorized grants to build
public treatment plants, gave the federal government authority to abate
interstate pollution, among other provisions. In general, these laws were
ineffective in controlling pollution or enforcing abatement. Responsibility
for pollution control, which was originally with the Division of Water
Pollution Control, was transferred several times between the departments
of the federal government until by the executive order of the president in
1970 the Environmental Protection Agency was created as an
independent governmental agency.

The Water Pollution Control Act Amendments of 1972

(PL 92-500)

This grandiose legislative piece known as the Clean Water Act (CWA)
had a monumental impact on environmental efforts in the field of water
quality control. It was enacted by Congress over a presidential veto (as
were several other subsequent amendments).

The declaration of Section 101(a) states:

The objective of this Act is to restore and maintain the chemical, physical, and
biological integrity of the Nation’s waters.

The objective clearly specifies that ecological objectives and concerns
should receive the highest priority. The objectives of the act also stated as
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a goal that the nation’s (navigable) waters be suitable for contact
recreation and provide for the protection and propagation of fish and
aquatic wildlife.

Although PL 92-500 was intended to be a comprehensive water quality
program, in practice, great emphasis was placed on controlling point
sources, while diffuse-pollution control received far less attention and
minimal financial resources. The act accomplished three basic tasks: (1)
the regulation of discharges of point sources; (2) the regulation of oil
spills and other hazardous substances; and (3) financial assistance for
wastewater treatment plant construction.

The most significant and revolutionary contribution of the act is the
establishment of an enforcement scheme that is built around the National
Pollution Discharge Elimination System (NPDES). This system serves as
the basic mechanism for enforcing the implementation of pollution
abatement of point sources. As shown in Chapter 1 the definition of point
sources has been gradually expanded so that many diffuse sources are
now legally classified as point sources (animal feedlots, industrial and
municipal storm sewers, combined sewer overflows, runoff and acid
discharges from active mines) and require an NPDES permit. For point
source discharges the permit, among other things, establishes specific
effluent limitations and specifies compliance schedules that must be met
by the discharger. It also requires compliance with other relevant state
and local pollution control laws, if more stringent. The NPDES permit
system is the most important tool for implementing the polluter pays
principle.

Section 208 of the CWA. Section 208 of the original CWA of 1972 had
a far-reaching impact because it enacted a land-use planning process. For
the first time, it was realized that the control of point sources would not
have solved all the pollution problems in the United States. Many
excellent planning reports were produced by designated planning
agencies. However, instead of developing a nonpoint source regulatory
program that was deemed prohibitively expensive (Billings, 1976),
Congress gave an incentive to the development of state- and areawide
water quality management plans that would include all sources of
pollution and water quality degradation. Incentives for treatment and
penalties for noncompliance with the plan were included for point sources
(which at that time excluded urban storm water and other diffuse sources
currently defined as point sources), while no enforcement tools were
available for nonpoint sources. Also after the plans were completed no
mechanism for program implementation and maintenance were in place.
Consequently, in many cases the plans were not pursued after their initial
release and the effort has essentially never fully achieved its potential.
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The Clean Water Act Amendments of 1977

(PL 95-217)

A major revision in the law allowed the EPA to add or remove toxic
materials without first requiring a formal hearing. New deadlines were
included for meeting the point source abatement requirements stipulated
by the act.

The Water Quality Act (Clean Water Act) of 1987

(PL 100-24), Sections 319, 402, and 404

These three sections of the act are the most important tools for
controlling diffuse pollution. Their highlights and other important issues
of the 1987 CWA related to diffuse source pollution management are
discussed by Berg (1988).

Section 319 requires the states to prepare State Nonpoint Source
Assessment Reports and encouraged states to develop and implement
management programs in order to be eligible for federal funds. The
deadline for preparation of the reports was February 1989, and most of
the states have complied. The management plans developed in the 319
program are now part of the states’ water quality management agenda.
Federal matching grants are provided to those states that qualify for
assistance in implementing their nonpoint source management programs.

Section 402 establishes the permit program for discharges of pollutants
from point sources. More specifically, Section 402(p) requires a NPDES
permit for separate storm sewers.

Section 404 regulates the discharge of dredged and fill materials into
waters of the United States and also establishes a permit program to
ensure that such discharges comply with environmental requirements.

The permits for point source discharges under Section 402 are 1ssued
by states, while the permits under Section 404 are issued by the U.S.
Army Chief of Engineers. Other provisions of the act such as the
National Estuary Program (Section 3020), Clean Lakes Program (Section
314), and the Great Lakes Basin and Chesapeake Bay Programs also deal
with diffuse source pollution management. The act also reauthorizes
funding for the areawide water quality management plans under Section
208.

The Water Quality Act’s jurisdiction extends to all waters of the
United States. The phrase ‘“‘all waters” includes waters that are currently
used, were used in the past, or may be susceptible to use in interstate or
foreign commerce (this jurisdiction is guaranteed by the Commerce
Clause of the U.S. Constitution). Generically, such bodies of water
include all navigable waters that have been legally understood as waters
on which a canoe can be floated. These waters include:
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« All waters that are subject to the ebb and flow of the tide;

« The territorial seas;

« Interstate waters and wetlands;

« All other waters (such as intrastate lakes, rivers, streams, and
wetlands), if their use, degradation, or destruction could affect
interstate or foreign commerce;

« Tributaries to waters or wetlands previously identified;

« Wetlands adjacent to waters previously identified.

Present Regulations for the Control of Urban Diffuse
Sources Derived from the Clean Water Act

Control of Combined Sewer Overflows

The U.S. Environmental Protection Agency published its control strategy
for combined sewer overflows (CSOs) in 1989 (Federal Register, August
10, 1989). The strategy relies on the NPDES permit system. The permit
system is aimed at bringing all CSO discharges into compliance with the
technology-based requirements of the Clean Water Act and applicable
state standards, and to minimize water quality, aquatic biota, and human
health impacts from wet-weather overflows.

All permits for CSO discharges should require the following
technology-based limitations as a minimum: (1) proper operation and
regular maintenance programs for sewer systems and combined sewer
overflow points; (2) maximum use of the collection system for storage; (3)
review and modification of pretreatment programs to assure that CSO
impacts are minimized; (4) maximization of flow to the treatment plant
for treatment; (5) prohibition of dry-weather overflows; and (6) control of
solid and floatable materials in CSO discharges.

Additional CSO control measures are based on the potential impact on
receiving water bodies that would bring CSO discharges in compliance
with state standards. Additional control measures include improved
operation, best management practices, supplemental pretreatment
program modifications, sewer ordinances, local limits programs,
identification and elimination of illegal discharges into sewer systems,
specific pollutant limitations, compliance schemes, direct treatment of
overflows, sewer rehabilitation, in-line and off-line storage, reduction of
tide water intrusion, construction of CSO controls within the sewer
system or at the discharge point, sewer separation, and new or modified
treatment facilities. The compliance monitoring program should be
described and included in the permit.

The strategy does not cover treatment plant bypasses, which are
considered to be an “intentional diversion of waste streams from any
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portion of the treatment facility” that begins at the headwork of the
facility. Bypasses are not allowed unless (1) they are unavoidable to
prevent loss of life; and (2) there is no other feasible alternative to the
bypass.

Storm Water (separate sewers) Permit Regulations
Overview. The storm-water control rules established by the EPA seek to
establish NPDES permit application requirements for

» Stormwater discharges associated with industrial activity;

« Discharges from large separate storm sewer systems (systems serving a
population of more than 250,000);

» Discharges from medium municipal separate storm sewer systems
(systems serving a population of more than 100,000 but less than
250,000).

Discharges from other municipal separate storm sewers, including
separate municipal systems serving a population of less than 100,000 and
discharges associated with industrial activity connected to these systems
are not subject to the permit system.

The rules are to be implemented in a phase-in approach. Storm-water
discharges from industrial areas that are subject to the permit system
have to comply with Sections 301 and 402 of the Clean Water Act, which
require application of the best available treatment technology (BAT).
Permits for discharges from municipal storm sewers include controls that
reduce the discharge of pollutants to the maximum extent practicable
(MEB, as well as a requirement to effectively prohibit discharging
nonstorm water (cross-connections) into the storm sewers.

The permit system requires industrial facilities that discharge storm
water associated with industrial activity to submit sampling data, a
description of storm-water management practices, and certification that
the discharge does not contain processed water, domestic sewage, or
hazardous wastes. Group applications, industry by industry, are
permitted. Indirect discharges to municipal systems serving a population
of 100,000 or more generally do not have to submit applications, but do
have to notify the municipality of their discharge.

Permits are issued on a systemwide basis for municipal separate storm
sewers. Municipalities are first required to describe their existing storm-
water management program, identify all known outfalls, and conduct
field screening for illicit connections. The municipalities are then required
to verify illicit connections, conduct representative sampling, and describe
priorities for storm-water management during the 5-year permit term.
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The data collected during these phased tasks will allow the permit to be
developed for site-specific conditions.
The EPA rules define storm water as follows:

“Storm water”’ means storm water runoff, snow melt runoff, surface runoff,
street wash waters related to street cleaning or maintenance, infiltration (other
than infiltration contaminated by seepage from sanitary sewers or by other
discharges) and drainage.

Relation to ground-water quality. In Section 319 the Clean Water Act
(1987) strengthens the regulatory link between diffuse (nonpoint)
pollution and ground-water quality. Under the 1987 amendments, the
CWA now specifically requires states to select best management
practices, taking into account the impact of the practice on ground-water
quality. The Senate Report explained (Thompson, Adler, and Landman,
1989):

States are required to consider impact of management on groundwater quality.
Because of the intimate hydrologic relationship that often exists between
surface and groundwater, it is possible that measures taken to reduce runoff of
surface water containing contaminants may increase transport of these
contaminants to groundwater. The State should be aware of this possibility,
when defining best management practices, especially in aquifer recharge areas.

The 1972 Coastal Zone Management Act (PL 92-583) programs. This
act was established in response to the high rate of development in coastal
areas and out of concern about the environmental effects of this growth.
These coastal areas encompass land and tidal zones, including those
located in the Great Lakes basin. The National Oceanic and Atmospheric
Administration (NOAA) is implementing programs mandated by the act.

The act specified that:

The habitat areas of the coastal zone, and the fish, shellfish, other living
marine resources, and wildlife therein, are ecologically fragile and
consequently extremely vulnerable to destruction by man’s alterations (Section
302d);

Important ecological, cultural, historic, and aesthetic values in the coastal
zone which are essential to the well-being of all citizens are being irretrievably
damaged or lost (Section 302¢).

Land uses in the coastal zone, and the uses of adjacent lands which drain
into the coastal zone, may significantly affect the quality of coastal waters and
habitats, and efforts to control coastal water pollution from land use activities
must be improved (Section 302k).
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Section 6217 (1990 amendments) of the act then delineates the
program for controlling diffuse (nonpoint) pollution. Participation by
states in the Coastal Nonpoint Pollution Control Program (CNPCP) is on
a voluntary basis; however, the act provides participating states with
funding for the program and enforceable policies with penalties for
noncompliance. At a minimum, each state program is to provide for the
implementation of management measures to protect coastal waters.
These programs should contain the following components:

1. Identification of land uses that may individually or cumulatively cause
or contribute to degradation of coastal waters.

2. Identification of critical coastal areas that should be subject to
management measures.

3. Identification of management measures that are most appropriate for
the threatened coastal areas.

4. Delineation of technical assistance.

5. Public participation.

The program is carried out in coordination with the Section 319
programs of the Clean Water Act. Since 1992, about $12 million per year
has been authorized for the program.

The Clean Water Act of 1987 also recognized estuaries and other
coastal water as a critical national resource whose health and productivity
are increasingly threatened by coastal growth and development. The
act then formally established the National Estuary Program (NEP)
to demonstrate innovative approaches applicable to coastal areas
nationwide. The NEP program covers 12 estuaries, 6 in the North
Atlantic region, 1 in the mid-Atlantic zone, 2 on the Gulf Coast, and 3
on the West Coast. Most of the research projects are conducted by
universities under NOAA’s Sea Grant program. NOAA’s Coastal Zone
Management and the EPA’s National Estuary Programs are coordinated
under an agreement between the two agencies.

Wetland Protection

Wetlands have great value for the hydrological-ecological terrestrial
system. Their benefits are numerous and include maintaining and storing
flows, wildlife habitat, and attenuation of pollutants (see Chapter 14).
Wetlands are protected under both Section 402 and 404 permits. The
NPDES permit system regulates discharges from point sources, including
CSO and storm-water discharges. Section 404 permits regulate drainage
and filling of wetlands. These permits, which treat wetlands as receiving
bodies of water, do not allow wide use of natural wetlands for treatment
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of discharges from diffuse sources, unless they comply with the stream
and effluent standards. Specifically, no discharges into wetlands can be
permitted that would violate other applicable laws, such as state water
quality standards, toxic effluent standards, or the Endangered Species
Act. These regulations do not apply to man-made wetlands that can be
considered as land treatment.

The U.S. Army Corps of Engineers’ evaluation of the Section 404
permit application is a two-part process that includes both the evaluation
of the project’s eligibility for a permit and environmental assessment. The
key policies of the permit evaluation are

« Dredged or fill material should not be discharged into waters of the
United States unless it can be demonstrated that such discharges will
not have an adverse impact on the aquatic ecosystem.

« From a national perspective, the degradation or destruction of special
aquatic sites, such as filling wetlands, is considered to be among the
most severe environmental impacts addressed by Section 404.

Under the Food Security Act of 1985 (see the following section) the
“Swampbuster” provision (Subtitle III) requires that USDA program
benefits be withdrawn from farmers who convert any naturally occurring
wetlands to cropland after 1985. Many states have enacted or are con-
sidering enacting more stringent regulations protecting wetlands (Florida,
Wisconsin, and others).

The Food Security Act (The Farm Bill) of 1985 (PL 99-198). The major
deficiency of the Clean Water Act is that it does not provide for
enforcement of the abatement of agricultural nonpoint sources, which
represent the most significant cause of water quality degradation of many
receiving bodies of water. Almost exclusively, programs relied on the
voluntary participation of farmers to implement pollution abatement.
This lack of enforcement procedures is most likely related to the “‘sacred”
right of unrestricted use of land for family farming. This argument may
not be valid today, since more and more small family farms are acquired
by large industrial operations. The most significant influences on state
programs to control agricultural pollution have to come from federal
assistance and land management programs, rather than from the EPA’s
water quality protection programs mandated by the Clean Water Act.

However, Congress has realized that farming in many cases greatly
subsidized by the federal and state governments, does cause pollution. As
a consequence, the legislators passed the Food Security Act, which
creates two programs that are aimed at reducing pollution from
agricultural operations. The Conservation Reserve Program (CRP) gives
the Soil Conservation Service the authority to make annual rental
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payments for 10 years to farmers who retire highly erodible land and land
bordering bodies of water from farming and plant it with such permanent
cover crops as grasses, legumes, or trees. The CRP intends to remove
more than 30 million hectares of the most erodible cropland from
agricultural production. The CRP stream buffers can idle cropland for up
to 30 meters (100ft) from the water’s edge. Under ‘“Conservation
Compliance” provisions, farmers who plant annually tilled crops on
highly erodible lands must implement locally developed and approved
conservation plans in order to remain eligible for price support, crop
insurance, and other USDA program benefits. Under the ‘“‘sodbuster”
provision (Subchapter II), to retain USDA benefits farmers must follow
an approved conservation system when plowing fields that were not in use
for crop production between 1981 and 1985.

The CRP programs aimed at excluding highly erodible land have
indirect water quality benefit, though not all lands included in the
program pose a threat to water quality. On the other hand, buffer strips
have a direct water quality improvement benefit. Further modifications of
the CRP program to increase water quality benefits were being
considered by the lawmakers during the time this book was being written.
Future improvements may include adding an additional 10 million
hectares to the CRP to address environmental problems, including lands
with salinity, selenium, siltation, soil drainage, and other problems. The
benefits of the CRP program were estimated by Ogg and Ribaudo (1988).

The Conservatioin Compliance (CC) program requires all farmers with
row crops located on highly erodible land to establish a Soil Conservation
Service approved plan or lose eligibility for federal support, including
supplements and disaster assistance. In the absence of enforcing
regulations, this program is the most important tool to persuade farmers
to participate.

To implement these programs, employees of the Soil Conservation
Service work with local units of state governments of the Soil and Water
Conservation Districts (SWCD), which are managed by locally elected,
unsalaried citizens (mostly farmers).

Other Federal Laws Affecting Diffuse Pollution and Water Quality
Management. Among the most complicating factors in diffuse-pollution
abatement and water quality management are the plethora of laws
affecting the decision-making process and specifying various sometimes
conflicting environmental policies. These legislative pieces include:

Environmental Laws

1. The National Environmental Policy Act
2. The Clean Air Act Amendments
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The Federal Environmental Pesticide Control Act

The Rare and Endangered Species Act

The Safe Drinking Water Act

The Federal Insecticide, Fungicide, and Rodenticide Act
Toxic Substances Control Act

The Wild and Scenic River Act

NN AE W

Floodplain Management Laws

9. Flood Control Act and Amendments
10. National Flood Insurance Programs
11. Flood Disaster Protection Act

U.S. Department of Agriculture Laws
12. Rural Development Act

Mining
13. Surface Mining Control and Reclamation Act
14. Federal Land Policy and Management Act

State Statutory Laws

Many states have enacted effective pollution-control statutes and
programs. It is beyond the scope of this book to describe the programs in
each individual state, though a summary of several state laws may
demonstrate some effective and successful approaches to the resolution of
the diffuse-pollution problem. These programs are carried in addition to
or as a supplement to the federally mandated programs. According to
Section 319 of the Clean Water act (1987 Amendments), all states are
required to prepare nonpoint pollution abatement plans that list the state
programs. These plans are available from the state pollution-control
agencies. A few examples are listed herein.

Florida has strong wetland protection ordinances aimed at the
reduction of wetland losses throughout the state. In addition, Flonda’s
storm-water management program, which applies to all new de-
velopments, is designed to ensure that the volume, rate, timing, and
pollutant load of runoff after development do not cause a violation of
state water quality standards. The Florida rule is essentially a per-
formance standard specifying what is expected to achieve compliance
with state water quality standards.

Iowa has developed requirements for all confined feedlots that apply to
all open feedlots exposed to rainfall and to total confinement facilities
where precipitation is not a factor. At a minimum, all open facilities must
remove settleable runoff solids.
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Maryland began a comprehensive storm-water management program
in 1982. This program is administered by the state’s Sediment and
Stormwater Administration. Depending on the county, mandated local
ordinances must at a minimum require that postdevelopment peak
discharge for 2-year- and/or 10-year-frequency storm events be
maintained at the predevelopment levels. Maryland also participates
in the regional Chesapeake Bay clean-up program.

Additional state programs are listed in Chapter 1 (Wisconsin Priority
Watershed Programs), in Thompson et al. (1989), CH2M/Hill (1990), and
several EPA and state monographs.

Judicial (Judge-Made) Laws

Dating back to the Roman Empire, courts and judges have made rulings
that, among other things, affected many aspects of the environment.
Most of the water quality litigations are decided by a judge according to
the Equity Law, and primarily involve injunction or specific orders from
the courts restraining certain types of actions or regulating other actions.
These rulings were based on imperatives and doctrines as previously
elucidated.

Many court decisions involving water quality are based on the doctrine
of nuisance and trespassing. In many cases, judges used these doctrines
when actual damage had occurred and was proved by the plaintiff.
However, in a landmark case Judge John Grady stated that this may no
longer be true because ““It is the ability of the courts of equity to give a
more speedy, effectual, and permanent remedy in cases of public
nuisance. They can not only prevent the nuisance that is threatened, and
before irreparable mischief ensues, but arrest or abate those in progress
and, by perpetual injunction, protect the public from them in the future”
({llinois vs. the City of Milwaukee, Federal Court, Chicago, 1977). In his
ruling, Judge Grady issued stringent performance and effluent standards
for the clean up of point and diffuse source pollution from the Milwaukee
metropolitan area. Some of these standards were almost technically
unattainable; however, the ruling was appealed and subsequently
overturned by higher courts. If this ruling had been allowed to stand, it
would have made a legal precedent for similar cases by other federal and
state courts. |

In today’s legal environment in the United States. litigation is
common; however, the large number of statutory laws in place and in
force do not allow for frequent judicial rulings outside the statutory legal

framework. Many legal cases of violations of pollution-control laws and
ordinances are settled out of court.
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Hydrologic Considerations

He who sees things grow from the beginning will have the best view of
them.

Aristotle

Pollution from diffuse sources is driven by meteorological events, that is,
precipitation. It is a known fact that there is a correlation between the
pollutant loadings from a watershed and rainfall volume, infiltration and
storage characteristics of the watershed, permeability of soils, and other
hydrological parameters. This distinguishes diffuse pollution from tra-
ditional point source pollution, which bears little relation to watershed
hydrology.

Diffuse pollution therefore has its beginning in the atmospheric
transport of pollutants, and its occurrence and magnitude are closely
related to the hydrologic cycle. Consequently, the pollutant load from
nonpoint sources has a strong random (unpredictable) component. In
addition, hydrologic modifications of watersheds can increase or decrease
diffuse-pollution loads.

Most of the models used for simulating diffuse-pollution loadings are
basically models of watershed hydrology or are closely related to it.
Rainfall energy and the splashing effect of rain droplets liberate soil
particles, which then become available for the transport by the overland
fiow. If, for example, the overland flow is diminished due to higher
infiltration, so is the transport of particulate pollutants. If agricultural
chemicals or organic fertilizers are placed on the land and surface

101
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overland flow 1s generated by a storm, a significant portion of these
contaminants can be lost in surface waters. Mobile pollutants (that is,
pollutants that are dissolved and move with water as ions or salts) can be
leached into the ground-water zone and cause ground-water con-
tamination and pollution. The highest pollutant loadings, and in many
cases the highest concentrations of contaminants from diffuse sources,
occur during high-flow and flood conditions. On the other hand, point
source impact and the impact of pollutants carried into surface waters by
subsurface flow are most severe during low-flow (drought) conditions.

