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CHAPTER 1

INTRODUCTION

Water is essential for life on Earth, and any changes in the natural quality and distribution
of water have ecological impacts that can sometimes be devastating. The sciences of hydrol-
ogy and ecology are the scientific foundations of water-quality management. Hydrology is
the science dealing with the occurrence and movement of water, ecology is the science deal-
ing with interactions between living things and their nonliving (abiotic) environment or
habitat, and the relationship between hydrology and ecology is sometimes called hydrologic
connectivity (Pringle, 2003).

It is widely recognized that the establishment of new hydrologic connections in the
landscape and modification of natural connectivity in highly modified human-dominated
landscapes can have significant ecosystem impacts. For example, the modification of free-
flowing rivers for energy or water supply and the drainage of wetlands can have a variety
of deleterious effects on aquatic ecosystems, including losses in species diversity, floodplain
fertility, and biofiltration capability (Gleick, 1993). Specific environmental issues that are
of global concern include regional declines in migratory birds and wildlife caused by wet-
land drainage, bioaccumulation of methylmercury in fish and wildlife in newly created
reservoirs, and deterioration of estuarine and coastal ecosystems that receive the discharge
of highly regulated silicon-depleted and nutrient-rich rivers.

Water above land surface (in liquid form) is called surface water, and water below land
surface is called ground water. Although surface water and ground water are directly con-
nected, these waters are typically considered as separate systems and managed under
different rules and regulations. A key feature of any surface-water body is its watershed,
which is delineated by topographic high points surrounding the water body, and all surface
runoff within the watershed has the potential to flow into the surface-water body.
Consequently, surface-water bodies are the potential recipients of all contamination
contained in surface runoff from all locations within the watershed. For this reason, the
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management of water quality in surface waters is best done at the watershed scale rather
than at the scale of individual water bodies. This is the watershed approach to water-quality
management. The main limitations to implementing the watershed approach are rooted in
our inability to quantify most of the sub-watershed-scale contaminant-transport processes
that are fundamental to implementing watershed models of water quality. Contaminant
inputs into surface waters from the atmosphere are also considered in water-quality man-
agement plans (Patterson, 2000). In contrast to surface waters, the quality of ground water
is influenced primarily by activities on and below the ground surface, and the potential
sources of ground-water contamination are determined primarily by overlying land uses and
subsurface geology. The concept of a watershed is not applicable to ground water.

Identification of some polluted water bodies are obvious to the casual observer, such as
the stream shown in Figure 1.1, but some polluted water bodies are not so obvious, such
as an apparently pristine lake that is so contaminated with acid rain that the existence of
aquatic life is extremely limited.

To put the water-quality problem in perspective, a comprehensive study of the quality
of waters in the United States (USGS, 1999) determined that:

• The highest levels of nitrogen occur in streams and ground waters in agricultural
areas. Fifteen percent of samples exceeded the drinking-water standard for nitrate
nitrogen, 10 mg/L as N.

• Pesticides, primarily herbicides, are found frequently in agricultural streams and
ground