To control and understand the generation and transport of diffuse
pollution, one has to study the hydrologic process causing and
contributing to diffuse pollution and to consider the various paths the
contaminants travel from the source areas to the receiving water bodies.
A large number of basic textbooks and handbooks dealing with hy-
drological processes and hydrologic cycle are available (Bedient and
Huber, 1988; Bras, 1990; Chow, 1964; Chow, Maidment, and Mays,
1988; Linsley, Kohler, and Paulhus, 1982; Hall, 1984; Viessman, Lewis,
and Knapp, 1989; Ponce, 1989; McCuen, 1989). The reader is referred to
these texts for further reference.

PRECIPITATION-RUNOFF RELATIONSHIP

A classic representation of the rainfall transformation into runoff and the
components of the hydrological cycle is shown on Figure 3.1. The first
stage of the runoff formation is condensation of atmospheric moisture
into rain droplets or snowflakes. During this process, water is in contact
with atmospheric pollutants. The pollution content of rainwater can
therefore reach high levels. In addition, rain water dissolves atmospheric
carbon dioxide, sulfur and nitrogen oxides, and as a weak acid, it then
reacts with soil, limestone, and dolomite geological formations. Many
ancient statues and historical structures, for example, in Greece and
Rome, were made of marble (a form of limestone) and have been
deteriorating rapidly in the past few decades as a result of the greatly
increased acidity of precipitation (see Chap. 4 for further discussion of
the interaction of precipitation with atmospheric pollution).

Runoff formation begins after rain (snow) particles reach the surface.
During the winter months runoff formation may be delayed by snowpack
formation and subsequent melting. During the initial phase of runoff
formation, rain energy liberates the soil particles and picks up the
particulate and contaminants deposited on the surface and dissolves salts
and other chemicals.

Runoff generated by precipitation has three components:
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FIGURE 3.1.  Schematic representation of watershed hydrology.

1. Surface runoff is a residual of precipitation after all loses have been
satisfied. Numerical subtraction of the losses yields so-called excess or
net rain. The losses include interception by surface vegetation,
depression storage and ponding, infiltration into soils, evaporation
from soils and open water surfaces, and transpiration by vegetation.
Evapotranspiration is a term describing both evaporation from the soil
and transpiration by plants. Since surface runoff is a residual of
precipitation after all losses have been subtracted, a linear relationship
between the volume of precipitation and runoff does not exist. The
highest loads of particulate pollutants are carried by surface runoff.

2. Interflow is that portion of the water infiltrating into the soil zone that
moves in a horizontal direction due to the lower permeability of
subsoils. The amount of interflow is again a residual of infiltration
after ground-water recharge, soil moisture storage, and evapo-
transpiration have been subtracted.

3. Ground-water runoff (base flow) is defined as that part of the runoff
contribution that originates from springs and wells. In sewered urban
areas one can also include infiltration inflow into sewers, which can be
substantial. Most stream flow during prolonged drought periods can

R0023080



104 Hydrologic Considerations

be characterized as ground-water runoff. In some arid and semiarid
regions, the natural base flow may be zero during certain times of the
year, and the measured flow in streams may originate from sewage
outfalls.

Streams that have measurable flow during the entire hydrological season
(a hydrological year begins on October 1, and ends on September 30
of the following year) are called perennial streams. Ephemeral streams
are streams without a measurable flow during certain times of the
hydrological year. Urbanization and the accompanying discharges of
wastewater effluents can change an ephemeral stream into a perennial
one, for example, the Las Vegas, Nevada, Wash draining into the
Colorado River is a man-made perennial stream—marsh system. Overuse
and mining of ground-water resources will change a perennial stream into
an ephemeral watercourse, as has happened in many places, for example,
in Tucson, Arizona. From these examples one can see that man has a
profound impact on the hydrology of a body of water. In fact, very few
streams in populated areas of the world have truly natural flows. Runoff
quantity and quality can be dramatically altered by changing the use of
land by man, that is, urbanization, deforestation, storage reservoirs, and
other land and stream modifications discussed in Chapter 1 (Fig. 1.5).

The quality of surface runoff can be related to the erosion intensity by
precipitation and to the quantity of contaminants accumulated on the
surface or in the top soils. Interflow and ground-water quality can be
related to the amount of contaminants present in the soil, which also
reflects the basic chemical composition of the soil, subsoil, and bedrock.
Very often pollution of the interflow and ground-water (base) flow results
from the excessive contamination of soils; for example, from overioaded
septic tank seepage, overfertilization, and excessive chemical use on
farms and urban lawns.

Mathematically, the runoff relation to precipitation can be expressed
as

Surface runoff

R, =P — AS;, — AS; — fAt (3.1)
Interflow

R; = (f — ET)At — AS; — g, (3.2)

Ground-water (base) flow
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R, =g, — AS; — qa (3.3)
where
R, = volume of the surface runoff in cm during a time interval At
P = precipitation volume (cm)

AS; = change in available interception storage (cm)

AS, = change in available depression surface storage (cm)
f = infiltration rate (cm/hr)

ET = evapotranspiration rate from the soil zone (cm/hr)
AS, = soil moisture storage change (cm)

q, = ground-water recharge (cm)

R; = interflow (cm)

R, = ground-water flow contribution (cm)

AS, = ground-water storage change (cm)
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A ;
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FIGURE 3.2. Block diagram of watershed hydrological processes and storage.
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qs = geological water loss (cm)
At = time interval (hr)

A block diagram of the rainfall-runoff transformation process is shown in
Figure 3.2.

Components of the Rainfall—Runoff
Transformation Process

Interception

A part of the precipitation volume is intercepted by vegetation where it
adheres to the surface until a sufficiently heavy film is formed, at which
point gravity begins to prevail over adhesion. Interception storage is that
part of precipitation that wets or adheres to the surface of aboveground
objects and vegetation and is returned to the atmosphere by evaporation.
The amount that is intercepted depends on the type and intensity of the
vegetation, intensity and volume of the rainfall, roughness of the surface,
and the season of the year or growth stage of the vegetation.

The few models for interception storage reported in the literature are
crude and inaccurate. Interception can be measured by comparing
precipitation in gages or simple open buckets beneath the vegetation with
that recorded nearby under the open sky. Generally, about 0.5 to 1.2 mm
of rain can be held on foliage before an appreciable drip can take place
(Viessman, Lewis, and Knapp, 1989). The total interception by an
individual plant is directly related to the amount of foliage (its surface
area per unit area of ground surface) and its character and orientation.
About 1.2 to 1.8mm of precipitation can be intercepted by grass and
dense shrubbery.

A general form for interception was proposed as (Gray, 1973; Bras,
1990)

I=a+ bP" (3.4)

where P is precipitation in centimeters. Values of the coefficients for
some typical vegetal covers are given in Table 3.1.

Depression Storage

Water reaching the surface must first fill the surface depressions, forming
small puddles, ponding, or adding to the general wetness of the area.
Water stored in the depression storage either evaporates or percolates
into the soil zone. Only when the precipitation rate exceeds infiltration
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TABLE 3.1 Coefficients for the Interception Formula (Eq. (3.4))

Coefficients

Vegetal Cover a b n

Orchards 0.1 0.18 1.0
Maple, beach, oak in forest 0.1-0.12 0.18 1.0
Beans, potato, cabbage, and other small crops 0.05h" 0.45h 1.0
Forage, alfalfa, etc. 0.025h 0.30h 1.0
Small grains, rye, wheat, barley 0.012h 0.15h 1.0
Corn 0.012h 0.15h 1.0

Source:  From Gray (1973).

“h refers to the height of the plant in meters. Interception is in centimeters for P in centimeters.

and all surface storage (depression and interception) is exhausted will
surface runoff result.

The character of depression storage as well as its magnitude depends
largely on the surface characteristics that can be generally related to land
use. The primary factors determining depression storage are surface
character, roughness, and slope. An accurate estimation of depression
storage is not possible, and little information is available that could serve
as a guide for choosing the values of depression storage that would be
based on physical measurements in the field.

In hydrological models interception storage is usually lumped together
with depression storage into one surface storage (abstraction) parameter,
which is determined by calibrating the model. After his first experience
with the well-known Stanford Watershed Model, Linsley (1967) pointed
out that the surface storage parameter is the key element in calibrating of
the model for smaller watersheds (less than 50km?). Some information
derived from water balance and/or modeling on the magnitude of the
surface storage parameter has been published. For example, Tholin and
Keifer (1960) estimated surface storage for Chicago’s urban areas as
being 6.25mm (}in.) on pervious areas with grass and 1.56 mm (Zin.) on
impervious areas. Figure 3.3 relates surface storage to the slope for
various agricultural land uses.

As stated before, the surface storage volume must be exhausted before
surface runoff can begin. Therefore, it represents an initial abstraction
from the gross rainfall input. On the other hand, surface storage is not
uniform, even on small watersheds. Hence, for modeling, a range, which
is then subtracted from the rainfall as shown on Figure 3.4, may be more
appropriate.

Depression storage can be increased by engineering and agronomic
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practices, such as plowing, raking of the surface, mulching, and seeding
and planting vegetation. Depression storage on agricultural fields is at
maximum during planting, but decreases afterwards.

Soil Permeability and Infiltration

Permeability
Infiltration and permeability are not synonymous. Permeability is defined
by Darcy’s law and denotes the rate of water movement through the soil
column under saturated conditions (all voids are filled by water and flow
is primarily due to gravitational forces). Infiltration, on the other hand, is
the rate at which water percolates from surface storage into the soil zone,
and it is governed by the forces of gravity and capillary suction.
The permeability of soils depends on such characteristics as texture,
compactness, and organic and chemical composition.

As to their permeability and surface runoff potential the soils in the
United States have been classified by the Soil Conservation Service (SCS)
into four hydrologic groups:

1. Group A are soils with low total surface runoff potential due to high
infiltration rates, even when thoroughly wetted. These soils consist
chiefly of deep, well to excessively drained sands and gravel.

Group B are soils of low to moderate surface runoff potential that

have moderate infiltration rates and have a moderately fine to

moderately coarse texture.

3. Group C soils have high to moderate surface runoff potential and slow
infiltration rates, and consist chiefly of soils with a layer that impedes
downward movement of water, or soils with a moderately fine to fine
texture.

4. Group D soils have high surface runoff potential and very slow
infiltration rates, and consist chiefly of clay soils with a high swelling
potential, soils with a permanently high water table, soils with a clay
pan or clay layer at or near the surface, and shallow soils over nearly
impervious material.

[88]

Soil classification and approximate permeabilities can be obtained from
the SCS soil maps that are available for most counties of the
conterminous United States.

Particle size distribution (texture), arrangement of soil particles,
organic matter content, clay mineral content, exchangeable sodium
content, and total concentrations of salts are the most important factors
affecting permeability (Horn, 1971; Chow, Maidment, and Mays, 1988;
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FIGURE 3.5. Relationship of permeability to soil texture. The circled points represent

permeability of septic seepage fields after few years of operation. (After Horn, 1971, by
permission of ASCE.)

TABLE 3.2 Permeability Classes According to the Soil
Conservation Service, U.S. Department of
Agriculture
Permeability Class in./hr cm/hr m/day
A Very rapid >10 >25 >6.2
*B Rapid 3.00-10.00 12.5-25.0 3.1-6.2
B Moderately rapid  2.5-5.0 6.3-12.5 1.5-3.1
*C Moderate 0.8-2.5 2.0-6.3 0.5-1.5
C Moderately slow 0.2-0.8 0.5-2.0 0.12-0.5
*D Slow 0.05-0.2 0.12-0.5 0.03-0.12
D Very slow <0.05 <0.12 <0.03

Viessman, Lewis, and Knapp, 1989). In addition, permeability rates can

be affected by soil compaction, cultivation, vegetation, and land cover.
Most guides developed as aids to estimating permeability rates are

based on the relationship of permeability to the soil texture (Fig. 3.5).
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FIGURE 3.6. Moisture characteristics of soils.

Table 3.2 shows the permeability ranges for the hydrologic soil groups
recognized by the U.S. Soil Conservation Service.

Soil Water Storage

Storage of soil moisture can be divided into two moisture classes: that
held between saturation and 0.3-bar tension, and that held between
0.3-bar tension and 15-bar tension, respectively. The former moisture
content is also called field capacity; moisture between the field capacity
characteristics and full saturation can be drained by gravity. The 15-bar-
tension moisture is called wilting point and represents the minimum soil
moisture content that can be used by plants. Moisture content below
15-bar tension is not available to most crops and plants, and can be
reduced only by evaporation (not by transpiration). Gravitational water
(G) is then determined by subtracting 0.3-bar-moisture volume per-
centage from the total porosity (in percent). The plant available soil
water capacity (AWC) is the difference between moisture content at
0.3-bar and 15-bar tensions, respectively. As long as the soil water
content is between the field capacity and wilting point, transpiration is not
affected. Prolonged saturation of soils may have an adverse effect on
transpiration. Figure 3.6 shows the moisture characteristics related to the
soil texture.
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Infiltration
Infiltration is a function of the permeability of soils and subsoils, soil

moisture content, vegetation cover, temperature, and possibly other
parameters. During infiltration, water enters from surface storage into
soils via the combined effects of gravity and capillary forces. The capillary
forces are inversely proportional to the diameter of pores. As the process
continues, the pore space becomes filled and the capillary tension
decreases. Under saturated conditions, flow is mostly due to gravity.
The distribution of soil moisture within the soil profile during the
downward movement of water is shown in Figure 3.7. Apparently,
the downward movement of water is related to the advancement of the

0 Moisture content ——————»

¥ ¥ Saturation zone

™ Transition zone

Transmission
zone

FIGURE 3.7.  Soil moisture zones
during infiltration from a ponded
= em i surface. (Concepts from Chow,
Jone Maidment, and Mays, 1988.
Copyright © 1988 by McGraw-Hill;
reprinted with permission.)
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wetting front, which is exhibited by a sharp and almost discontinuous
difference between the advancing moisture driven by infiltration and the
moisture below. As water percolates to greater depths, the resistance
increases due to the increased length of the channels, decreased pore size
from the swelling of clay particles, or the pressure on an impermeable
barrier such as rock or clay. Consequently, the infiltration rate decreases
as the time from the commencement of the storm increases, as shown on
Figure 3.8. Depending on the depth of the soil column and the water
supply from rainfall the wetting front may penetrate from a few
centimeters to more than one meter into the soil (Hillel, 1980).

The infiltration rate f is expressed in cm/hr  (in./hr). Potential
infiltration is the maximum infiltration rate that presumes an excess
supply of water at the surface, generally exhibited by ponding. Almost all
infiltration formulas presented in the literature are for potential in-
filtration with ponding. Cumulative infiltration, F, is then obtained by
integrating the infiltration rate over time, or F(f) = of" f dt.

Horton’s Formula
Horton (1939a) more or less intuitively suggested an infiltration formula
for exponentially decaying infiltration:

f = fc + (fO - fc)e_K[ (3.5)

where

f = rate of infiltration (cm/hr)

f. = the infiltration rate assumed to be similar to the saturation
permeability (cm/hr)

fo = the initial rate of infiltration (cm/hr)

K = a constant derived from soil and surface characteristics (hr )

¢t = time in hours from the beginning of infiltration

Although this equation at first appears to be a completely empirical
model, it was pointed out that it does reflect the laws and basic equations
of soil physics (Chow, Maidment, and Mays, 1988). The model assumes
that the constant K is independent of the moisture content of the soil.

Holtan's Formula
Holtan (1961) proposed a formula that would relate the infiltration rate to

the exhaustion of the available soil moisture storage. The formula was
presented as follows:

f=alS—-F)"+f.=aF, + f. (3.6)
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TABLE 3.3 [Estimates of the Vegetation Factor a in
Holtan’s Infiltration Equation for f in
Centimeters per Hour and F, in Centimeters

Area Rating®

Poor Good
Conditions Conditions

Fallow” 0.07 0.2
Row crops 0.07 0.14
Small grains 0.14 0.20
Hay (legumes) 0.14 0.28
Hay (sod) 0.28 0.40
Pastures (bunchgrass) 0.14 0.28
Temporary pastures (sod) 0.28 0.40
Permanent pastures (sod) 0.55 0.68
Woods and forest 0.55 0.68

Source:  From U.S. Department of Agriculture, Agricultural
Research Service (1975).

7 Adjustments needed for “weeds” and ‘“‘grazing.”
®For fallow land only, ‘‘poor conditions” means “after row crop,”
and “good conditions” means ‘“‘after sod.”

where

S = the volume of soil water storage above the control horizon (cm)

F = cumulative infiltration (cm)

F, = a measure of the soil moisture remaining in the soil column at any
time (cm)

a,n = coefficients

The coefficients a and n were empirically determined. While the value of
n was nearly constant and equaled n = 1.4, the value of the multiplier a
was related to the crop cover as shown in Table 3.3.

Equation (3.6) was modified later and included in the USDAHL
watershed model in the form (Holtan and Lopez, 1973):

f=GlaE,* + f, (3.6a)

where a is the vegetation parameter defined in Table 3.3 and GI is the
index in a fraction of maturity. Information on the estimated magnitudes
of the growth index for various crops and growing seasons is available
from the U.S. Department of Agriculture publication by Holtan and
Lopez (1973).

The depth of the control horizon is supposed to coincide with the
topsoil zone between the soil surface and the depth of cultivation, or
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subsoils for uncultivated soils. The latter corresponds to the thickness of
the topsoil horizon A (see Chap. 6 for definition of soil horizons).
Although Holtan’s model is somewhat more complex than Horton’s
equation, it appears less physically based, since it relates the infiltration
rate to the total moisture content in an arbitrarily chosen control layer
and to the advancement of the wetting front in the unsaturated soil zone.

Example 3.1: Infiltration Rate by Holtan’s Model

Estimate the infiltration rate curve for ponded soil with a saturation
permeability of 2 cm/hr and soil moisture characteristics as follows:

porosity = 45%
0.3 bar moisture (field capacity) = 30%
15 bar moisture (wilting point) = 21%

The depth of the control horizon is assumed to be 50cm and the
antecedent moisture is equal to the field capacity (soil is drained). Then
the inital available soil moisture storage capacity becomes

F,(0) = (porosity — 0.13 bar moisture) * 50cm = (0.45 — 0.3)50 = 7.5cm

Solution  1If the land surface is fallow, then the approximate magnitude
of the vegetation parameter will be between 0.07 and 0.14. Select a = 0.1
and GI = 1.0. Then the initial infiltration rate at ¢t = 0 from Equation
(3.6a) becomes

f(0) = 0.1(7.5)** + 2 = 3.68cm/hr

When t — <« the infiltration rate would approach 2cm/hr. However, due
to the exponent n equaling 1.4 an exact solution of Equation (3.6a) is not
possible. A simple numerical solution will be shown here. Since the
infiltration rate is a function of the available water storage, a si-
multaneous solution of the storage equation must accompany the
infiltration equation. Hence

dF;,
dt _fr f

where f, = storage recovery rate.
If the storage recovery rate f, = f. (which occurs when the permeability
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of subsoils is more than or equal to the permeability of the top layer, and
the moisture content is above the field capacity), then

dF; n
i = aF),

If the soil moisture content is below the field capacity value (0.3-bar
moisture), then the recovery rate equals the evapotranspiration rate.

The preceding differential equation can be solved by simple numerical
techniques such as Runge-Kauta, Euler, or Heund’s methods. Heund’s
method would yield an equation

At e
Foioar = Fpt?(a(Fpt)n + a(Fpt - a(FpI) At)")

and the solution for Ar = 1hr is given in Table 3.4 and plotted on Figure
3.9.

Philip’s Equation

Philip’s infiltration model (Philip, 1957, 1969, 1983) is based on soil
physics. The model and its derivation is very complex; however, its
simplified final version has been widely accepted and incorporated into
several common watershed hydrological models. The simplified Philip’s
equation is in the form

f(t) =35t7"* + K (3.7)

TABLE 3.4 Solution of Holtan’s
Infiltration Equation

t (hr) F, (cm) f (cm/hr)
0 7.5 3.68
1.0 5.94 31
2.0 4.89 2.92
3.0 3.84 2.66
4.0 3.26 2.52
5.0 2.79 2.42
6.0 2.41 2.34
8.0 1.89 2.24

10.0 1.49 2.17
15.0 0.93 2.09
20.0 0.62 2.05
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FIGURE 3.9. Infiltration rate curve for Example 3.1.

where
S = sorptivity of the soil
K = conductivity of the wetting front

Sorptivity is computed from soil moisture distribution and is generally
difficult to define. As t — o, f approaches K, which is loosely related to
the saturation permeability parameter (K = 0.3 to 0.5 times saturation
permeability). Cumulative infiltration is obtained by integrating Equation
(3.7), which yields

F(t) = St'? + Ki (3.8)

Since the sorptivity parameter, S, is a function of the soil suction
potential, which is in turn related to the dryness of the soil, S will vary
with the soil moisture content. Methods of measurement of sorptivity and
its relation to the moisture content were presented by Chong and Green
(1983); the schematics are shown on Figure 3.10. It was also
demonstrated that the sorptivity and conductivity parameters are not
uniform, even in small watersheds (Brutsaert, 1976; Sharma, Barron, and
Boer, 1983). Bras (1990) included a good discussion and semiempirical
formulas for determining the parameters S and K in the Philip’s equation.
The spatial distribution of infiltration rates, even in small watersheds, are
of a statistical nature, probably ranging from close to zero to rates that
greatly exceed the mean rate. The statistical distribution, such as is shown
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watershed is typically log-normal.

in Figure 3.11 (log-normal probability distribution), should be considered
in the hydrologic mathematical models.

Green—Ampt Equation

The Green and Ampt (1911) infiltration model assumes that water is
moving from a ponded surface downward into the soil as a piston of
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saturated moisture. The concept follows the physics of soil water
movement through the unsaturated zone shown on Figure 3.7; however,
the model assumes saturated soil moisture at the wetting front. For a
small ponding depth the Green and Amt equation becomes (Bras, 1990)

K.S¥
F

f=K, + (3.9)

where

K, = hydraulic conductivity (which is less than the saturated permeability
defined earlier)

¥ = suction sorptivity

F = total infiltrated water that equals (porosity — initial moisture) *
depth of the wetting front

The parameters K, and ¥ usually have to be determined experimentally
or by calibrating of the model. Rawls and Brakensiek (1983) provided
procedures, graphs, and tables for determining these parameters from soil
data.

Infiltration rates can be partially controlled by engineering and
agricultural practices, such as tillage, raking of the surface, enrichment of
soils and root systems of vegetation by organic residues, and chemical
treatment of soils. Compaction by heavy machinery and by cattle will
reduce the permeability and, hence, infiltration.

Infiltration into Frozen Soils

The physics of water movement into unsaturated soils at temperatures
below the freezing point is not simple. The presence of ice in soils affects
the soil water movement in two ways. First, permeability is reduced due
to the reduction in pore size caused by ice crystals, which also cause a
reduction in capillary suction. However, studies in Sweden (Lundin,
1989) pointed out several factors that must be considered. (1) Repeated
freezing and thawing of clayey soils actually increases infiltration by
creating more pore space due to the expansion of frozen water. (2) Water
freezing in soils is not the same process as it is on the surface. Below
freezing point temperatures, the interactions between the soil matrix and
water result in free unfrozen water surrounding the soil particles.
Romanov, Pavlova, and Kolyushnyy (1974) and others (Lundin, 1989)
pointed out that unfrozen water content of about 10% to 16% may exist in
soils at temperatures up to —20°C. The salt content of soil water further
depresses the freezing point. The result is a gradual freezing of soil water,
starting at temperatures that are below 0°C. Thus, the degree of freezing
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point depression depends on the soil characteristics and salinity of soil
water. Consequently, in many cases infiltration is reduced by the creation
of an ice crust on the surface caused by ponding rather than by a
reduction in infiltration rates. If ponding and frozen surface crust do not
occur, the speed of infiltration into fine-textured dry soils during subzero
temperatures is not drastically reduced when compared to that at above
zero temperatures.

Kane (1980) and Romanov, Pavlova, and Kolyushnyy (1974) showed
that the amount of infiltration of snowmelt for shallow snowpack (<1-m
snow depth) depends on the melt rate, soil type, and soil moisture status
at the time of freeze-up. Dry soils exhibit essentially the same or only
slightly reduced infiltration rates (after accounting for increased viscosity
when compared to those into unfrozen soils). Kane and Stein (1983) then
found that the infiltration rate into a dry silt loam frozen soil at 0°C was
about 50% of that at 15°C. The 50% decrease reflects the increased
viscosity. However, the infiltration rate was reduced by two orders of
magnitude when the soil was saturated with water. The authors in
another paper (Kane and Stein, 1983b) then concluded that the in-
filtration rate into frozen soils is inversely proportional to the total
moisture content and that the infiltration rate is controlled by the ice
content in the upper few centimeters of the soil system.

Burt and Williams (1976) measured hydraulic conductivites of frozen
soils. They also noted that frozen soils may contain considerable amounts
of unfrozen water. The hydraulic conductivity of frozen soils is about two
or more orders of magnitude smaller than that for unfrozen soils, but still
enough to produce appreciable infiltration. The measured hydraulic
conductivities for several soils ranged from 10~®cm/sec for unlensed silt
soil to 10~ cm/sec for unlensed sand. The presence of the lenses reduces
the permeability of frozen soils.

Romanov, Pavlova, and Kolyushnyy (1974) noted that an impermeable
frozen water layer forms in frozen clayey and loamy frozen soils, when
the moisture content reaches 50% to 60% while in sands, the
impermeable layer is formed when the moisture reaches 87% to 97% of
the total pore volume.

Evaporation and Transpiration

Unlike the previously mentioned losses (surface storage and infiltration),
which are directly subtracted from rainfall to produce net (excess) rain
and surface runoff, the direct effect of evapotranspiration on the
magnitude of surface runoff is not great. A rainfall event usually implies
high humidity, which depresses the evapotranspiration rates. On the
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other hand, evapotranspiration determines the antecedent moisture
conditions of soils and surface storage which, in turn, determine the
magnitude of these losses. Hence the knowledge of evaporation and
transpiration is important in estimating the rates of recoveries of surface
storage and soil moisture storage capacity.

By definition, evapotranspiration represents water loss into the at-
mosphere by evaporation from both open water surface and soils, while
transpiration refers to water drawn from the soil zone by the root systems
of plants and vegetation and released to the atmosphere as a part of the
life cycle of plants.

Evaporation

Potential evaporation is either measured or computed. Pan evaporation
(measured) data are available from the U.S. Weather Service of the
National Oceanic and Atmospheric Administration (NOAA). It must be
realized that pan evaporation data may differ from the actual evaporation
from larger water bodies and soil surfaces. Typically, pan evaporation
measurements yield evaporation rates that are 20% to 40% higher than'
actual evaporation from land or water surfaces (Linsley, Kohler, and
Paulhus, 1982).

The models used for estimating potential evaporation are either in the
category of energy balance or aerodynamics. The energy balance es-
timates heat lost from the system by evaporation (about 590 calories are
needed to convert 1 gram of liquid water into vapor). This high heat loss
is balanced by other heat inputs and changes of temperature within the
system. Using the energy balance equation requires measurements of
several heat and energy inputs and changes of temperature. Some of
these measurements may not be readily available.

The aerodynamic models essentially describe mass transfer across the
air—water interface. The rate of vapor transfer by evaporation or
condensation is proportional to the difference in vapor content (pressure)
in the ambient air above the air—water boundary interface and the
saturation vapor pressure in the air immediately at the water’s surface.
The rate of transfer depends on the degree of turbulence and mixing in
the thin boundary layer just above the water’s surface. The mixing rate
can be determined empirically by relating it to the wind velocity above
the surface and other parameters. Over 100 empirical and semiempirical
formulas have been published in the literature (Helfrich et al., 1982;
Bras, 1990).

A majority of the evaporation formulas are of the type (Bras, 1990):

Qe - (a + bU)(es — ea)

E, == (3.10)

" Lp Lp
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TABLE 3.5 Relation of Saturation Vapor
Pressure to Temperature

Temperature Saturation Vapor Pressure
°C) (e,, millibars?)
-10 2.86
0 6.11
5 8.72
10 12.27
15 17.00
20 23.37
25 31.70
30 42.43

Source:  From Linsley, Kohler, and Paulhus (1982).
(Copyright © 1982 by McGraw-Hill; reprinted by

permission.)
4One millibar = 100 N/m?.

TABLE 3.6 Coefficients for Evaporation Rate Formula

(Eq. (3.10))

Author or Measurement a b

Lake Hefner (Marciano and 0 8.1
Harbeck, 1954) (water surface)

Harbeck (1962) for several lakes 0 10.44 x A7005
(water surface)”

Penman (quoted in Priestley, 0 5.87
1959) (land surface)

Zaikov (from Braslavskii and 6.45 4.64

Vikulina, 1963) (water surfaces)

A = surface area of the lake in hectares.

evaporation rate (cm/day)

= heat loss by evaporation or gain by condensation (cal/cm*-day)
597.3 — 0.57T = latent heat of vaporization (cal/gram of water)

I

specific density of water (= 1g/cm?®)

wind speed in m/sec measured 2m above the surface

temperature (°C)

saturation vapor pressure in milibars for the water surface

temperature (Table 3.5)

ambient vapor pressure in milibars measured 2 m above the surface

coefficients given in Table 3.6
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Note that 1 calorie is equivalent to 4.186 joules.

The saturation vapor pressure, e, which is a measure of the maximal
content of vapor in the air, is related to the temperature as given in Table
3.5.

Example 3.2: Calculation of Evaporation

Compare evaporation rates estimated using the formulas of Zaikov
(obtained from large reservoirs in the former USSR) and Harbeck for
U.S. lakes. The following daily average values are given:

wind velocity measured at 2 meters above the surface U = 2.5m/sec
relative humidity r = 50%

ambient air temperature 7, = 25°C

water temperature T, = 20°C

surface area of the lake A = 500 ha

Relative humidity is a ratio of the actual humidity of the air to the
saturation value. At the ambient air temperature of 25°C the saturation
humidity of the air is (Table 3.5) e;, = 31.7mbar and the ambient
humidity is e, = r X e, = 0.5 X 31.7 = 15.85 mbar. The saturation vapor
pressure at the water’s suface with a temperature of 20°C is 23.37 mbar.

Solution The latent heat of vaporization at the water’s surface with a
temperature of 20°C is

L =597.3 - 0.57+20 = 585.9cal/g

Zaikov
(6.45 + 4.64 x 2.5)(23.37 — 15.85)
E, = = 0.
v 5850 % 1 0.23 cm/day
Harbeck
0 + 10.44 x 50079% x 2.5)(23.37 — 15.85
E,6 = ( )(23.3 15.85) = (.25 cm/day

5859 x'1

Transpiration and Evapotranspiration

Several methods have been developed for estimating the
evapotranspiration requirements of crops and forested areas. As defined
previously, evapotranspiration is a composite of transpiration by plants
and crops and evaporation from the soil.
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The actual rate of transpiration is a function of the type and growth
stage of the crops, the soil moisture (below or above wilting point), and
climatic conditions. Similar factors affect both transpiration and soil
evaporation; therefore, evaporation data are sometimes used as a
surrogate for the potential evapotranspiration rate. Evapotranspiration
can be related to the potential evaporation by a parameter or a function
such as that in the Evaporation Index Method described by McDaniel
(1960):

ET = E, x KU (3.11)

where
ET = crop evapotranspiration requirement on a monthly or shorter
period basis
E, = climatic index, which is identical to the evaporation potential from
a shallow hypothetical lake situated at the locality under
consideration
KU = crop-use coefficient, which reflects the growth and stage of crops.
Average values for crop-use coefficients are presented in Table 3.7

A similar approach has been suggested by the USDA-Agricultural
Research Service (Holtan, 1961), which proposed the following equation
for the potential evapotranspiration:

ET = KU X (E,lk) X B (3.12)
where

ET = evapotranspiration potential (cm/hour or in./hr)

KU = growth index or crop-use coefficient defined previously and
given in Table 3.7

k = ratio of ET to pan evaporation, usually 1.0 to 1.2 for short
grasses, 1.2 to 1.6 for crops up to shoulder height, and 1.6 to 2.0
for forests. If evaporation is calculated, kK = 1.0

E, = calculated or measured (pan) evaporation potential (cm/hr or
in./hr)

B = a moisture stress coefficient that expresses the reduction of
evapotranspiration to plain evaporation at or below wilting point
soil moisture

B = 1.01f 8 = 0;5p,, and

9 AWC/G
p = ( ) if 8 < B15par
B15bar
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TABLE 3.7 Crop-Use Coefficients for Use in Evaporation Index Method

Perennial Crops (Northern Hemisphere)

Average KU values by months

Crop Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
Alfalfa 0.83 0.90 0.96 1.02 1.08 1.14 1.20 1.25 1.22 1.18 1.12 0.86
Grass pasture 1.16 1.23 1.19 1.09 0.95 0.83 0.79 0.80 0.91 1.91 0.83 0.69
Grapes — — 0.15 0.50 0.80 0.70 0.45 — — — — —

Citrus orchards 0.58 0.53 0.65 0.74 0.73 0.70 0.81 0.96 1.08 1.03 0.82 0.65
Deciduous orchards — — — 0.60 0.80 0.90 0.90 0.80 1.50 0.20 0.20 —

Sugarcane 0.65 0.50 0.80 1.17 1.21 1.22 1.23 1.24 1.26 1.27 1.28 0.80

Annual Crops

KU values at listed percent of growing season

Crop 0 10 20 30 40 50 60 70 80 90 100
Field corn 0.45 0.51 0.58 0.66 0.75 0.85 0.96 1.08 1.20 1.08 0.70
Grain sorghum 0.30 0.40 0.65 0.90 1.10 1.20 1.10 0.95 0.80 0.65 0.50
Winter wheat” 1.08 1.19 1.29 1.35 1.40 1.38 1.36 1.23 1.10 0.75 0.40
Cotton 0.40 0.45 0.56 0.76 1.00 1.14 1.19 1.1 1.83 0.58 0.40
Sugar beets 0.30 0.35 0.41 0.56 0.73 0.90 1.08 1.26 1.44 1.30 1.10
Cantaloupes 0.30 0.30 0.32 0.35 0.46 0.70 1.05 1.22 1.13 0.82 0.44
Potatoes (Irish) 0.30 0.40 0.62 0.87 1.06 1.24 1.40 1.50 1.50 1.40 1.26
Papago peas 0.30 0.40 0.66 0.89 1.04 1.16 1.26 1.25 0.63 0.28 0.16
Beans 0.30 0.35 0.58 1.05 1.07 0.94 0.80 0.66 0.53 0.43 0.36
Rice® 1.00 1.06 1.13 1.24 1.38 1.55 1.58 1.57 1.47 1.27 1.00

Source:  From Handbook of Applied Hydraulics, by Davis and Sorensen (1969). Copyright © 1969 by McGraw-Hill. Used with the permission of the McGraw-
Hill Book Company.

“Data given only for springtime scason of 70 days prior to harvest (after last frost).
b Evapotranspiration only.
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0 = soil moisture
AWC = 89 3var — 015par = plant available soil moisture capacity
G = § — B¢.3pbar = gravitational soil water moisture

Other methods for estimating evapotranspiration include the Blaney-
Cridle, and the modified Penman and Lowry-Johnson methods. The
reader is referred to standard hydrology texts (Bras, 1990; Chow, 1964;
Davis and Sorensen, 1969; Gray, 1973; Chow, Maidment, and Mays,
1988) for further reference.

Snowpack Formation and Snowmelt

Knowledge of snow hydrology is important in diffuse-pollution studies.
Snow, which in the northern latitudes of North America and Europe may
stay on the ground for several months, is a surface trap of pollutants
deposited from the atmosphere. In addition, by the process of repeated
crystallization and the melting of snow in the snowpack, dissolved
pollutants are rejected by the crystals and become available for fast
pickup by melt water, resulting in a strong “first flush” effect. Snow
precipitation has much less energy than rain droplets. Consequently, the
erosion of soils during snowfall or snowmelt is minimal.

The main elements determining the amount of snowmelt are
meteorological factors, such as temperature, solar radiation, and wind
velocity. An accurate determination of snowpack accumulation and
subsequent snowmelt is not simple. For example, in urban areas in
addition to meteorological inputs, the heat balance of the snowpack and,
hence, the quantity of snowmelt, are also affected by heat losses from
buildings and traffic, by deicing operations (street salting), coloration of
the snowpack, and by snow removal and dumping.

In the most simple concept, the volume of snowmelt from a snowpack
is related to the ambient temperature deviation from a reference
equilibrium temperature such as in the following degree-day formula

AP;=-SM=CD x(T,~-T,) for T,> T,

AP, = P for T,<T, (3.13)
where

AP, = change of water equivalent in the snowpack (cm/day)

SM = snowmelt (cm/day)

P = water equivalent in precipitation (cm/day)

T, = ambient temperature (°C)
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T, = reference equilibrium temperature (°C)
CD = a proportionality coefficient (also called a degree-day coefficient)
(cm/°C-day)

In most technical applications, the equilibrium reference temperature,
T,, is assumed to be 0°C. The proportionality (degree-day) coefficient,
CD, is an empirical quantity loosely correlated to the meteorological
conditions of the season. Empirical values of the degree-day coefficient
reported in the literature ranged from 0.1 to 1cm/°C-day, with values
between 0.2 and 0.5cm/°C-day the most common (Bengtsson, 1982;
Westerstrom, 1984; Ellena and Novotny, 1985). The simple degree-day
coefficient is also assumed to vary with the season, as shown on Figure
3.12. Due to its simplified nature, the degree-day model has been
subjected to critique and modifications. For example, Bengtsson (1984)
added a solar radiation component, which, as documented by Ellena and
Novotny (1985), has markedly improved the performance of the model.

Advanced models for snowmelt estimation use some kind of the
energy balance method. The most comprehensive study of the process of
melting and components of the snowpack energy (heat) balance was
undertaken by the U.S. Army Corps of Engineers (1956). Anderson and
Crawford (1964) incorporated this concept into the Stanford Watershed
Model, which is a predecessor to the HSP-F watershed model distributed
by the U.S. Environmental Protection Agency (see Chapter 8 for a
description of the model).

(&) H
1 1

mm/°C -day

DEGREE -DAY FACTOR C
N
1

I I I |
NOV DEC JAN FEB MAR APR MAY JUN

FIGURE 3.12.  Degree-day factor for snowmelt computations. (From Gray, 1973.)
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The energy balance concept is based on the fundamentals of the
physics of melting. The heat balance equation for the snowpack can be
written as follows (U.S. Army Corps of Engineers, 1956; Ellena and
Novotny, 1985; Novotny, 1988):

AQ = Qsap + Oatm + O+ Qp + Qc + Q¢ (3.14)

where

AQ net change of the heat content of the snowpack
Qsap = absorbed (net) direct solar radiation

Qatm = net atmospheric (long wave) radiation

Qr = latent heat transfer due to the condensation-evaporation—
sublimation process, which in the absence of direct mea-
surements, can be estimated by Equation (3.10)

Qc = sensible heat transfer between air and snow

QOp = heat content of precipitation

QJs = heat gain or loss due to other sources or sinks (in urban areas it

also includes heat gains from vehicles, as well as from
exothermic dissolution of salt for deicing)

The units of the energy (heat) balance equations are calories cm™2hr™!
or joules m~2. At the melting point, the heat content of the snowpack,

Q. 15
Om = T,ucppsD (3.15)

where

T,, = the melting point temperature (°C)
¢, = specific heat calories/g or W/kg

ps = specific density (g/cm® or kg/m?)

D = snow depth in centimeters or meters

If, due to increased heat input, the energy (heat) content of the
snowpack exceeds the energy needed to melt the snow (Q,,), 1g of water
will melt for each 79.7 calories of the heat excess, or

=Q_Qm

M =570

(3.16)

where
SM = resulting melt in centimeters
Q, = thermal quality of the snowpack (= 1.0)
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The melting point temperature is a function of salinity or the molar
concentration of salts in the water (snow) solution. The melting point is
lowered by approximately 0.7°C for each 10g of salt added to 1 liter of
water equivalent of snow. For salt-free snow T,, = 0°C, therefore, Q,, =
0. Furthermore, salt dissolution is an exothermic process that is heat
generated by the dissolution of salt.

The magnitude and models of each component of the snowpack energy
balance have been described in detail by Novotny (1985), Ellena and
Novotny (1985), U.S. Army Corps of Engineers (1956), and others. As
most of the energy components vary throughout the day, the snowmelt
rates are also variable, so it may be inappropriate to use average daily
values.

Of note is the approximate magnitude of snowmelt rates. Assuming a
clear, sunny day in late February, the average incoming solar radiation at
latitude 46° is about 20 cal/cm?-hr. During clear, dry conditions with the
ambient air at 10°C, the net radiation heat loss and condensation heat
gain are about equal. The albedo (reflectivity of direct solar radiation) of
urban snow varies between 20% for dirty saturated snow to more than
85% for freshly fallen snow. From Equation (3.16) it follows that the
maximum runoff rate from melting snow is only about 0.15cm/hr. This is
much lower than runoff rates resulting from typical design storms, and
lower than most potential rates of infiltration into dry or moderately wet
frozen soils. Hence, surface runoff generation from snowpack over a
permeable soil is generally possible only if a frozen layer of solid ice is
formed on the surface.

RAINFALL EXCESS DETERMINATION:
SURFACE RUNOFF

Design Storm

In most designs of hydrologic systems the designer is faced with the task
of selecting the so-called design storm. This type of input information is
especially important for flood-mitigation projects. It will be pointed out
throughout this book, however, that the abatement of diffuse pollution
should be focused on precipitation events that are frequent, typically
medium magnitude storms with rainfall depths ranging from 1.2 to 3.5cm
(0.5 to 1.5in.), which would occur several times each year rather than
rare large storms.

The isopluvial depths (isohyets) of a typical medium-size one-hour
storm with a recurrence time of once per year are shown on Figure 3.13.
Such maps for design storms in the United States are prepared by the
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FIGURE 3.13.  Isopluvial map of the United States for once-per-year, 1-hr-long rainfall in
millimeters, published by the U.S. Weather Service (to convert from mm/hr to 1/sec-ha,
multiply by 2.78, 1in. = 25.4 mm).

National Weather Service. Figure 3.14a is a normalized duration-intensity
curve. It has been found (first by Karl Imhoff in the 1920s, see Novotny
et al., 1989) that the relationship between the average intensity within a
storm and the storm duration are similar for most of European and U.S.
locations, with the exception of Pacific coastal areas and Hawaii. If the
duration-intensity curves are normalized by the one-hour, once-per-year
storm depths, a unified duration-intensity curve is obtained. Figure 3.14b
is then used to modify the design storm for different recurrence intervals.
The use of Figures 3.13 and 3.14 is illustrated on the following example.

Example 3.3: Selection of the Design Storm

Determine the intensity of a twice-a-year design that has a duration of 30
minutes. The watershed is located in the Chicago, Illinois, metropolitan
area.

Solution Read the intensity of the standard 1-year, 1-hr-duration storm
from the isopluvial map in Figure 3.13. Therein r; = 32.5mm/hr. To
convert this 1-year, 1-hr storm to the desired 3-year, 30-min design storm,
first read the magnitude of the duration multiplier from the upper portion

of Figure 3.14. For Chicago ¢; = 1.4. Then from the lower portion of
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FIGURE 3.14. Normalized storm-duration—frequency-intensity curves for several
geographical locations. (From Novotny et al., 1989. Copyright © 1989; reprinted by
permission of John Wiley & Sons, Inc.)

Figure 3.14 read the frequency multiplier, ¢,, which is ¢" = 0.75. Hence
the average intensity of a design storm of 30-minutes duration that occurs
approximately twice a year, is

I = 10,71 = 1.4 x 0.75 x 32.5 = 34.12mm/hr

Rainfall Excess from Pervious Areas

Rainfall Excess by Subtracting Losses from

Precipitation

From the foregoing discussion and referring to Equations (3.1) to (3.3), it
is now clear that surface runoff, which is often the most polluted
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component of the total runoff, will be generated from a surface only
when precipitation or snowmelt is greater than the losses, that is,

s, =P -8 - 84— fAt
if
P>S, + S;+ fAt
and
R, =0 for P<S§,+ S;+ fAt (3.17)

The term rainfall excess or net rain is used to denote the simple
numerical subtraction of the losses from the precipitation volume. This
differentiates it from surface runoff, which refers to that part of the flow
in the receiving body of water that was generated by rainfall excess. The
unit for rainfall excess is depth of water on the surface from the excess
rain generated during a time interval, while the unit for surface runoff is
volume/time. A time lag between maximum rain excess and the peak of
the surface runoff is typical for all but very small drainage areas. This
time lag (called peak time) is due to overland and channel flow routing.

There are several procedures for estimating rainfall excess. The
definition of excess rainfall excludes the use of the formulas that are
based on a proportionality between the rainfall and runoff, such as the
well-known rational formula presented in the next section. Two methods
presented here are: (1) numerical subtraction of losses from precipitation,
and (2) the Soil Conservation Service Runoff Curve Method. Any
infiltration formula can be used for estimating infiltration losses; however,
Holtan’s infiltration equation is used in Example 3.4.

Example 3.4: Numerical Rainfall Excess Determination by
Subtracting Losses

Determine the rainfall excess from a storm with the hyetograph given in
the top portion of Figure 3.15. A dry period preceding the storm lasted 5
days. The evaporation rate during the dry period averaged 0.3 cm/day.
The area is covered by small grains and has an average slope of 2%. For
this slope and surface, the combined depression and interception storage
can be read from Figure 3.3 as 0.62cm. The soil and infiltration
characteristics are similar to Example 3.1. Gravitational moisture content
(field capacity) is G = 50 (porosity — 0.3-bar moisture) = 7.5cm.
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Solution  The initial soil moisture and available storage capacity can be
computed, assuming that the soil was saturated during the preceding rain
and that the crop use factor, KU, is close to one. Since the saturation
permeability is 2cm/hr, the soil moisture reached 0.3-bar moisture shortly
after the preceding rain. Hence, the initial available storage capacity
becomes

F,(0) =G+ ET x5days =7.54+03%x5=95cm

The parameter a for Holtan’s infiltration equation can be read from
Table 3.3. For small grains the parameter is between 0.07 and 0.14. Select
a = 0.1. Then for F,(0) = 9cm, the initial infiltration rate is

f(0) = 0.1(9.0)** + 2 = 4.17 cm/hr

The excess rain is computed in 15-min time intervals by the
simultaneous solution of the following equation (based on Eq. (3.1))
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R, =P — 84— fAt
if P>S8d+ fAt then S, =0 AF,=(f,—f)At (3.18)

and
Rs=0 ifPSS,-d-f-fAt
with

"ASid =P - fAt
fAt= P+ AS,y  if (aFy* + f) > (P + ASw)/At
AFP = (fr —f)At

and f, = 0, if soil moisture is below 0.3-bar tension (of F, > G).

During the rainy period the recovery of surface and soil water storage
by evapotranspiration is minimal. The computation and results are given
in Table 3.8 and Figure 3.15.

Rainfall Excess by the Soil Conservation Method

The Soil Conservation Service has developed a method for estimating
rainfall excess that does not require computing infiltration and surface
storage separately. Both runoff characteristics are included as just one
watershed characteristic. The method has evolved from analysis of
numerous storms under a variety of soil and cover conditions.

In the SCS method the excess rain volume, Q, depends on the volume
of precipitation, P, and the volume of total storage, S, which includes
both the initial abstraction and total infiltration, I,. The relationship
between rainfall excess and total rainfall (on a 24-hour basis) is thus
(SCS, 1968; McCuen, 1982)

(P _ a)2
= — 3.19
The initial subtraction operation is a function of land use, treatment, and
condition; interception; infiltration; depression storage; and antecedent
soil moisture. An empirical statistical relationship relates the initial
subtraction to the total storage as

I, =028 (3.20)
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TABLE 3.8

Rainfall Excess Calculation

Available

Precipitation Depression and Soil Moisture Net Rain
Time Intensity during  Precipitation Interception Infiltration Storage Excess Rain Intensity,
Interval the Time Interval  Volume, P Storage, S,4 AS,° Volume? Capacity, F,* Volume, R, R,/
(min) (cm/hr) (cm) (cm) (cm) (cm) (cm) (cm) (cm/hr)
(1) @) 3) (4) (5) (6) (7) 8) ©)

0-15 3.0 0.75 0.62 0.0 0.75 9.0 0.0 0.0
0.62 8.25

15-30 12.0 3.00 0.0 —0.62 0.96 7.40 1.42 5.68
30-45 8.0 2.00 0.0 0.0 0.90 7.00 1.10 4.40
45-60 1.6 0.40 0.47 +0.47 0.87 6.63 0.00 0.00
60-75 0.0 0.0 0.62 +0.15 0.15 6.98 0.00 0.00

?AS,y = fAt — P, min S;; = 0, max S;; = 0.62cm.

®Infltration volume = fAf or = P + S, whichever is less.

‘AF, = (f, = ) A1, f, = f.if F, <G, f, = 0if F, > G; rate of exhaustion of the soil moisture storage capacity reduced at F, = 7.5cm.
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Substituting Equation (3.20) into (3.19) yields

(P — 0.25)°
= —— 32
Q= "Frro0ss) (3.21)
The cumulative infiltration is also
F= (P - a) - Q
and, after substituting from Equation (3.19),
_(P+1) xS -
F= (P+1)+S (.22)

Note that Equation (3.21) has been reduced to only one unknown, the
storage parameter S. This parameter (in millimeters) can be obtained
from

25,400
S = —éN— 254 (3.23)

where CN is the runoff curve number that can be obtained from Table
3.9. All parameters in Equations (3.19)—(3.23) are in millimeters; P and
Q represent daily precipitation and runoff volumes.

The relation between excess rain (runoff) volume, precipitation, and
storage for different runoff curve numbers is plotted on Figure 3.16. The
watershed soil moisture conditions for determining the runoff curve
numbers have been classified by the SCS as follows:

AMC I: A condition of watershed soils where the soils are dry but not to
the wilting point, and when satisfactory plowing or cultivation takes
place.

AMC II: The average case for annual floods, that is, an average of the
conditions that have preceded the occurrence of the annual flood on
numerous watersheds.

AMC III: If heavy rainfall or light rainfall and low temperatures have
occurred during the 5 days prior to the given storm and the soil is
nearly saturated.

Table 3.9 gives the curve numbers for the average antecedent soil
moisture AMC II. The corresponding curve numbers for AMC I and
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TABLE 3.9
Moisture Conditions AMC = II)

137

Runoff Curve Numbers for Hydrologic Soil Cover Complexes (Antecedent Soil

Land-Use Description and Cover

Hydrologic Soil Groups

A B C D

Residential®
Average Lot Size Average Imperviousness” (%)
0.05ha (1/8 acre) 65
0.10ha (1/4 acre) 38
0.15ha (1/3 acre) 30
0.20ha (1/2 acre) 25
0.4 ha (1 acre) 20

Paved parking lots, driveways, etc.®
Streets and roads
Paved, with curbs and storm sewers

Gravel

Dirt
Commercial and business 85 (average)
Industrial districts 72

Open spaces, lawns, golf courses, cemeteries, €ic.
Good condition, grass cover on 75% or more of the area
Fair conditions, grass cover on 50% to 75% of the area

Hydrologic
Conditions
Fallow Straight row —
Row crops Straight row Poor
Straight row Good
Contoured Poor
Contoured Good
Contoured and terraced Poor
Contoured and terraced Good
Small grain Straight row Poor
Straight row Good
Contoured Poor
Contoured and terraced Poor
Contoured and terraced Good
Close-seeded Straight row Poor
legumes? or Straight row Good
rotational Contoured Poor
meadow Contoured Good
Contoured and terraced Poor
Contoured and terraced Good

77 85 90 92
61 75 83 87
57 72 81 86
54 70 80 85
51 68 79 84

98 98 98 98

98 98 98 98
76 85 89 91
72 82 87 89
89 92 94 95
81 88 91 93

39 61 74 80
49 69 79 84

77 86 91 94

72 81 88 91
67 78 85 89
70 79 84 88
65 75 82 86
66 74 80 82
62 71 78 81

65 76 84 88
65 75 83 87
63 74 82 85
61 72 79 87
59 70 78 81

66 77 85 89
58 72 81 85

55 69 78 83
63 73 80 83
51 67 76 80
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TABLE 3.9 Contnued

Hydrologic Soil Groups

Land-Use Description and Cover A B C D
Pasture or range Poor 68 79 86 89
Fair 49 69 79 84

Good 39 61 74 80

Contoured Poor 47 67 81 88

Contoured Fair 25 59 75 83

Contoured Good 6 35 70 79

Meadow Good 30 58 71 78
Woods or forest land Poor 45 66 77 83
Fair 36 60 73 79

Good 25 55 70 77

Farmsteads — 59 74 82 86

Source:  After Soil Conservation Service (1968).

?Curve numbers are computed assuming the runoff from the house and driveway is directed toward the
street with a minimum of roof water directed to lawns where additional infiltration could occur.
®The remaining pervious areas (lawns) are considered to be in good pasture condition for these curve

numbers.

“In some warmer parts of the country a curve number of 95 may be used.

4 Close-drilled or broadcast.
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FIGURE 3.16.  SCS rainfall-runoff transformation concept and runoff curves.
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TABLE 3.10 Runoff Curve Number Correction for AMC 1

and AMC III
Corresponding CN for AMC
CN for AMC
Condition II Condition | Condition III
100 100 100
95 87 99
90 78 98
85 70 97
80 63 94
75 57 91
70 51 87
65 45 83
60 40 79
55 35 75
50 31 70
45 27 65
40 23 60
35 19 55
30 - 15 50
25 12 45
20 9 39
15 7 33
10 4 26
5 2 17
0 0 0

Source:  After Soil Conservation Service (1968).

AMC III can be read from Table 3.10 if the CN for AMC II are known.
The correction for the curve numbers can also be calculated from
empirical equations given by Chow, Maidment, and Mays (1988) as

4.2 CN(II)
= 3.24
N = 1= 0,058 NG 24
and
CN(IID) = 23 CN(11) (3.24b)

10 + 0.13 CN(II)

Table 3.11 provides seasonal rainfall limits for the three antecedent soil
moisture conditions.
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TABLE 3.11 Determination of Antecedent Soil Moisture
Conditions

Total 5-day Antecedent Rainfall (mm)

AMC Dormant Season Growing Season
I Less than 12.5 Less than 35
II 12.5-28 35-53

III Over 28 Over 53

Source:  After Soil Conservation Service (1968).

Example 3.5: Estimation of Daily Excess Rain by the SCS Method

Estimate the rainfall excess for the storm using the SCS method. The
following information is given:

Total precipitation P = 61.5mm

Hydrologic soil group C-

Antecedent 5-day rainfall (dormant season) 35 mm
Surface cover—grass

Solution Using the information given in Table 3.11 the antecedent soil
moisture conditions are AMC III. From Table 3.9, which gives the
information on runoff curve numbers for AMC II the runoff curve
number for grass (meadow) and soil hydrologic group Cis CN = 71. The
correction for AMC III is read from Table 3.10. By interpolation, the
corresponding curve number for AMC III is 83.

The storage parameter is then (Eq. (3.23))

S="""_254 =52

The depth of excess rainfall becomes (Eq. (3.21))

_(61.5 — 0.2 x 52)?
(61.5 + 0.8 X 52)

Q

= 25.3mm

Excess rain can also be read from Figure 3.16.
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TABLE 3.12  Calculation of Excess Rain from a Hyetograph

Cumulative

Precipitation
Time Rainfall (volume, mm)
Interval Intensity ———————— f(P_a) f(P) Excess Rain, AQ
(min) (mm/hr) - Ar ! (mm) (mm) (mm) Cumulative Q
(1) ) 3) 4) (5) (6) (7 (mm)

0-15 30.0 0.0 7.5 0.0 0.0 0.0 0.0

15-30 120.0 7.5 37.5 0.0 9.31 9.31 9.31
30-45 80.0 37.5 57.5 9.31 22.39 13.08 22.39
45-60 16.0 57.5 61.5 22.39 25.33 2.94 25.33

Note:  Column (4) = column (3) + column (2) x At [hr].

Example 3.6: Excess Rain by the SCS Method from a Hyetograph

The SCS method also enables a detailed but approximate estimation of
excess rainfall from a hyetograph, such as the one shown on Figure 3.15.
In this example, the excess rainfall in a 15-minute interval will be
determined following the relationship expressed by Equation (3.21).
From the equation

AQ =f(Pt) _f(Pt—At)

where f is the function expressed by Equation (3.21). The calculation is
shown in Table 3.12. In the calculation, § = 52mm (from the previous
example) and Q = 0if P < 0.25S = 0.2 X 52 = 10.4mm.

Rainfall Excess from Impervious Areas

Because of the surface impermeability and small-depression storage, the
impervious areas (asphalt and concrete pavements, rooftops, etc.) appear
to be 100% active (i.e., they generate surface runoff even during small
rains). However, not all of the rainfall excess will appear as surface
runoff. Thus the impervious area from which excess rain overflows onto
adjacent pervious surfaces and, subsequently, into soils is considered to
be not directly connected. Such cases include roof drains and driveways
overflowing onto lawns, roadways and other impervious surfaces with
poor or no apparent drainage, and parking lots separated by pervious
areas. The rainfall excess generated on impervious areas that overflows
onto adjacent pervious areas is added to the hydrological balance of the
pervious area, that is, the depth of precipitation should be increased by
the corresponding amount of overflow from adjacent impervious surfaces.
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It is apparent that a fraction of the impervious areas directly connected
to the drainage system increases with the degree of urbanization reflected
in the total imperviousness of the area. Rainfall excess on impervious
surfaces in predominantly rural areas will mostly overflow onto adjacent
pervious surfaces or pervious road ditches. In densely built-up urban
zones, there may not be pervious surfaces available, so all runoff will be
connected to a sewer or channel drainage system. An approximate
relation of the fraction of the directly connected impervious surfaces
(DC) to the total imperviousness of the area is shown on Figure 3.17.

In rural zones, during medium- and low-intensity storms, when most of
the surface runoff originates from impervious surfaces, the volume of the
surface runoff might be sensitive to the magnitude of the parameter DC.
It is therefore recommended that the value of the DC factor be estimated
and verified by comparison of the computed surface runoff volumes to
measured field observations. Commonly during modeling, the DC factor
is a calibration parameter. Areas with storm or combined sewers will
have a much higher DC factor than unsewered areas.

Hydrologically Active Areas

Based on the net rain estimation, it is evident that not all areas within the
watershed will generate surface runoff and, thus the diffuse pollution
associated with it. The areas that will produce surface runoff are called
hydrologically active, while the rest of the basin contributes only to
interflow and base flow (they may also be contaminated by dissolved
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RAINFALL

NON-CONTRIBUTING AREA

CONTRIBUTING AREA

FIGURE 3.18. A hydrologically
active area concept for natural 2- YEARS RECURRENCE 10-YEARS RECURRENCE

watersheds. (After Engman, 1974.) INTERVAL INTERVAL

pollutants and ions). The areas showing the highest hydrological activity
are obviously connected to impervious surfaces (even in this instance the
depression storage must be subtracted), followed by clayey soils with low
permeability, frozen soils with a high moisture content, soils with a high
ground-water table, and highly compacted soils.

Areas with high surface storage, such as woods and flat cropland and,
generally, soils with high permeability rates, have the lowest hydrologic
activity, and often generate surface runoff only during extreme storms.
Remember that the hydrological activity of an area is a stochastic
hydrologic phenomenon and that the surface runoff is not generated
uniformly over the entire watershed. The extent of the hydrologically
active portion of the watershed also changes with the rainfall
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characteristics. antecedent soil conditions, and surface characteristics.
The contributing hydrologically active area will be smaller for storms with
a small recurrence interval and will increase with the magnitude of the
storms and their recurrence interval. Figure 3.18 shows an example of
contributing areas for 2-year- and 10-year- recurrence storms in a
watershed.

Identification of the areas that have a tendency to be hydrologically
active is a necessary step in the abatement of diffuse pollution. These
areas contribute to sediment and all surface runoff pollution. Hy-
drologically active areas can be determined by field surveys, plane and
satellite photogrammetry and imagery, and by hydrological modeling.
Topsoil distribution of a radioactive isotope cesium 137, which originated
in the atmospheric nuclear weapon tests of the 1950s, will indicate
erosive, hence hydrologically active areas (Ritchie, Sparberry, and
McHenry, 1974). Chapter 5 contains a more detailed discussion on the
methods of identifying erosive lands.

Reducing hydrological activity, for example, by increasing surface
storage or permeability, or by draining high ground-water levels, is one of
the most effective measures to abate diffuse pollution potential. Simiiarly,
‘“disconnecting” the connected impervious areas is one of the most
effective measures of controlling both flooding and pollution by urban
runoff (Livingston and Roesner, 1991). This control can be accomplished
by letting the roof drains overflow onto the adjacent pervious areas,
incorporating infiltration into the drainage system, and other means that
are discussed in Chapter 10.

OVERLAND ROUTING OF THE
PRECIPITATION EXCESS

Excess or net rain can be imagined as the depth of water on the surface
contributing directly to surface runoff. Overland flow routing is a process
by which excess rain is transformed into surface runoff flow. In contrast,
channel flow routing is a process by which a flow or flood wave is modified
as it moves downstream through the channel system. It is defined as a
procedure whereby the time and magnitude of a flood wave is determined
at a point in a stream from the known or assumed data at one or more
points upstream (Chow, 1964).

The watershed size and the length of the overland flow, along with the
roughness and slope characteristics, volume and intensity of precipitation,
and percent of imperviousness, seem to be the most important factors
affecting the shape and magnitude of the surface runoff hydrograph. For
larger drainage areas, the hydrograph curve is also affected by channel
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routing. The channel portion of the routing process may not be significant
for small watersheds of up to 5km?. Channel routing is a process that
depends on the hydraulic characteristics of the channel.

Although the hydrograph shape seems to be of lesser importance in
diffuse-pollution control than the determination of rainfall excess, the
hydrograph evaluation is necessary if the impact of diffuse pollution on
receiving waters is studied. Furthermore, it is demonstrated in Chapter 5
that the delivery of pollutants from the source area to a receiving body of
water is affected by the characteristics of the hydrograph, namely, by the
slope of the receding portion of the hydrograph.

The literature on storm-water and flow routing is quite extensive, and
the most recent references include those by Bras (1990), McCuen (1982),
Chow. Maidment, and Mays (1988), Gray (1973), Hall (1984), and
Viessman, Lewis, and Knapp (1984).

Early overland flow-routing models are known as the rational formula
and the wunit hydrograph. Both concepts are oversimplified, though found
to be theoretically sound.

Rational Formula

The origin of the rational formula, known in Great Britain as the Lloyd-
Davis Formula, can be dated back to the second part of the nineteenth
century, since when it has been used for the design of storm and
combined sewer and drainage systems. It relates the peak flow of runoff
in a sewer or drainage basin outlet to the rain intensity as

0, = CIA (3.25)

where
Q, = peak runoff discharge (I/min or cfs)
C = a runoff coefficient depending on the characteristics of the drainage

area

I = the average rainfall intensity during a specified time interval called
the time of concentration (mm/min or in./hr)

A = area (m? or acres).

The time of concentration is the time required for surface runoff to
travel from the remotest part of the drainage area to the point of
consideration (sewer inlet or sewer or watershed outlet). It consists of the
overland flow time (inlet time) and sewer or channel flow time. The flow
time in sewers may be estimated from the hydraulic properties of the
conduit. The overland flow time is related to the watershed slope,
roughness, length of the overland flow, and storm characteristics. The
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TABLE 3.13  Runoff Coefficients for the Rational Formula

Description of the Area

Urban Areas Runoff Coefficient

Busines

Downtown 0.7-0.95

Neighborhood 0.5-0.7
Residential

Single family 0.3-0.5

Multiunits—detached 0.4-0.6

Multiunits—attached 0.6-0.75
Residential—suburban 0.25-0.4
Apartments 0.5-0.7
Industrial

Light 0.5-0.8

Heavy 0.6-0.9
Pavements

Asphalt and concrete 0.7-0.95

Bricks 0.7-0.95
Roofs 0.75-0.95
Lawns—sandy soils

Flat, slope 2% or less 0.05-0.10

Average, slope 2%-7% 0.10-0.15

Steep, greater than 7% 0.15-0.20
Lawns—tight soils

Flat, slope 2% or less 0.15-0.17

Average, 2% -7% 0.18-0.22

Steep, greater than 7% 0.25-0.33

Rural areas Value of C*

Topography

Flat land with slopes less than 1% 0.3

Rolling land with average slopes 1% -3% 0.2

Hilly land with average slopes of 3% -6% 0.1
Soil

Tight, impervious clay 0.1

Medium, combination of clay and loam 0.2

Open, sandy loam 0.4
Cover

Cuitivated land 0.1

Woodland 0.2

Source:  Data for urban areas from American Society of Civil
Engineers (1982) and for rural areas from Gray (1972).

“The magnitude of the runoff coefficient, C, is obtained by adding
values of C's for each of the three factors (topography, soil, and
cover) and subtracting the sum from unity. For example. for fiat
cultivated watershed with medium soils C = 1 — (0.3 + 0.2 + 0.1) =
0.4.
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nature of the time of concentration and its relation to the peak time of
the hydrograph are discussed in the next section. In sewered watersheds,
however, the overland flow time to the nearest inlet may be very short,
ranging between 5 and 30 minutes. In well-developed areas with closely
spaced storm inlets, an inlet time of 5 minutes is common, whereas in flat
residential districts with widely spaced street inlets, inlet times of 20 to 30
minutes are customary (Novotny et al., 1989).

The runoff coefficient, C, of the rational formula given in Table 3.13 is
a ratio of the peak runoff flow to the rainfall intensity of a constant,
longer duration rainfall. This is not hydrologically correct since runoff
is a residual of precipitation after losses are subtracted, which was
documented in the previous section. Thus the coefficients given in Table
3.13 are only approximations. The rational formula estimates directly the
peak runoff rate and indirectly rainfall excess, since under certain
circumstances the coefficient C also expresses the relation between
rainfall excess and total rainfall. Theoretically, C would equal one if
rainfall excess during the time of concentration was used instead of the
total rainfall.

A good discussion on the nature of the rational formula and its
coefficients is given in Hall (1984), who states that the runoff coefficient
should be considered as an “‘impermeability’’ factor, which is more logical
than to consider it as a proportionality factor. An obvious simplifying
assumption is to use the ratio of paved (impervious), connected surfaces
to the total area as an estimate of the runoff coefficient.

If the drainage area is not homogenous, the area must be first divided
into homogenous segments (roofs, streets, lawns) with partial areas A,
A,, As, etc. The average runoff coefficient, C, can then be computed
using the coefficients for the partial surface areas, C;, C;, Cs, etc., as
follows

_A1C1 +A2C2 +A3C3 + -

C
A1+A2+A3+

(3.26)

An accurate estimation of the runoff coefficient is the most important
task of the entire calculation, as can be seen when considering the large
differences between the values in Table 3.13. The values of the
coefficients, C, in the table correspond to rather flat catchments; larger
runoff coefficients should be selected for steeper catchments.

Example 3.7: Rational Formula

Determine peak runoff and approximate runoff hydrographs from a
uniform rainfall with an average intensity of 20 mm/hr, lasting two hours.
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Solution The residential watershed with an area of 50 hectares is
composed of the following:

Roofs: 25% (C = 0.9)
Asphalt pavements: 25% (C = 0.8)
Lawns on flat tight soils: 50% (C = 0.15)

The watershed is drained by a 0.6-km-long storm sewer with a design flow
velocity of 1.5m/sec.

1. Estimated average runoff coefficient

_025%x09+0.25x08+0.5x0.15

¢ 025 +0.25+0.5

= (.505

2. Estimated time of concentration

Overland flow time: assume 30 min

Sewer time = length/velocity = 750(meters)/1.5(m/sec)
= 500sec = 8.33 min

Total time of concentration is 38.3 minutes which is less than 2 hrs. The
peak flow is

Q, = 0.505 x 20(mm/hr) X (1/60hr/min) x 50(ha) X 10*(m*/ha)
84 166(1/min)/[60(sec/min)/1000(1/m?)]
= 1.402 m>/sec

The approximate surface runoff hydrograph is plotted in Figure 3.19.
Note that the time length of the ascending and recessed limbs of the
hydrograph are approximately equal to the time of concentration.

The Unit Hydrograph
The concept of the unit hydrograph was conceived by hydrologists more
than 60 years ago (Sherman, 1932), mostly from observations without
theoretical mathematical development, which followed later.

Chow (Chow, Maidment, and Mays, 1988) defined two basic dif-
ferential equations governing overland flow. The first equation is an
equation of continuity, such as

—=1-0 (3.27)
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FIGURE 3.19. Simplified hydrograph for Example 3.7 (rational formula). ;

where

S = water storage within the watershed system
I = input (excess rainfall)

Q = output (runoff flow)

t = time

The second equation relates the outflow rate to the amount of storage

and to the inflow. At this point this equation will be represented by a
general equation, such as

Q = f(S,1) (3.28)

Chow and coworkers have then shown that this general storage—input-
output relationship can be expressed using the so-called convolution
integral

Q@) = fo t h(t)I(t — 1) dt (3.29)
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where
h(t) = the ordinate of the instantaneous unit hydrograph (IUH)
1 = lag time

The instantaneous unit hydrograph in Equation (3.29) is the watershed
response to a short-duration unit rainfall. Theoretically, to conform with
the mathematics, the duration of the rainfall pulse defining the unit
hydrograph should be infinitesimally small to instantaneous. The input-
output relationship expressed by Equations (3.24) to (3.26) is typical for
linear systems, that is, for systems where the shape of the unit hy-
drograph does not depend on the magnitude of the input or output of
the system. The unit hydrograph concept defined herein corresponds to
the linear system representation.
Under the assumption of linearity the following two theorems hold:

1. If the input of Equation (3.28) is multiplied by a constant, such as
¢ X I, then the output is also multiplied by the same constant, or
¢ X Q (principle of proportionality).

2. If two solutions f;(Q) and £,(Q) of Equation (3.29) are added, the
resulting solution f;(Q) + fo(Q) is also a solution of the equation
(principle of superposition).

Based on these two theorems any excess rainfall input can be broken
down into the rainfall pulses of the same duration as the unit rainfall
input defining the unit hydrograph. The volume of the rainfall pulse 1s
then the multiplier determining the magnitude of the individual response
hydrograph. All individual response hydrographs are then summed up as
shown graphically on Figure 3.20. The same principle is incorporated into
several hydrologic models as an overland flow-routing routine.

T
z I
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x S w
w
& x o
w S AREA=1.0 z
: : 2
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z
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TIME ¢ LAGTIME T TIME

FIGURE 3.20.  Graphical convolution of excess rainfall into runoff
using unit hydrograph concept.

R0023127



Overland Routing of the Precipitation Excess 151

V -shaped watershed Coscade watershed

FIGURE 3.21.  Representation of watersheds in simple lumped-parameter
rainfall-runoff models.

The principle of linearity implied in the unit hydrograph concept was
subsequently questioned. Horton (1939b) and Izzard (1946) showed that
the ordinates of the unit hydrograph, its peak time, as well as the time of
concentration in the rational formula, depend on the intensity of the
rainfall excess.

Synthetic Unit Hydrographs

The functions describing the instantaneous unit hydrograph can be based
on two simplified watershed representations (Fig. 3.21). The first
representation is a two-plane V-shaped watershed, as shown on the left
side of Figure 3.21. The hydrograph solution for this watershed can be
obtained by kinematic wave approximation (Henderson and Wooding,
1964; Wooding, 1965; Overton and Meadows, 1976). Equations (3.27)
-and (3.28) are represented in this concept by

0H dq

—+ =i

ot  0x f
and

q = aHP (3.30)

where
H = water depth
q = the discharge rate/unit width
i — f = rainfall excess
x = distance measured downstream from the top of the catchment
a,B = empirical coefficients
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The kinematic wave model can be applied to small drainage areas of
uniform slope and surface characteristics, such as parking lots and
highways. The numerical solutions and various types of hydrographs are
discussed in Overton and Meadows (1976).

The second watershed representation breaks the watershed into a
series of overflowing pool-cascades and uses the continuity equation (Eq.
(3.27)) for routing the flow. For a single reservoir the storage-—outflow
relationship (Eq. (3.28)) is expressed by

S=KxQ (3.31)

where K is called the single-reservoir watershed constant. Substituting
Equation (3.31) into the continuity equation (Eq. (3.27)) will yield to the
following one-dimensional differential equation

2

dt+Q=I

the solution of which for a unit rainfall input pulse is

1
h(t) = Ee‘f”‘ (3.32)

The cascade watershed instantaneous unit hydrograph function was
developed by Nash (1957) as

1 e—!/KN t n—1
h(r) = — <—> 3.33
( Ky I'(n) \Kn (-39
where
K, = multiple basin storage constant
n = a watershed characteristic representing approximately the number

of reservoirs
I'(n) = the gamma function of n

Note that if n = 1, then the formula will yield the single reservoir
model expressed by Equation (3.32). In the watershed modeling process,
the principal question is how many equal linear “pools”™ are needed for an
adequate model? Based on the authors’ experience, n = 1 gives
satisfactory results for a small watershed of up to 10km?. For larger
watersheds, the ranges of n may be higher; however, as pointed out by
Overton and Meadows (1976), the model quickly approaches translation
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(that is, the results are not much different from n — ) for n > 5. An
analysis of a very large number of storm hydrographs by Holtan and
Overton (quoted in Overton and Meadows, 1976) indicated that n = 2
produced optimum results in fitting computed runoff hydrographs to
measured data.

The constants K and Ky and the reservoir characteristics that can be
corelated to the travel time of water from the most remote point on the
watershed to the watershed outlet. This time parameter is called the time
to equilibrium or time of concentration, t.. According to Rao, Delleur,
and Sarma (1972)

t,=K=nXx Ky (3.34)

The time of concentration as previously defined is the theoretically
correct time parameter that should also be used in the rational formula
discussed in the preceding section. As shown on Figure 3.22, the unit
hydrograph concept can be used to derive theoretical justification for the
rational formula, which in this case is the watershed response to uniform
rainfall that is equal or greater in length than the time of concentration.

EXCESS J \
WL A A
.\
TOTAL FLOW
Time to equilibrium
FLOW
m?/sec
Individual UHs
TIME

FIGURE 3.22. Rising (S-curve) hydrograph and time to equilibrium estimated by
convolution of a long-duration uniform excess rainfall.
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The rising limb of the hydrograph (so-called S-curve) is obtained by a
summation of individual unit hydrographs multiplied by the average
rainfall within the storm. It can be seen that equilibrium is reached when
the time approaches the time of concentration.

Henderson and Wooding (1964) used the kinematic wave ap-
proximation for a V-shaped watershed and developed the following
equation for 7,:

L X np)°°
f, = 6.9(——1,(@% (3.35)

where
t, = time to equilibrium (min)
L = length of the overland flow (m)

TABLE 3.14 Manning’s Roughness Coefficient, n,, for

Overland Flow

Ground Cover

Manning’s n,,

Urban zones

Smooth asphalt 0.012
Street pavement 0.013
Asphalt or concrete paving 0.014
Packed clay 0.03
Light turf 0.20
Dense turf 0.35
Dense shrubbery or forest litter 0.40
Short grass 0.03-0.035
High grass—submerged flow 0.025-0.05
Heavy weeds—scattered grass 0.05-0.07
Nonurban zones

Fallow field

Smooth—rain packed 0.01-0.03

Medium—{reshly disked 0.1-0.3

Rough—freshly disked 0.4-0.7
Cropped field

Grass and pasture 0.05-0.03

Clover 0.08-0.25

Small grains 0.1-0.4

Row crops 0.07-0.2
Woods

Light underbrush 0.4

Dense underbrush 0.8

Source:  Compiled from several engineering texts and handbooks.
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i rainfall intensity (mm/hr)
S = slope (m/m)
n,, = Manning’s surface roughness factor (Table 3.14)

An almost identical formula was developed by Morgali and Linsley
(1965). Rao, Delleur, and Sarma (1972) statistically analyzed the
hydrograph curves for several urbanizing watersheds. The authors
investigated the effects of many variables on the shape of the runoff
hydrograph, and only those that were found to be statistically significant
were included in the final formula. Based on their work, ¢, and the
reservoir number n can be estimated from

(Aw)0.458(TR)0.104

te = 304 (1 + U)"%(;)0-26 (3.36)

and
(Aw)0.069 N
n = 2.23m)“im§§ (3.37)

where
t, = time to equilibrium (hr)
AW = watershed area (km?)
i = rainfall intensity (mm/hr)
U = fraction of the impervious area of the total watershed area

TR = rain duration (hr)

Note that minimum »n = 1.

Gray (1961) developed the following relationship for the watershed
constant, K, which is applicable to small rural watersheds (0.6 to
80 km?) in Wisconsin, Illinois, central lowa, and Missouri:

L \0-562
= 7.33( ) (3.38)

where

t. = time of concentration (min)

S. = average watershed slope (%)

L = length of watershed (km), which includes overland-flow length and
the length of the longest watershed channel
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FIGURE 3.23. Comparison of measured and computed fiows by a rainfall- runoff model
for a small urban (mixed land use) watershed in southeastern Wisconsin.

The formulas for the time of concentration are not overly sensitive to
the shape of the watershed.

Equations (3.35) and (3.36), which were obtained by a solution of the
kinematic wave equation for the watershed overland flow or by
statistically analyzing the hydrographs, indicate that the watershed
constants depend on the magnitude of the input (rainfall intensity), which
violates the assumption of linearity. It means that each partial rainfall
input will be convoluted with different unit hydrographs. This should
impose no problem in computer modeling applications and the results of

convolution should be fairly accurate for reasonably small watersheds, as
shown on Figure 3.23.

Example 3.8: Overland-Flow Routing by a Synthetic Hydrograph

For the rainfall excess computed in Example 3.3 and reported in Table
3.8, estimate the magnitude and shape of the surface runoff hydrograph if
the drainage area is 1km?, the slope is 2%, the surface area is covered by
grass, and 3% of the watershed is impervious.
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Solution Since the watershed size is less than 10km?, the watershed
reservoir number characteristic is selected as n = 1. This can be checked
from Equation (3.37) using the smaller rainfall intensity reported in Table
3.8, column 9. Hence, i = 44 mm/hr. Then

- 2.23(1.0)%%°
T (1 + 0.03)44%1°

Therefore the single reservoir routing formula (Equation (3.32)) can be
used to represent the unit hydrograph. The Manning roughness factor for
grass is close to 0.35. For i = 57mm/hr

(0.5 x 1000)°-80.35%°

K=t =609 57030 0203 = 98.2min = 1.64 hr
For i = 44 mm/hr
0.5 x 1000)°0.35%¢
K=t = 6.9( ) = 99.3min = 1.65hr

44°40.02°°

Since both storage constants are similar, linear response may be assumed.
The hydrograph computation using the following equation and convo-
Jution are shown in Table 3.15 and are plotted in Figure 3.24.

TABLE 3.15 Hydrograph Calculation for Example 3.8

Ordinates of the Hydrograph (m>/sec)

Time (min) Unit Hydrograph

tort at Time 1 P = 57mm/hr P = 44mm/r at Time ¢ Total
0 0 0 0 0
15 0.56 0 0 0
30 0.48 2.22 0 2.22
45 0.41 1.90 1.71 3.61
60 0.35 1.62 1.47 3.09
75 0.31 1.38 1.26 2.64
90 0.26 1.22 1.07 2.29
105 0.23 1.03 0.95 1.98
120 0.19 0.91 0.79 1.70
150 0.15 0.67 0.64 1.31
180 0.1 0.49 0.46 0.95
210 0.08 0.38 0.34 0.72
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FIGURE 3.24.  Rainfall-runoff convolution for Example 3.8.
Flow(m®/sec) = Area(m?) X ———— X hr
1000mm 3600 sec
r
X O [Xi—e X h(1) X Af]
r=0
where

X = rain intensity (P in mm/hr)
h = hydrograph ordinate
At = time increment

Overland Routing by the SCS Method

The U.S. Soil Conservation Service hydrologic method (Soil Con-
servation Service, 1968) provides a methodology for overland routing
of excess rainfall. Excess rain is determined, for example, in hourly
intervals, as shown in Example 3.6.
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FIGURE 3.25. The Soil Conservation Service dimensionless unit hydrograph.

The Soil Conservation Service (SCS) proposed the dimensionless
triangular hydrograph shown on Figure 3.25. This shape is based on
the SCS analysis of numerous measured hydrographs under varying
watershed and rainfall conditions. The peak time is the only parameter
determining the shape of the hydrograph.

The peak time, ¢,, according to Figure 3.25, is as follows:

t, =D/2 + 4 (3.39)
where

t; = the lag time from the centroid of the rainfall pulse
D = duration of the unit rainfall pulse

The hydrograph is approximated by a triangle with its peak at ¢, and its
base 1, = %tp, which the SCS suggests is the best approximation of a unit
hydrograph for typical rural watersheds. The recession time of the
hydrograph is then ¢, = 1, — t, = 31,.

The area under the unit hydrograph then equals the unit volume of the
rainfall excess, or
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1=1q,0, +1) (3.40)

or

|

__1,( 2 )— 3.41
= \T+u) 1, 34D

where g, is the peak runoff rate of the unit hydrograph.

For unit rainfalls given in millimeters and flow in cubic meters/second
the watershed constant K has to include the watershed area and a
conversion between the units. For watershed area, A, in hectares, rainfall
excess in millimeters, ¢, in hours, and #,/t, = %, as obtained from the
dimensionless unit hydrograph on Figure 3.25, Equation (3.41) for peak
runoff of the unit hydrograph becomes

A

T = (480 x 1,)
The lag time, #; is estimated from

1 L%8(S + 25.4)%7
il = 5053 @os

(3.42)

where

L = the length of overland flow to divide in meters
S = watershed storage defined by Equation (3.23)
Sl = percent slope of the watershed

In order to include the effect of imperviousness in urban or suburban
watersheds and transportation corridors, the lag time is adjusted (i.e.,
multiplied) by the lag factor LF defined as

LF = 1 — PRCT(—-0.006789 + 0.000335CN — 0.0000004298 CN?
— 0.00000002185 CN?) (3.43)

in which CN is the runoff curve number (Table 3.9) and PRCT is the
percent imperviousness of the area or percent of the drainage system that
has been channelized and lined.
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The average lag time i1s 0.6 X time of concentration or ¢, = 1.666 X 1,.
Then the duration of the rainfall pulse for convolution can be related to
the time of concentration and peak time as follows

D = 0.133¢.
and
D = O.2t,,

Small variations of D are permitted, but they should not exceed 0.25z, or
0.17t. (Viessman, Lewis, and Knapp, 1989). :

Example 3.9: Determination of the SCS Unit Hydrograph

Determine the triangular SCS unit hydrograph for a 250-ha watershed
that has been developed into a residential subdivision. The flow length
is 2000 m, the slope is 3%, the watershed is 25% impervious, and the run-
off curve number is CN = 80. Determine the uncorrected time of
concentration.

Solution From Equation (3.23) § = 25400/80 — 254 = 63.5; then

!

_ (2000)°%(63.5 + 25.4)°7

053 30 = 0.83hr

Correct ¢, for imperviousness

LF =1~ 25 x (—0.006789 + 0.000335 x 80 — 0.0000004298 x 80?
— 0.00000002185 x 80%) = 0.848

4 =LF X 1} = 0.848 x 0.83 = 0.70hr

The time of concentration 7, = 1.666 X t; = 1.17 hr.
The duration of the rainfall pulse for convolution should be about

D = 0.1333¢. = 0.1333 x 1.17 = 0.15596 hr = 9.35 min
Select D = 10min = 0.16667 hr. The peak time is then

D 0.1667
+ 4= >

t, =

» =5 + 0.7 = 0.87hr = 52.2 min
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FIGURE 3.26.  SCS unit hydrograph for Example 3.9.

also

t,=3t, = 1.44hr
tp = §t, = 2.31hr = 138.6 min
The peak of the unit hydrograph is then

250
g, = 0.0020833 x A 0.0020833 x = = 0.60m* sec™! mm ™!
tp 0.87

The plot of the unit hydrograph is in Figure 3.26.

Example 3.10: Convolution with the SCS Unit Hydrograph

The rainfall hyetograph given below is to be convoluted into surface
runoff by the SCS method. The watershed characteristics and the UH are
given in Example 3.9. The excess rainfall is estimated in Table 3.16 by

Equation (3.21).

From Example 3.9
D = 10min
t, = 0.87hr = 52.2min
t, = 2.31hr = 138.6 min

gy = 0.6 m> sec”' mm™*

R0023139

e e



Overland Routing of the Precipitation Excess 163

TABLE 3.16 Excess Rain Calculation

Rainfall Intensity  Cumulative Cumulative Excess Rain 10 min

Time Interval,+  (Hyetograph), ; Rainfall, TR Excess Rain, Q Pulse, QRP
(min) (mm/hr) (min) (mm) (mm)
(1) 2) (3) (4) (5)

0-10 36 6 0 0
10-20 36 12 0 0
20-30 54 21 0.95 0.95
30-40 60 31 4.09 3.14
40-50 30 36 6.25 2.16
50-60 0 36 6.25 0

Notes:  Column (3) TR = i/D; column (4) Q from Equation (3.21); column (5) QRP = Q, - Q._p.

The excess rainfall in column (5) is then convoluted with the SCS
triangular UH with parameters calculated in Example 3.9. The ordinates
of the UH are calculated in Table 3.17.

The hydrograph ordinates in columns (II), (III), and (IV) are obtained
by multiplying the ordinates of the UH by the excess rain pulse shifted in
time to place the begging of the hydrograph at the beginning of the excess
rain pulse. Columm (V) is the summation of columns (I) to (IV).

Statistically Estimated Unit Hydrograph
The most desirable unit hydrographs (UH) are those estimated from
monitoring data. Engineering manuals and hydrology textbooks
recommend that the hydrograph be determined from hydrographs of
several storm events. As pointed out previously, due to the nonlinearity
of the process, determination of one uniform UH is not possible.
Preferably the UH is determined from a hydrograph resulting from a
short-duration, uniform, intense storm. If such a hydrograph is available,
then the UH is determined from the measured hydrograph by dividing
the ordinates of the hydrograph by the total hydrograph volume, ex-
pressed in millimeters (inches), of the runoff volume distributed over
the watershed area. Before the UH is estimated, flow components other
than those directly driven by the rainfall—including infiltration into
sewers, ground-water base flow and interflow—must be subtracted from
the measured hydrograph, which is neither easy nor straightforward (see,
for example, Linsley, Kohler, and Paulhus (1982) for the procedures of a
single storm-single runoff peak UH determination).

Chow, Maidment, and Mays (1988) and Bras (1990) describe several
procedures of deconvolution for more complex hydrographs resulting
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TABLE 3.17

Calculation of the Coordinates of the Unit Hydrograph and Convolution of Excess Rainfall into Surface Runoff

Unit Hydrograph

Convolution

Real Storm Time (min)

20-30 30-40 40-50
Excess Rain (mm)

0.95 3.14 2.16
Lag Time t Runoff Time Partial Hydrograph (m?/s) Total Runoff
(min) t/t, q/q, q (m3/sec-mm) (min) (m?/s)
(1) (2) (3) 4) ) (1T (111) (1v) (V)
0 0 0 0 0 0 0 0 0

10 0.192 0.192 0.115 20 0 0 0 0

20 0.383 0.383 0.230 30 0.109 0 0 0.109
30 0.575 0.575 0.345 40 0.218 0.361 0 0.579
40 0.766 0.766 0.460 50 0.327 0.722 0.248 1.297
50 0.958 0.958 0.574 60 0.437 1.083 0.496 2.017
52.2 1.000 1.000 0.600 70 0.545 1.444 0.745 2.734
60 1.149 0.910 0.546 80 0.519 1.802 0.994 3.314
70 1.341 0.795 0.477 90 0.453 1.714 1.240 3.407
80 1.533 0.679 0.408 100 0.387 1.497 1.179 3.063
90 1.724 0.564 0.338 110 0.321 1.281 1.030 2.632
100 1.915 0.465 0.279 120 0.265 1.061 0.881 2.207
110 2.107 0.333 0.200 130 0.190 0.876 0.730 1.796
120 2.298 0.217 0.130 140 0.123 0.628 0.603 1.353
130 2.490 0.102 0.061 150 0.058 0.408 0.432 0.898
138.6 2.66 0.000 0.000 160 0.0 0.191 0.281 0.472

170 0.0 0.0 0.132 0.132
180 0.0 0.0 0.0 0.0
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from more complex rainfall. Generally, the deconvolution is obtained
from a set of equations expressed in matrix form

[R] [h] = [Q] (3.44)

where [R] is the vector of rainfall data, [Q] is the corresponding flow
vector, and [h] is the unit hydrograph expressed here as a polynomial.
Several numerical procedures for deconvolution were presented by Bras
(1990).

However, Chow et al. (1988) warned that given [R] and [Q], there 1s
usually no direct solution for [h]. The solution must be found by
minimizing the least-square errors between the measured and computed
[Q]; however, the solution is not easy because the many repeated and
blank entries in [R] create computational difficulties.

The limitations and difficulties of the UH determination from
measured data were summarized by Novotny and Zheng (1989) as
follows:

1. Direct estimation of UH is difficult, especially when the hydrograph
contains flow components other than surface runoff. The separation of
hydrograph components into surface runoff, interflow, and base and
sewage flow is generally inaccurate and arbitrary.

2. The UH is commonly estimated from a few characteristic storms.
However, since only net rain contributes to the surface runoff
component of the hydrograph, all precipitation losses (infiltration,
evapotranspiration, surface storage) must be subtracted or the net rain
will be determined from the surface runoff volume only. The losses
are generally highly variable, almost random processes; therefore,
deterministic (not considering the random component) net rain
estimates usually carry large errors.

3. There are also physical inconsistencies of such functions, and some
portions of the estimated hydrographs have negative and undulating
ordinates.

Somewhat better results can be obtained by using dynamic hydrologic
models where the output from the watershed hydrologic model is
matched with a time series of measured data. The model must have a
synthetic UH function incorporated in the structure of the program, and
the parameters of the function are obtained by calibration and verifica-
tion processes (see Chap. 8 for a description of the models and of their
calibration and verification). The estimates of the UH function relies
heavily on the adequacy of the function itself, on the accuracy of the
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FIGURE 3.27.  Stochastic rainfall-runoff transformation process that includes
deterministic stochastic transfer function and input random noise.

separation of nonsurface flow contributions, and on the accuracy of the
data. Furthermore, calibration and verification, which are often ac-
complished by eye fitting the measured and computed data, do not give
an unbiased UH function estimate.

Novotny and Zheng (1989) proposed an ARMA -transfer-function
model to represent the relationship between the rainfall and flow time
series. Following standard ARMA modeling concepts (Box and Jenkins,
1976; Bras and Rodriguez-Iturbe, 1985), a standard rainfall-runoff
transformation model consists of two parts, as shown on Figure 3.27: (1)
a stochastic transfer of the input rainfall into the output hydrograph; and
(2) a noise term that is a filtered (transformed) uncorrelated random
series generically called white noise.

The ARMA modeling uses a backshift operator B introduced by Box
and Jenkins for convenience in expressing the time series, such as that for
any series BZ, = Z,_a, B*Z, = Z,_,;, and so forth. Then the input-
output rainfall-runoff transformation model can be written as

Q = h(B)R, + N, (3.45)
where
h(B) = a polynomial representing the UH function
R, = the rainfall or excess rainfall series
N, = the noise component
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In this simple representation it is not necessary to focus a priori on the
surface runoff component only if it is assumed that N, is another
stochastic model representing flows other than those due to rainfall. In
sewered watersheds, N, could be considered as dry-weather sewage and
wastewater contribution in combined sewers, cross-connections, and
illegal dry-weather flow connection in separate sewers, or base flow in
unsewered watersheds.

Also R, does not have to be limited to net rain, since net rain is
correlated to the total rainfall by some unspecified transfer function.
Furthermore, the amount of infiltration is also correlated to rainfall.
Thus, the transfer function h(B) can contain both overland and
subsurface routing components that, theoretically, could be separated and
identified. Hence, h(B) may or may not be similar to the theoretical
synthetic UH formula described previously.

Since N, is a filtered random series, it contains autocorrelative and
random components. These must be filtered out from the measured series
before the UH function h(B) can be estimated. Novotny and Zheng
(1989) developed a simple multiple-regression procedure that ac-
complishes filtering. In this procedure the measured hydrograph flows
are correlated to rainfall and to the past flow series as follows

Q= LQ, 1 + LO,-» + LQ, 3+t L Qr-m + woR, + 1R,
+ O)3R,_3 + -+ (onRt—n + @0 (3.46)

The constant @, is included to account for the fact that the noise term
(dry weather or base flow) may not have a zero mean. The polynomial
of I coefficients is called the inverse Green’s function. The size of
polynomials I and  is determined by observing the decrease in the mean
residual error and by the requirement that the error series represents
an uncorrelated series—white noise. The error series is created by
generating a series of one-step-ahead forecasts using the model and
subtracting the measured values from the forecasts as described by Box
and Jenkins (1976).

The identification of coefficients I(B) and «(B) and the constant ©g 1s
done by standard linear multiple-regression routines. Statistical auto-
correlation routines are used for the analysis of the series of residuals
(errors).

The polynomial of coefficients @ contains the UH function h(B);
however, it is ‘“‘corrupted” by the autocorrelative and moving average
terms of the noise. The filtering process involves the division of
polynomials w(B) and I(B) to yield the UH h(B) polynomial, or
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FIGURE 3.28. Rainfall and influent flows time series for an urban watershed with
combined sewers (Fusina, Region Veneto in Italy).

h(B) = ?((BE)) (3.47)

Example 3.11: Estimation of the UH Function by Stochastic Modeling

The method of Novotny and Zheng is used to estimate the UH function
for a combined sewer system. The daily rainfall and corresponding flow
series are shown in Figure 3.28.

The multiple regression of the time series of rainfalls and flows was
performed (Equation (3.46)) with varying magnitudes of the maximum
lags, m and n. In the analysis, m and n were kept equal. Using the F-test
the significance of the reduction of the mean square residuals was tested
along with the testing of the residual series as to whether they are white
noise. Table 3.18 shows the results of the estimation. It can be seen that a
transfer-function model of the order m = n = 7 provides an adequate
model. Figure 3.29 shows the autocorrelation function of the residuals.
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TABLE 3.18 Coefficient Estimation for Fusina System

ARTF Order
Parameters (1, 1) (3, 3) (5.5) 7.7) 9.9) (11,11) (@13,13) (15,15
oy () 3) 4) (5) (6) (7) (8) 9)
I 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
I 0.77 0.55 0.52 0.52 0.52 0.51 0.51 0.53
I, — 0.16 0.15 0.18 0.18 0.17 0.18 0.15
L — 0.14 0.11 0.15 0.15 0.15 0.13 0.13
1, — — 0.09 0.12 0.10 0.11 0.11 0.12
I e — 0.08 0.09 0.08 0.07 0.07 0.05
Iy — — — -0.11 -0.12 -0.13 -0.12 -0.11
1; — — — -0.08 -0.07 -0.08 —0.06 —0.06
Ig — — — — 0.07 0.06 0.03 0.02
Iy — — — — -0.03 —-0.02 -0.06 ~0.03
Lo — — — — — 0.10 0.07 0.06
Iy, — — — — — —0.04 -0.07 -0.07
o 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
W, -0.10 -0.06 -0.05 -0.05 -0.05 -0.05 —-0.05 —0.05
0% — -0.04 -0.04. -0.05 -0.05 -—-0.04 —-0.04 -0.04
®3 — -0.05 -0.05 -0.06 -0.05 —0.05 —0.05 -0.05
Wy — — -0.03 -0.04 -0.04 -0.04 -0.03 -0.04
s —_ — -0.01 -0.03 -0.03 —0.02 —0.02 -0.02
g — — — 0.04 0.04 0.05 0.05 0.05
W, — — — 0.01 0.01 0.01 0.01 0.01
g — — — — -0.02 -0.02 -0.01 -0.01
g — — — - -0.01 -0.01 0.00 0.00
D10 — — — — — -0.03 -0.02 -0.02
®1; — — —_ — — 0.00 0.01 0.01
©y 0.98 0.62 0.54 0.62 0.56 0.51 0.44 0.43
SSR 499 499 443 424 418 411 396 389
MSR 1.38 1.25 1.24 1.19 1.18 1.16 1.13 1.11
F-test — 19 3.2 7.8 2.5 2.9 2.1 3.0
Note:  The adequate model is ARTF (7, 7).

If the autocorrelation coefficients of the residuals for all lags greater
than zero are close to zero, then the series is a white noise. Figure 3.30
then shows the filtered UH function h(B), which has the character of a
multiple reservoir function for surface runoff. It is interesting to note that
the UH function shows a secondary peak with a much longer response
time. Since both surface runoff and infiltration (interflow + ground-water
inputs) are correlated with rainfall with different response times, the UH
response function is composed of two parts, one with a shorter response
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indicating that the residuals are a random white noise.
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time for surface runoff, and the second, longer response component for
infiltration. Hence, the rainfall-runoff transfer function obtained by this
method can be used for quantitative separation and evaluation of surface
runoff, ground-water inputs, and dry-weather sewage-flow components.
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The polynomial I(B) contains most of the information on the dry-
weather component that is not related to the rainfall (Zheng, 1989).

i11-5 Interflow

Interflow is that part of the subsurface flow that moves at shallow depths
and reaches the surface channels in a relatively short period of time. It is
therefore commonly considered part of the direct surface runoff
(Viessman, Lewis, and Knapp, 1989). Although the quantity of interflow
may represent only a small portion of total runoff, for some mobile
pollutants its pollution effect may be of the same order of magnitude as
the surface runoff. Interflow pollution originates mainly from salts and
pesticides deposited in soils. On the other hand, interflow may be free of
suspended pollutants.

The occurrence of interflow may be observed in areas where the
permeability of the subsoils is less than that of the upper soil zone,
causing horizontal movement of water in the upper soil zone. Lateral
water movement in soils is especially significant during the snowmelt
process, when subsoils are still frozen.

Theoretically, the amount of interflow could be computed from
Darcy’s law if the depth of the saturated upper zone storage, the
saturation permeability, and the slope of the piezometric soil water
surface were known. The Stanford Watershed Model (Crawford and
Linsley, 1966) approximated the outflow from the interflow storage as

INTF = aSRGX (3.48)
where
SRGX = current volume of water in interflow storage
a = an empirical coefficient

The volume of the interflow storage is continuously calculated by the
model using mass continuity equations in which the infiltration from the
surface is the source of water, and the ground-water recharge and
evapotranspiration are the losses or outflow.

GROUND-WATER SYSTEMS

Ground-water movement and occurrence are an integral part of the
hydrologic cycle. Almost all ground water originates from infiltrated
precipitation after subtraction of the surface losses—surface runoff,
evapotranspiration, and interflow. During prolonged dry periods, most of
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FIGURE 3.31.  Soil and ground-water flow zones.

the natural flow in surface waters, as well as infiltration into deep sewers,
originates from ground-water systems and is referred to as base flow or
ground-water runoff.

Subsurface Distribution of Water

Water below the ground’s surface occurs in four zones, which are shown
in Figure 3.31 (Todd, 1959):

1. Soil water zone, which begins at the surface and extends downward to
the end of the root zone. This zone is commonly unsaturated, except
during periods of heavy infiltration. Its depth varies, but is generally
from a fraction of a meter to a few meters thick.

2. Intermediate zone extends from the bottom of the soil zone to the top
of the capillary fringe zone.

3. Capillary zone extends from the ground-water table, and its height is
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determined by the capillary rise of water in pores of the soil. Due to
capillary suction forces. water in this zone occurs at less than
piezometric atmospheric pressures.

4. Saturated zone. The pores are completely filled with water, and water
exists at pressures that are greater than or equal to the atmospheric
pressure. The ground-water table is defined as the plane of a fully
saturated zone where water occurs at atmospheric pressure.

The soil and intermediate zones are called vadose zones (in Latin vadosus
means shallow) or zones of aeration. The zone of aeration contains voids
and cracks that are partially occupied by water and air. In the saturated
and capillary zones, all interstices are filled by water.

The direction of water movement in the vadose zone is primarily
vertical, except when the topsoil zone becomes saturated and the
interflow moves in a lateral direction. The direction of water movement
in the saturated zone is lateral (nearly horizontal). The top of the
saturated zone—the ground-water table—can be found in wells and
borings that penetrate into the saturation zone.

The vadose zone is the place where most of the pollutant—soil inter-
actions take place. It is a transition zone between surface contamination
and ground-water pollution. Many pollutants are effectively adsorbed by
soil particles and/or are decomposed in soils and will not penetrate the
vadose zone, but other pollutants will penetrate the vadose zone and may
potentially contaminate ground-water resources.

The vadose zone can be absent under the high ground-water conditions
exhibited especially in wetland areas, or may be several hundred meters
thick in arid and semiarid regions. Part of the water in the intermediate
zone is held by hygroscopic and capillary forces. The excess moves
downward by gravity. Water that can be drained from soil by gravity is
known as specific yield and is given as the volume of water that can be
drained by gravity to the gross volume of the soils. The specific yield
depends on the type of soil.

Saturated Zone, Aquifers, and Aquitards

A geological formation saturated by water that yields appreciable
quantities of water that can be economically used and developed is called
an aquifer (Todd, 1959). An aquifer can be either confined or unconfined
(Fig. 3.32). An unconfined aquifer is one in which the upper boundary of
the saturation zone is the same as the water table. Confined aquifers, also
known as artesian or pressure aquifers, are overlain by an impermeable
geological stratum that keeps water under pressure. Water enters an
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FIGURE 3.32. Representation of aquifers.

aquifer through a recharge area, which is an area where the waterbearing
stratum is exposed to the atmosphere or is overlain by a permeable zone
of aeration.

Agquitards are geological formations that are not permeable enough for
the economic development as a ground-water source. An aquiclude is a
formation that stores water, but is incapable of transmitting (e.g., clays).
A solid rock formation that neither transmits nor stores water is an
aquifuge.

Aquifers and aquitards can exist in layers with an unconfined aquifer
on the top, and underlain by one or more confined zones. The top
unconfined aquifer, often called a shallow aquifer, is most susceptible to
diffuse pollution and contamination. Ground water that can be recovered
by springs and wells represents the ground-water runoff or base flow.

Relationship between Surface and Ground-Water
Systems

Ground- and surface-water systems are interrelated through two pro-
cesses: recharge and discharge. There are two major sources of natural
recharge to an aquifer. The first is the residual of precipitation that
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infiltrates through the unsaturated (vadose) zone, the second 1is
freshwater inflow from surface-water bodies, such as streams, rivers,
lakes, and wetlands. In addition, aquifers may be recharged by septic
tanks, irrigation, artificial recharge, and sewer leakage. Natural discharge
from aquifers occurs through springs, spring-fed lakes, wetlands, and
oceans. In addition, large plants known as phreatophytes, whose roots
extend to the water table, extract water from the aquifer by the
transpiration process. Man extracts water from aquifers by pumping from
wells, by intercepting ground water in galleries and drainage pipes, and
by other more sophisticated systems. Under natural conditions, natural
recharge and discharge are commonly n balance. Perennial streams in
more humid regions are connected with ground-water aquifers. In some
places aquifers discharge into streams, providing base flow. In some other
areas streams and lakes discharge into aquifers. Ephemeral streams in
arid regions are not connected with a discharging aquifer, that is, the
ground-water table is well below the bottom elevation of the body of
water and can only recharge the aquifer.

Depending on where recharge and discharge take place, ground-water
flow systems can be divided into three types; local, intermediate, and
regional (Toth, 1963). A local flow system has its recharge area in a
topographic high and discharges into an adjacent topographic low. The

DIRECTION OF FLOW
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© ' INTERMEDIATE FLO
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FIGURE 3.33.  Theoretical patterns for local, intermediate, and regional ground-water
flow systems with recharge and discharge. (Adapted from Toth, 1968. Copyright © 1968 by
the American Geophysical Union; reprinted with permission.)

LOCAL FLOW SYSTEM

R0023152



176 Hydrologic Considerations

intermediate flow system is viewed as having recharge and discharge areas
that are not in adjacent topographic highs and lows. The discharge area
for the intermediate system may be located several subbasins
downstream. The regional system has its recharge in the regional
topographic high, while its discharge occupies the topographic low for the
basin (Fig. 3.33).

The flow in ground-water systems is generally slow, and the response
to surface and subsurface pollution loadings is often gradual. The
residence of water in local ground-water systems may range from days to
months, intermediate flow systems may have residence times ranging
from months to years, and the residence time of water in regional systems
may reach centuries or more. A major part of ground water in regional
aquifers of the midwestern United States originates from glaciers that
melted during the postglacial period thousands of years ago. In most
cases, surface contamination by pollutants affects only local ground-water
systems and shallow aquifers.

The three systems have well-defined boundaries that theoretically
identify changes in flow patterns, water quality, and the relative rate of
ground-water movement. The water movement in a local system is
commonly faster, which produces water quality that is different from the
regional system. Due to the longer residence time and slower flow rates,
regional systems produce ground water with higher concentrations of

DOLOMITE

., %o”] GLACIAL DEPOSITS

METERS ABOVE MEAN SEA LEVEL

FIGURE 3.34.  Generalized flow patterns for local flow systems in a shallow glacial
aquifer underlain by a dolomite aquifer. (After Eisen and Anderson, 1978.)
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dissolved solids and ions than occur in ground water moving through a
local system.

The depths at which the boundaries between the flow systems develop
are dependent upon the following geomorphological factors: local
topographic relief and its steepness, distribution and depth of bedrock
and impermeable geological strata, aquifer thickness, and general
topographic and geomorphological characteristics of the basin.

The computer simulation by Toth (1963) indicated that the
development, intensity, and depth of local flow systems could be directly
related to increased local topographic relief, and inversely to increased
regional slope. Strong regional flow systems developed where local relief
is negligible and where the ratio of total aquifer thickness to local relief
was high. A weak local flow system will have only a portion of the total
aquifer contributing discharge to that subbasin. Where there 1is
pronounced local relief, mainly local systems develop. A strong local
system has most or all of the aquifer discharging into that subbasin.
Figure 3.34 shows typical flow patterns for a glacial aquifer overlaying
dolomite and the flow patterns in the two aquifers.

Ground-Water Hydrological Balance

Figure 3.35 shows the relation between the recharge and discharge of a
surface—ground-water system. Note that the boundaries of the systems
are determined by the extent of the ground-water system. Hence several
surface basins may be included for intermediate and regional systems.

}

ET (P) ET
; !

1

( \ Q «——— Discharge area =~—Q, | Recharge Area
\ Recharge Area T l

D R

L l

Discharge Area

FIGURE 3.35.  Recharge-discharge relationships for ground-water systems. (After
Freeze and Cherry, 1979.)
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The separation of the surface of the system into the recharge and
discharge areas enables us to consider the surface and subsurface
components of the total discharge from the system (Freeze and Cherry,
1979) and to formulate hydrologic budget for the joint system expressed
first in this chapter by Equations (3.1)—(3.3). The overall hydrological
balance of the joint system then becomes (all units in centimeters over
the watershed area)

P=Q + ET+ AS + AS, (3.49)
where
P = precipitation
Q = runoff (mostly surface, since the area is recharging ground water)
ET = evapotranspiration
AS, = change in surface storage
AS, = change in ground-water storage

If the balance is averaged over a period of several years, then AS,; = 0.
Hence in the recharge area

P=Q,+R+ET (3.50)

where
R = recharge rate (infiltration)
Q, = surface runoff only because base flow is not discharging

At the watershed outlet in the discharge area

=0, +D—-ET+P (3.51)

where D is the discharge rate (exfiltration).

By comparing Equations (3.50) and (3.51) with the overall balance
(Eq. (3.49)), it follows that AS, = R — D. Under steady-state balanced
conditions over a long period of time AS, = 0, and hence, R = D. In a
dry year or when discharge is increased by man (for example, by excessive
withdrawals for irrigation and water supply), D > R and AS,; < 0, and the
ground-water table is decreasing. If the decrease is caused by excessive
use of the ground-water resource by man, then the aquifer is being
mined. An amount of water that can be withdrawn from the aquifer while
maintaining the aquifer storage constant is called safe yield.

By setting Q, = D — ET as the base flow provided by the aquifer into
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the river system, and neglecting P in the discharge area, Equation (3.51)
becomes

Q=0+ 0

In the analysis of water quality pollution and contamination from
diffuse sources, one has to determine whether the source of contamination
is surface or ground-water discharge. It is not proper—as was common in
nonpoint poliution studies of the 1970s and early 1980s—to focus only on
the surface runoff component.

Ground-Water Hydrological Models

The state of the art of ground-water hydrological modeling is well
advanced, and numerous models have been developed to represent the
flow and quality conditions of aquifers. Some fundamental models are
introduced and discussed in ‘Chapter 7. Comprehensive reviews were
prepared by Kisel and Duckstein (1976), Anderson (1979), and Bedient,
Borden, and Leib (1985), among others. Also most of the basic hy-
drological texts mentioned in this chapter contain discussions on the
fundamentals of ground-water modeling and descriptions of the most
common ground-water flow and quality models. These models can be
either distributed-parameter flow models or lumped-parameter aquifer
models. The lumped systems consider aquifers as homogenous, and the
lumped values can be obtained by averaging the aquifer characteristics at
a few discrete points or by estimating the parameters from the response
of the aquifer to a known input, for example, a dye injection.

Many models are three-dimensional, box-grid representations that use
finite-difference approximations of the flow equations (Wang and
Anderson, 1982). Due to the linear nature of the basic flow equations,
many ground-water problems can be solved by electric analog
simulations. For diffuse pollution studies, ground-water flow models
provide basic information on the residence times of contaminants in
ground-water systems, subsurface flow patterns and dispersion of
contaminants, base flow and drainage infiltration pollutant loads, and
other valuable data needed in comprehensive diffuse-pollution studies.
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4

Atmospheric Deposition

The best never let a little rain stand in their way.

Gene Kelly

The atmosphere is the portion of the environment where some of the
most severe diffuse pollution problems originate, and, in fact, the magni-
tude of diffuse pollution often can be correlated with contamination of
the atmosphere. Emissions of sulfur dioxide and nitrogen oxides by coal-
burning processes and vehicular traffic cause the phenomenon of acid
rain, which is having a severe adverse effect on many bodies of water
throughout the world. Particulate aerosols in the atmosphere contain
appreciable quantities of sulfur, toxic metals, pesticides, and other toxic
organic compounds, fungi, pollen, soil, fly ash, nutrients, tar; and a
variety of other chemical compounds, such as oxides, nitrites, nitrates,
chlorides, fluorides, fuorocarbons, ozone, and silicates. Several extensive
treatises have been devoted to the air-pollution problem (for example,
Stern, 1976).

The adverse effects of the deposition of man-induced emissions to the
atmosphere have been recognized for over a century. In the 1872 book
Air and Rain: The Beginnings of a Chemical Climatology the British
chemist Robert Angus Smith wrote that there were “three kinds of air”’
in and around the industrial town of Manchester, England. He described
them as . . . that with carbonate of ammonia in the fields at a distance, . . .
that with sulphate of ammonia in the suburbs, . .. and that with sulfuric
acid, or acid sulphate, in the town.” He pointed out that acid air in the
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186 Atmospheric Deposition

town bleached the colors of fabrics and attacked metal surfaces, that the
acid rain damaged vegetation and materials, and that substances such as
arsenic, copper, and other metals were precipitated with the rain upon
industrial regions.

This chapter covers the major pollution sources from the atmosphere
that can be transported long distances and fall to earth in rain, snow,
mist, fog, and in dry form as gases and particulates. One of the best
known pollutants in atmospheric deposition is acidity. Acidity occurs
when nitrogen and sulfur oxides are emitted from fossil-fuel combustion.
Nitrogen in deposition can also affect the productivity of surface waters,
particularly in the coastal zone.

Fossil-fuel burning also emits other substances, such as mercury, that
fall to earth and can affect aquatic ecosystems. Other major atmospheric
pollutants that affect water quality are trace metals, such as lead and
agricultural chemicals, such as pesticides and herbicides.

INTERDEPENDENCE BETWEEN AIR AND
WATER QUALITY

Many pollution studies are media specific, dealing with either water
or air, but not both. However, there are many instances where the
interdependence between media is important. Figure 4.1 illustrates
the interdependence between water and air quality. For example, wind,
temperature, and mixing patterns of both the atmosphere and a body of
water can influence the concentrations of pollutants. Also, large lakes can
influence precipitation patterns, and hence the rate of wet deposition of
pollutants.

Atmospheric Sources of Water Pollutants

Airborne chemicals come from many natural and human sources. Before
the 1800s, natural processes such as photosynthesis, decomposing organic
matter, fire, volcanic activity, and wind erosion contributed gases, par-
ticles, and other byproducts to the atmosphere. Since that time, fossil-fuel
burning, release of other industrial airborne chemicals, automobile
exhausts, and intensive agriculture and forestry have emitted more sub-
stances to our atmosphere. In 1985, human activity accounted for an
estimated 44 million tons of sulfur and nitrogen oxides released into the
atmosphere (Irving, 1991). These same sources also release millions of
tons of toxic metals and organic substances into the air each year. Air-
pollution sources are global—emitted pollutants travel long distances
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188 Atmospheric Deposition

and deposition occurs over a large regional or global scale—or local
(Fig. 4.2).
Major global sources of air pollution include:

1. Urban and industrial emissions resulting from human activities, such
as industrial processes and domestic burning.

2. Agricultural and forest emissions resulting from such human activities
as:

a. Soil erosion by wind during dry weather.

b. Slash burning, which in many parts of the world is still recom-
mended to prevent and/or reduce the spread of disease.

c. Fertilizer components reaching the atmosphere through wind
erosion and/or volatilization (such as the volatilization of ammo-
nium from soils with higher pH).

d. Pesticides entering the atmosphere from drift during application,
by wind erosion, and by volatilization.

e. Decomposing farm wastes and animal operations releasing am-
monium, hydrogen sulfide, methane (cows), and mercaptans to the
atmosphere.

3. Naturally occurring emissions on a global scale, including:

a. Dust blown from arid and desert areas.

b. Forest, brush, and grass fires.

c. Volcanic eruptions, which are a source of sulfuric compounds and
ash.

d. Volatile hydrocarbons emitted from forests and other silvicultural
activities.

e. Sea spray, which is a significant source of salt and other partic-
ulates.

f. Evaporation from large bodies of water, which can contribute
significant quantities of volatile compounds and trace gases.

Local sources of atmospheric pollution and deposition include most of
the sources just mentioned plus vehicular traffic. The magnitude of
pollution, and hence atmospheric deposition, is magnified by several
orders of magnitude in the vicinity of some sources, but fall off rapidly to
background global levels as distance from the source is increased. For
example, most of lead deposited from automobile exhaust is found within
100 m of the roadway.

Emissions of sulfur dioxide and nitrogen oxides are more thoroughly
researched than other pollutants known to affect water quality, such
as metals and pesticides. The annual contribution of sources of sulfur
dioxide and nitrogen oxides in the United States and Canada in 1985 are
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TABLE 4.1 U.S. and Canadian Emissions of SO,, NO, and Volatile Organic Carbon from
Anthropogenic Sources Based on the 1985 NAPAP Emissions Inventory

Emissions (Tg/yr?)

Source SO, NO, vOocC

U.S. Sources
Electric utilities 14.6 6.0 neg®
Industrial combustion 24 29 neg
Commercial/residential/other combustion 0.6 0.7 1.7
Industrial/manufacturing processes 2.7 0.8 3.4
Transportation 0.8 8.0 8.0
Other neg 0.1 6.9
Total® 21.6 18.6 20.0

Canadian Sources
Electric utilities 0.7 0.2 neg
Industrial combustion 0.3 0.2 neg
Commercial/residential/other combustion neg 0.1 0.1
Industrial/manufacturing processes ‘ 2.5 0.1 0.1
Transportation 0.1 1.2 1.0
Other 0.0 neg 0.7
Total® 3.7 1.9 2.2

Total United States and Canada 247 20.5 223

Source:  From Irving, 1991.

9Tg = Teragrams = 10° metric tons.
®Neg = negligible < 0.1.
¢Values may not sum to totals due to independent rounding.

shown in Table 4.1 (Irving, 1991). Total annual U.S. emissions in 1985
were estimated to be 24.7 million tons for sulfur dioxide and 20.5 million
tons for nitrogen oxides. Canadian emissions in 1985 were estimated to
be 3.7 and 1.9 million tons of sulfur dioxide and nitrogen oxides, respec-
tively. The largest source of sulfur dioxide emissions in the United States
is from the electric utility industry (70% of total). In Canada, the largest
source is from industrial/manufacturing processes (67%). Nitrogen ox-
ides, on the other hand, are primarily contributed by mobile sources.
Transportation accounts for 43% and 63%, respectively, of total emis-
sions in the United States and Canada. Natural sources are estimated to
contribute only between 1% and 5% of total U.S. emissions of sulfur
dioxide and nitrogen oxides.

The largest regional sources of SO, emissions in the United States
are from the Northeast (10.72 million tons in the Northeast versus 4.8
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TABLE 4.2 Regional Anthropogenic Emissions of SO,
NO,, and VOC

Emissions (Tg/yr)

Federal Region SO, NO, vOC
1. New England 0.55 0.52 0.86
2. New York/New Jersey 0.77 0.89 1.44
3. Middle Atlantic 2.93 1.97 1.98
4. Southeast 4.76 3.41 3.76
5. Great Lakes 6.46 3.84 3.75
6. South Central 2.21 3.81 3.34
7. Central 1.53 1.26 0.98
8. Mountain 0.65 1.00 0.80
9. West 0.89 1.46 227
10. Northwest 0.23 0.48 0.86
Subtotals:
Northeast (1-3 and 5) 10.7 7.2 8.0
Southeast (4) 4.8 3.4 3.8
West (6-10) 5.5 8.0 8.2
Total 21.0 18.6 20.0

Source:  From Council on Environmental Quality (1990).

and 5.5 million tons, respectively, for the Southeast and West). On the
other hand, the West proved to be the largest source of NO, emissions
(8.0 million tons versus 7.2 and 3.4 million tons, respectively, for the
Northeast and Southeast). The high NO, emissions for the West repre-
sent higher sources of emissions compared to stationary sources (Table
4.2).

Nriagu and Pacyna (1988) calculated the worldwide emissions of trace
metals to the atmosphere using emissions factors and statistics on global
production or consumption of industrial goods (Table 4.3). Table 4.4
compares atmospheric fallout to aquatic sources of anthropogenic inputs
of trace metals into aquatic systems. The atmosphere is an important
source of all metals listed when compared to domestic and indus-
trial effluents. Atmospheric inputs are about 10% of the total liquid
discharges.

Goolsby (1991) measured herbicide concentrations in rainwater from a
23-state area, principally in the Midwest and Northeast. He found traces
of herbicides in all 23 states and in all but two of the 81 collection sites.
Pesticide concentrations in wet deposition were measured by Glotfelty et
al. (1990) in Maryland. The researchers calculated the projected amounts
of pesticides entering the Chesapeake Bay from precipitation.
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TABLE 4.3

Worldwide Sources of Trace Elements to the Atmosphere (10’ kg/yr)

Global
Production/
Consumption

Source Category  (10%kg/yr )

As Cd

Cr

Cu

Hg

In Mn

Mo

Coal combustion
—Electric
utilities
— Industry 990
and
domestic.
Oil combustion
—Electric
utilities
—Industry 358
and
domestic
Pyrometallurgical
nonferrous
metal
production
—Mining
—Pb 3.9
production
—Cu-Ni 8.5
production
—Zn-Cd 4.6
production
Secondary
nonferrous
metal
production

[15.5 x 10°MJ]

[5.8 X 10°MJ]

232-1550 77-387

198-1980 99-495
5.8-29 23-174

7.2-72 18-72

40.0-80
780-1560

0.6-3
39-195

8500-12,750  1700-3400

230-690 920- 4600

2.3-3.6

1240-7750

1680-11,880

87-580

358-1790

930-3100

1390-4950

348-2320

179-1070

160-800
234-312

14,450- 30,600
230-690

55-165

155-542

495-2970

7.8-16

37-207

10806980

1485-11,880

58-580

358-1790

415-830

8.5-34.0 850-4250
2.3-4.6

1065-28,400

232-2320

396-2480

58406

107-537
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TABLE 4.3

(Continued)

Global
Production/

Consumption

Source Category  (10°kg/yr™") As cd Cr Cu Hg In Mn Mo
Steel and iron 710 355-2480 28284 2840-28,400 142-2840
manufacturing
Refuse
incineration
—Municipal 140 154-392 56-1400 98-980 9801960 140-2100 2521260
—Sewage 3 15-60 3-36 150-450 30-180 15-60 5000 10,000
sludge
Phosphate 137 68-274 137-685
fertilizers
Cement 890 178-890 8.9-534 8901780
production
Wood 600 60300 60-180 600-1200 60-300
combustion
Mobile sources 647 (gasoline)
Miscellaneous 1250-2800
Total, 12,000-25,630  3100-21,040 7340-53,610 19,860-50,870  910--6200 11-39 10,560-65,970  793-5740
emissions
Median value 18,820 7570 30,480 35,370 3560 25 38,270 3270
Source Category Ni Pb Sb Se Sn Tl \% Zn
Coal combustion
—Electric 1395-9300 775-4650 155-775 108-775 155-755 155-620 310-4650 1085-7750
utilitics
—Industry and 1980-14,850 990-9900 198- 1480 792- 1980 99-990 495-990 990-9900 1485-11,880
domestic
Oil combustion
—Electric 3840~ 14,500 232-1740 35-290 348-2320 6960-52,200 174-1280
utilitics
—Industry and 7160-28,640 716-2150 107-537 286~3580 21,480-71,600 358-2506
domestic
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Pyrometallurgical

nonferrous
metal
production
—Mining 800 1700-3400 18-176 18-176 310-620
—Pb 331 11,700-31,200 195-390 195-390 195-468
production
—Cu-Ni 7650 11,050-22,100 425-1700 427-1280 425--1700 43-85 42508500
production
—7Zn-Cd 5520-11,500 46-92 92-230 46,000 82,800
production
Secondary 90-1440 3.8-19 3.8-19 270-1440
nonferrous
metal
production
Steel and iron 36-7100 1065- 14,200 3.6-7.1 0.8-2.2 71-1420 7100-31,950
manufacturing
Refuse
incineration
—Municipal 98-420 14002800 420840 28-70 140-1400 2800- 8400
—Sewage 30-180 240-300 15-60 3-30 15-60 300- 2000 150- 450
sludge
Phosphate 137-685 55-274 04-1.2 1370- 6850
fertilizers
Cement 89-890 18-14,24" 2670- 5340 1780-17,800
production 1200 - 6000
Wood 600-- 1800 1200- 3000
combustion
Mobile sources 248,030
Miscellaneous 3900-5100 1724-4783
Total, 24,150-87,150 288,700-376,000 1480-5540 1810-5780 1470-10,810  3320-6950 30,150-141,860 70,250-193,500
emissions
Median 55,650 332,350 3510 3790 6140 5140 86,000 131,880
Value
Source:  From Nriagu and Pacyna (1988).
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TABLE 4.4  Anthropogenic Inputs of Trace Metals into the Aquatic Ecosystems (10°kg/yr)

Annual
Global
Discharge”
Source Category  (10°m°) As cd Cr Cu Hg Mn Mo Ni Pb Sb Se Y Zn
Domestic
wastewater?
—Central 90 1.8-8.1 0.18-1.8 8.1-36 45-18 0-0.18  18-81 0-2.7 9.0-54 0.9-7.2 0-2.7 0-4.5 0-2.7 9.0-45
—Noncentral ] 12-72 03-1.2 6.0-42 4.2-30 0-042 30-90 0-1.8 12-48 0.6-4.8 0-1.8 0-3.0 0-1.8 6.0-36
Steam electric 6 2.4-14 0.01-0.24 3.0-8.4 3.6-23 0-3.6 4.8-18 0.1-1.2 3.0-18 0.24-1.2 0-0.36 6.0-30 0-0.6 6.0-30
Base metal mining 0.5 0-0.75 0-0.3 0-0.7 0.1-9 0-0.15 0.8-12 0-0.6 0.01-0.5 0.25-2.5 0.04-0.35 0.25-1.0 — 002 6
and dressing
Smelting and
refining
-—Iron and steel 7 14-36 14-2.8 5.6-24
—Nonferrous 2 1.0-13 0.01-3.6 3-20 2.4-17 0-0.04 2.0-15 0.01-0.4 2.0-24 1.0-6.0 0.08-7.2 3.0-20 0-1.2 20 20
metals
Manufacturing
processes
—Metals 25 0.25-1.5 0.5-1.8 15-58 10-38 0-0.75 2.5-20 0.5-50 02-7.5 2.5-22 2.8-15 0-5.0 0-0.75  25-138
—Chemicals 5 0.6-7.0 0.1-2.5 2.5-24 1.0-18 0.02-1.5 2.0-15 0-3.0 1.0-60 0.4-3.0 0.1-0.4  0.02-25 0-0.35 0.2-5.0
—Pulp and paper 3 0.36-4.2 — 0.01-1.5 0.03-0.39 . 0.03-1.5 — 0-0.12 0.01-09 0-0.27 0.01-0.9 — 0.09-1.5
—Petroleum 0.3 0-0.06 — 0-0.21 0-0.06 0-0.02 — — 0-0.06 0-0.12 0-0.03 0-0.09 — 0-0.24
products
Atmospheric 3.6-7.7 0.9-3.6 2.2-16 6.0-15 0.22-1.8 3.2-20 0.2-1.7 4.6-16 87-113 0.44-1.7 0.54-1.1 1.4-9.1 21-58
fallout®
Dumping of sewage [6 x 10%kg]
sludge? 0.4-6.7 0.08-1.3 5.8-32 2.9-22  0.01-031 32-1.06 098-48 1.3-20 2.9-16 0.18-29 0.26-3.8 0.72-43 2.6-31
Total input, 12-70 2.1-17 45-239 35-90 03-88 109-414 1.8-21 33-194 97-180  3.9-33 10-72 2.1-21 77-375
water
Median value 41 9.4 142 112 4.6 262 11 113 138 18 41 12 226

Source: From Nriagu and Pacyna (1988).

2The discharges given represent contaminated process waters, and do not include cooling waters.

b The wastewater production figure corresponds to about 60 m*/capita/yr multiplied by the 2.4 x 10” residents in urban and rural areas of the world. The other discharge figures likewise have
been derived from the reported water demand per unit tonne of metal smelted or goods manufactured.

¢ We have assumed that 70% of each metal emitted to the atmosphere is deposited on land, and that the remaining 30% is deposited in thc aquatic environments.

4Worldwide scwage sludge production is estimated to be 30 million tonnes, assuming average sludge production rate of 30 g/capita/day in urban and rural communities. It is believed that
20% of the municipal sludge is directly discharged or dumped into aquatic ecosystems, about 10% is incinerated, and the rest is deposited on land.
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Long-Term Trends in Atmospheric Emissions

Total emissions of sulfur dioxide and nitrogen oxides generally increased
in the United States during the period from 1900 to 1970 (Fig. 4.3).
During this time, annual emissions of sulfur dioxide increased by a factor
of 3 and nitrogen oxides increased almost tenfold.

Tall stacks constructed by electric utilities and smelters in the last 25
years have caused atmospheric pollutants to be transported long distances
from their emission sources by emitting them into the upper air currents.
Prior to 1970, there were only two stacks in existence taller than 150
meters (S00ft); in the United States today there are more than 175 such
stacks. These stacks were built to reduce ambient air-pollutant concen-
trations in the vicinity of the stacks, but their net effect has been to
spread air pollutants over long distances.

Emission-control plans adopted since passage of the U.S. Clean Air
Act in 1970 have been effective in reducing the growth of national
emissions of sulfur dioxide and nitrogen oxides (Fig. 4.3). Sulfur dioxide
emissions decreased an estimated 30% between 1970 and 1988, while

nitrogen oxide emissions were about 10% lower in 1988 than their peak in
1978.

Long-Term Trends Recent Trends
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FIGURE 4.3.  Historical trends in SO, NOy, and volatile organic carbon emissions.
Sources for 1940-1970 trends: Gschwandtner, Wagner, and Husar 1988; for 1970-1987
trends: U.S. EPA, 1990; for 1975-1988 trends: Kohout et al., 1990. (From Irving, 1991.)
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It is expected that the Clean Air Act Amendments passed by the U.S.
Congress in 1990 will result in regulations that lower sulfur dioxide and
nitrogen oxides emissions even further. Also, the act offers a compre-
hensive plan for significantly reducing emissions of hazardous air pol-
lutants, also referred to as air toxics. The law lists 189 pollutants and
requires major sources to reduce emissions according to a prescribed
schedule. Unfortunately, we do not know as much about air toxics and
their effects on bodies of water compared to our knowledge of acid-
ification.

Global Transport of Pollutants

Measurements at the most remote points on the earth, such as Antarctica,
indicate that many pollutants, such as organic chemicals (e.g., PCBs),
enter the global cycle and are deposited in appreciable quantities any-
where on the earth. Most of the discussion on global transport is taken
from Junge (1977).

The concentration of pollutants in the atmosphere is determined
by the mass balance between global sources and sinks of the pollutant.
Mathematically, one can write that

aM

o Q — S(M) (4.1)
where
M = the global mass of the pollutant in the atmosphere
Q = the global source strength for the pollutant

S(M) = the global sink of the pollutant

Under a steady-state assumption, which can be applied only to time
intervals of more than one year, and fairly steady inputs, the left side of
Equation (4.1) becomes zero and

Qs = S(M) (4.2)
The sinks of atmospheric pollutants include:

Deposition (wet and dry) on land and sea surfaces.

Adsorption on land and sea surfaces.

3. Decomposition by atmospheric chemical and photochemical pro-
cesses.

4. Emissions into the stratosphere.

N =

R0023173




Interdependence between Air and Water Quality 197

The global removal (sink) rate is a function of the mass of pollutants
present in the atmosphere (or its concentration), and if deposition pre-
vails as in the cases of some relatively inert components (DDT, PCBs), it
can be approximated by

S(M) =y X CM (4.3)

where

vy = depositional velocity (m/day)

C,; = average global (background) concentration of the pollutant, typ-
ically measured at some remote point unimpacted by cultural emis-
sions

The average residence time of a pollutant in the atmosphere under
steady-state conditions is given by

M _ CuVa _H

T = =
S(M) VdCMAG Va

(4.4)

A = global surface area

V., = volume of the atmosphere within the mixing layer

H = average depth of the surface air boundary layer (typically of the
order of about 1000 m)

The most effective natural removal process is the attachment of pol-
lutants to atmospheric aerosols and their subsequent removal by dry and
wet fallout on land and sea surfaces. For many pollutants, the sea is
the final sink, since pollutants deposited on land can be reentrained or
can reenter the atmosphere by volatilization, wind erosion, and other
processes described previously.

If the input of a pollutant into the global transport system is instanta-
neous, as occurs during an explosion, volcanic eruption, or one-time
widespread pesticide application, and if the sink function is linearly
proportional to the mass of the constituent in the atmosphere (S(M) =
5o X M), Equation (4.1) can be solved to yield

M(t) — &6_501 —_ g@_e—t/T

v, v, (4.5)

where Qg = the mass of the instantaneous input.
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Example 4.1: Global Pollution Transport

Background (steady-state) concentrations of an ‘““inert” pesticide in the
atmosphere are measured at about Cp, = 0.1ng/m® = 10™°g/m>. The
worldwide production of the pesticide is about 1000 tonnes/yr = 10°g/
yr from which about 40% is lost to the atmosphere during and after
application. Estimate the average residence time and deposition velocity
of the pesticide. Assume an average depth of the mixed air boundary
layer of H = 3000 m.

Solution  Atmospheric input of the pesticide:
Q = 0.4 x 10°(g/yr) = 4 x 10%g/yr

To determine the amount of the pesticide in the atmosphere it is neces-
sary to know:

Volume of the atmospheric mixing layer (earth radius r = 6.3 x 10° m):
V4 = 4dnr?H = 4n(6.3 x 10%? x 3000 = 1.5 x 108 m3
Mass of the pesticide in the atmosphere:
M= C,V4=10""(g/m’) x 1.5 x 10'¥(m? = 1.5 x 10%¢g

Average residence time:

M 1.5 x 108
T = 5 = '4—xi—0'§— = 0.375yr = 137 days
Deposition velocity:
H 3000
= — = — = /
4= T = 0375 S000mir

Entry of Atmospheric Pollutants into Surface Waters

Atmospheric pollution consists of gases and aerosols or atmospheric
particulates. The particulate matter ranges in size from 6 x 10~* to
10°um. The term aerosol should be differentiated from dust. Dust
contains particles that are mostly insoluble, while aerosols contain also
water-soluble materials (about 50 according to Paterson and Junge
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(1971)). Besides direct emissions from terrestrial sources, aerosols can be
formed in the atmosphere by precipitation, absorption, and chemical
reactions.

Removal of particles (aerosols and dust) from the atmosphere is due
to:

—

. Dry deposition by sedimentation.
. Removal by rainfall and snowfall.
. Dry deposition by impact on vegetation and rough surfaces.

W N

Removal of gases occurs primarily by:

—

. Removal during periods of precipitation.
Absorption at the earth’s surface.
Adsorption of aerosolic particles and subsequent deposition.

W 0

Dry Deposition -
Dry deposition is an important process for the removal of gases and
airborne particles. While data on wet deposition are relatively abundant,
dry deposition data are sparse. Sisterson et al. (1990) evaluated a number
of data sources on the dry deposition of sulfur and nitrogen species. Wet
deposition was found to account for most of the total deposition of sulfur
and nitrogen species for regionally representative sites. Individual sites
that were more heavily impacted by sulfur emissions tended to have a
relatively larger dry deposition in relation to the total contribution than
sites not impacted by local emissions. This means that dry deposition
is probably much greater than wet deposition in and near urban areas.
When urban areas are excluded, dry deposition of sulfur species is es-
timated to be 30% to 60% of the total (wet plus dry) deposition. Under
the same conditions, the percentage for nitrogen species ranges from 30%
to 70%.

The rate of dry fallout from the atmosphere is primarily determined
by the force of gravity, but other effects, such as surface impaction,
electrostatic attraction, adsorption, and chemical interactions, may
explain why the deposition rate of small particles (order of magnitude of
1 um or less) onto the ground is often greater than can be expected from
the pull of gravity.

The rate of deposition of aerosol particles can be related to their
average above-ground concentration:

Dd = VdC(X, Y, Z) (46)
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where

D, = amount of aerosols removed per unit area per unit time
(e.g., g/m*-day or tonnes/km*-month)

C(x, y, z) = average concentration of aerosols at x, y, and z locations
from the source or coordinate origin (g/m?)

Vg = deposition velocity of particles (m/day or m/month)

Depositional velocity differs from the physical settling velocity expressed
by Stokes’ law. Figure 4.4 shows the depositional velocity of particles
as estimated by measurements. MacMahon, Dension, and Fleming (1976)
reported that the depositional velocities of gases range from 0.5 to 2.5 cm/
sec, depending on the ground surface.

Wet Deposition and Composition of Precipitation

Due to the fact that precipitation scavenging is one of the most effective
processes for cleansing the atmosphere, rain and snow contain many
pollutants in quantities that may be harmful to terrestrial and aquatic
ecosystems. Poilutants included in wet precipitation are acidity, toxic
metals, organic chemicals, phosphates, and nitrogen compounds. In some
areas pollution from rain has been devastating to surface water biota and
often leads to acidification of lakes, fish kills, and severe reduction in the
productivity of lakes. Acid rainfall also leaches cations from soils (such as
aluminum) and from urban infrastructures (damage to concrete and
elutriation—corrosion of metals).

Contamination can be incorporated into precipitation within or below
clouds. In-cloud scavenging is called rainout or snowout, the below-cloud
process of enrichment is called washout.

Washout Function. In many cases the amount of pollutants deposited
by wet fallout can only be estimated from known atmospheric concentra-
tions, because the rainwater concentrations are either not known or
are unreliable. The process of scavenging of pollutants by raindrops

during washout or rainout (snowout) is basically an exponential function
(Slade, 1968):

C,. = C,oexp(—At) (4.7)

C, = the atmospheric concentration of the contaminant after the rain
C..o = the atmospheric concentration of the contaminant before the rain
t = duration of the rain

A = the washout coefficient
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The wet fallout per unit area, D,,, is then
D, = (CW,O - CW)H = CW,O(1 - exp(—)\'t))H (4.8)

where H = the depth of atmosphere thorough which the pollutant plume
is mixed. The magnitude of the washout coefficient, A, is of the order
10~*sec™! and is a function of rain intensity (Fig. 4.5). The magnitudes of
A are similar both for gases and particulates.

Example 4.2: Concentration of Pollutants in Precipitation

The atmospheric concentration of phosphate before rain was estimated or
measured as C,, o = 10pug/m>. The depth of the mixed atmospheric layer
extended about 1000 meters above the ground surface. Estimate the
amount of wet fallout during a storm with a volume of 20mm lasting 2
hours.

Solution From Figure 4.5 the washout coefficient for the storm intensity
i = 10mm/2hr = 5mm/hris A = 7 X 10sec™? = 2.52hr™'. Then the mass
of deposited phosphate becomes (Eq. (4.3)):

Dw = Cw,O(l - e—M)H = 10(1 _ e"2.52)<2)1000
= 9935 ug/m? = 9.935 mg/m?

The phosphate concentration in rainwater (rain volume V, = 10mm =
0.01 m®>/m?) is

D, 9.93 mg/m?

G = = 00imime x 1000/m’

= 0.99mg/1

Acidity

All rainfall is by nature somewhat acidic. The principal factor in rainfall’s
acidity is carbon dioxide. Pure water in equilibrium with the atmosphere
would have a pH of 5.6. The accumulation of acidic chemicals in the
atmosphere is also contributed to by decomposing organic matter, vol-
canic eruptions, and movements of the sea.

In some parts of the world the acidity of rainfall is considerably lower
than pH 5.6, primarily because of the emission of sulfur dioxide (SO,)
and nitrogen oxides (NO,). The areas of maximum deposition of chem-
ical species related to acidity (H", SO; ~, NO3) in North America are
located in the northeastern United States and southeastern Canada (Figs.
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4.6-4.8). The pattern for annual average pH of wet deposition for the
United States shows that large areas in and downwind of emission zones
have depositions in the pH range of 4.1 to 4.5. Individual precipitation
events can produce rainfall as acidic as pH 3 or below. These areas
have considerably higher levels of atmospheric deposition (as measured
by acidifying species) than remote parts of the world. Table 4.5 sum-
marizes wet deposition pH values from remote regions of the world.
When areas with possible anthropogenic influence are taken into account,
it is apparent that the average pH of precipitation in remote regions are
closer to 5.0 than 5.6, the pH initially thought to represent ““clean” rain.

In areas where precipitation pH is below about 4.6, we also find
surface waters that are acidic (considered here to be those with pH values
below about 5). Some surface waters are more sensitive to precipitation
acidity than others because of differences in the neutralizing capacity
of watersheds. The National Surface Water Survey (NSWS) was in-
itiated in 1986 to establish the current chemical status of surface waters
in the United States in relation to known deposition levels and the
biogeochemical environment (Linthurst, Landers, and Eilers, 1986). The
key elements of the survey were three major synoptic surveys of lakes
and streams in eight geographic regions of the United States believed to
contain the majority of surface waters susceptible to acidification (Fig.
4.9).

The survey found acidic lakes and streams in some of those regions,
although some of them were naturally acidic or acidic for reasons other
than deposition (Baker et al., 1990). The majority of the surface waters
were circumneutral but weakly buffered, with about half the lakes and
streams having acid-neutralizing capacities (ANC) <200peq/l (Tables
4.6 and 4.7). A relatively small percentage (4.2%) of the 1181 lakes
investigated were acidic. Most acidic lakes were found in the Northeast,
Florida, and the upper Midwest. Of the total stream length in the survey,
2.7% (5506 km) was acidic. Most of the acidic stream length was in the
mid-Appalachian and mid-Atlantic coastal plain regions. The researchers
concluded that atmospheric deposition was the dominant source of SO, in
most surface waters sampled.

Baker et al. (1990) conducted a literature review of acidic lakes in
the high deposition areas of Canada, Finland, Norway, Sweden, and
the Kanai Peninsula of Alaska, plus several acidic lakes in low deposition
areas. As in the National Survey, there was a positive relationship be-
tween SO; ~ deposition and lake water SO; ~ concentrations in Canada
and Scandinavia. Nitrate in deposition was found to play a more impor-
tant role in lakes in southern Norway and parts of Europe than was
observed in lakes in the United States and Canada.
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TABLE 4.5

Summary of Wet Deposition pH Values from Remote Regions of the World

H
b Other Chemical ~ Sampling Possible Anthropogenic
Location N¢ Period Min  Max Avg Measurements Protocol® Influence
American Tropics
Rain Forest
Manaus, Brazil 53 1966-1968 3.6 5.4 4.6° None reported UNK Urban (definite)
Adolfo Ducke Forest, Brazil 2 UNK — —  4.38° None reported UNK Urban (possible)
Amazon River from coast of 31 1976-1977 471 567 5.03° Full inorganic F/B-wet Unlikely
Brazil to Colombia, Peru,
Bolivia
La Selva, Costa Rica UNK 1973 440 490 4.66° None reported UNK Unlikely (volcano
influenced)
San Carlos, de Rio Negro, 70 1979-1980 4.0 6.7 4.69Y None reported Bottles Unlikely
Venezuela
Cloud Forest
Alto de Pipe, Venezuela 19 UNK 421 590 5.03° None reported UNK Urban (definite)
San Eusebio, Venezuela UNK UNK 3.82  6.21 4.55° None reported UNK Unlikely
Savannah
Calabozo, Venezuela 151 1981-1983 4.8 6.9 5.87 NHy F/B-bulk Unlikely (wildfires)
Camburito, Venezuela 18 1983-1984 4.0 52 4.4 None reported  F/B-wet Unlikely (wildfires)
Joaquin del Tigre, 17 1984-1985 4.2 5.8 5.14 None reported F/B-wet Urban (possible)
Venezuela
La Paragua, Venezuela 14 1985 4.0 5.6 4.84 None reported F/B-wet Unlikely (wildfires)
Lake Valencia, Venezuela 92 1977-1978 3.2 7.7 5.9¢ Full inorganic F/B-bulk Light industry (possible)
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TABLE 4.5 (Continued)

pH ,
Other Chemical Sampling Possible Anthropogenic
Location N¢ Period Min Max Avg Measurements Protocol® Influence
Greenland
East coast 10 1981-1983 4.40 6.00 5.13°  Full inorganic Bulk (long Local source (possible)
exposure)
Israel
Negev Desert 30 1978-1983  — — 7.9/ All major ions F/B-wet Urban (possible)
but NOj3,
NHJ, pH
Portugal
Coimbra 195 1978-1980 3.5 7.7 4.758  Conductance F/B-bulk Urban (definite)
Australia
Hunter Region, New South UNK 1984-1986 4.0 7.0 5.0¢ Conductance Bulk/wet Unlikely
Wales only
New Zealand
‘ Maimai, South Island 10 1985 6.2 5.2 5.6° Full inorganic F/B-bulk Unlikely

Source:  From Sisterson et al. (1990).

Note:  Probable local anthropogenic influence category is deduced from information provided in the original studies.

N js the number of samples, and UNK is unknown; F/B is funnel/bottle sampling.

bMedian of simple monthly average pH values.
“Simple average pH value.

4Volume-weighted pH value.

“Median value.

/pH calculated from average bicarbonate concentration.
& pH calculated from average H* concentration.
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TABLE 4.6  Population Estimates of the Percentage of the Total Number of NSWS Lakes
and Streams with ANC, pH, and Al in Reference Ranges®

Alvisk
ANC (peq/l) pH (ng/)*
Lake or Total

Region Stream” Number =<0 <50 =<200% <5.5 <60 >50
Northeast L 7,096 6 22 6 19 13 6
S-u 3,235 6 23 48 7 13 5

S-d 3,235 1 5 30 <1 3 <1

Mid-Appalachians S-u 21,527 5 20 49 9 15 6
S-d 21,527 2 9 43 2 6 2

Mid-Atlantic S-u 11,284 12 30 56 24 49 37
coastal plain S-d 11,284 7 20 41 13 22 20
Interior Southeast L 258 1 1 34 1 <1 <1
S-u 18,598 1 7 52 2 9 <1

S-d 18,598 1 6 47 <1 3 <1

Florida L 2,098 23 40 55 21 33 6
S-u 1,274 25 66 77 39 69 3

S-d 1,274 11 59 82 23 59 3

Upper Midwest L 8,501 3 16 41 4 10 3
West L 10,393 <1 16 66 <1 1 <1
All NSWS L 28,346 4 19 56 5 9 3
S-u 55,917 2 11 44 4 9 5

Source:  From Baker et al. (1990).

“Based on fall index chemistry (lakes) and spring baseflow (streams).
PL = lakes; S-u = streams—upstream ends of reaches; S-d = streams—downstream ends of reaches.
“MIBK: methyl-isobutyl-ketone (method that measures total monomeric Al).

Acidic lakes and streams are not common in areas where acidic depo-
sition is low. Where they are found, they are typically associated with
areas where there are large amounts of dissolved organic carbon (DOC).
Other reasons for highly acidic surface waters in areas of low deposition
include acid mine drainage, geothermal springs, high chloride clearwater
coastal lakes, and lakes with extremely low conductivity.

As has been pointed out the acidity of precipitation is attributed to the
presence of sulfates and sulfides (SO; ~ and SO3 ™) and nitrates (NO3) in
the atmosphere. Sulfur is one of the elements that is always found in the
atmosphere, and it occurs as SO; ™ and SO3 ~ in aerosols and SO, and
H,S gases. Hydrogen sulfide in air is normally oxidized to SO,, which
is then oxidized to SOs. The oxidation reaction proceeds quickly if such
metallic catalysts as iron and manganese oxides are present (Stern, 1976).
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TABLE 4.7 Population Estimates of the Percentage of NSWS Lake Surface Area (km?)
and Stream Length (km) with ANC, pH, and Al in Reference Ranges

Alvaex
ANC (peg/l) pH (ng/)*
Lake or Total
Region Stream Resource’ <0 <50 <200% <5.5 <6.0 >50
Northeast L 4,279 2 16 68 4 6 3
S 15,144 4 11 36 6 9 6
Mid-Appalachians S 54,425 3 11 47 7 13 7
Mid-Atlantic S 40,296 6 24 52 24 47 48
coastal plain

Interior Southeast L 243 <l <1 55 <1 <1 <1
S 86,938 <l 5 48 <1 7 1
Florida L 662 20 49 64 24 33 9
S 3,848 12 61 76 44 74 40
Upper Midwest L 5,015 <1 4 15 <1 2 <1
West L 1,819 <1 8 35 <1 <1 <1
All NSWS L 12,016 2 11 40 3 5 2
S 200,652 3 12 48 8 18 13

Source:  From Baker et al. (1990).

“Based on fall index chemistry (lakes) and spring baseflow (streams).

®Total resource for lakes is expressed as surface area (km?); total resource for streams is expressed as
length (km).

¢Total monomeric Al (as measured by the MIBK (methyl-isobutyl-ketone) method; see Section 2.5.3.4
of the full Report).

These metallic compounds are commonly emitted by the burning pro-
cesses in fly ash. Formation of sulfuric acid is greatly enhanced by the
moisture emitted from cooling towers (Fig. 4.10).

The SO; ™ and NOj3 anions in the air are balanced by cations, primar-
ily NH;, Ca®*, Mg®*, and N*. The major sources of these compounds
are sea spray, soil dust, and ammonia volatilization from soils. Since Na™
from sea spray is already balanced by Cl™ in the absence of other
buffering agents in the air, there may not be other cations available to
balance additional SO; ~ and NOj7 ions, so they can only react with H*
to produce acid rain (Fig. 4.11).

Example 4.3: Acidity of Precipitation

The ambient concentration of sulfur trioxide and sulfates (SO; and SO; ~
is about 30% of the ambient SO, concentration. Estimate the approxi-

R0023186



210 Atmosphenic Deposition

FIGURE 4.10. Formation of sulfuric acid from the SO, emissions is greatly enhanced
when stack effluent combines with the vapor drift from cooling towers. (Photo: V.
Novotny.)

mate pH of rainwater resulting from 5Smm of rain lasting 5 hours if the
ambient SO, concentrations is 20 ug/m>. The mixed atmosphere depth is
H = 1000 meters.

Solution  From Figure 4.5 the washout coefficient L =2 X 107 *sec™! =
0.72hr~!. Rainfall volume V, = Smm = 51/m?. Mass of sulfates washed
out:

D,, = (30/100)C,, o(1 — e™*)H = 0.3 X 20(1 — ¢~ %7*5) = 5836 ug/m?>
Sulfate concentration in rainwater

D, 5.836mg/m’
= 2w 2OPMEMT _ 49000
=5 5 1/m> me
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Cl", SO, H Acid forming
NOj ,HCO;
NH; , Ca, ,
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cl” Na* Sea salt

FIGURE 4.11.  Atmospheric cation—anion balance resulting in an increase of
H™ ions in rainwater.

Change C, to equivalent SO; ~ (equivalent weight of SO; = [32 + 3 X
16]/2 = 40g/eq = 40,000 mg/eq).

C, _ 117mg/l
EW(SO;) 40,000 mg/eq

{SO; "} = =2.92 x 10 %eq/l

Each equivalent of SO; ~ must be balanced by one equivalent of [H"] or
any other available atmospheric cation (such as NHy). The [H*] con-
centration of rainwater not contaminated by SO, (pH = 5.6) is [H"] =
107PH = 107°% = 2.5 x 10 ®mole/l, which is more than one order of
magnitude less than the equivalent weight of [H™"] required to balance
SO; ~ ion. Since almost all of the sulfuric acid in water is dissociated, the
resulting pH is roughly

pH = log = log 4.5

1 1 1 _
[H'] (SO; 1~ 22 x 107"
Effects of Precipitation Acidity on Drinking Water
Concerns have been raised about the possibility that acidic deposition
might contribute to levels of chemical contaminants in untreated or
partially treated drinking water in excess of established or contemplated
drinking water standards. Background information is presented on con-
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cepts important to the understanding of chemical contaminants in drink-
ing water that may be related to acidic deposition.

Instances of elevated concentrations of chemical contaminants exceed-
ing drinking water standards have been reported for precipitation col-
lected in cisterns, shallow wells and springs, and surface waters. The
elevated concentrations are usually the result of pipe corrosion and other
materials in the distribution system that come in contact with the water.

In the context of this chapter corrosion is defined as the deterioration
of a pipe or fixture by electrochemical reaction with its environment
(Patterson and O’Brien, 1979). Water’s corrosive tendency depends on its
physical, chemical, and biological characteristics and the nature of the
material with which it comes in contact. An example of physical action is
the erosion or wearing away of a pipe elbow because of excess flow
velocity in the pipe. A simple example of chemical action is the oxidation
or rusting of an iron pipe. An example of biological action is the release
of corrosive by-products by iron-oxidizing and sulfate-reducing bacteria
(Singley, Beaudet, and Markey, 1984).

There are several piping materials used in drinking water distribution
and home plumbing systems. Common piping materials are composed of
copper with lead-based solder, galvanized iron, plastic, and asbestos-
cement. Besides the material itself, contaminants in it, such as cadmium
and lead, can leach into the water. Even certain plastic piping may
contain contaminants that can leach into the water due to corrosion.
For example, some plastic pipes have been reported to contain lead
stearate as a stabilizing agent in its manufacture (Jacks, 1984). Little 1s
known, however, about the degree of leaching of lead from plastic piping.
Further, the brands of plastic that contain lead stearates are trade secrets,
thus, the leaching potential of a particular brand cannot be ascertained
without experimentation.

The contaminants of interest that may leach from piping due to corro-
sion are arsenic, asbestos, cadmium, copper, lead, selenium, and zinc.
Aluminum, mercury, and nitrate are not significantly leached from piping
due to the corrosivity or aggressive properties of water. The results of
three U.S. surveys and one in Canada are summar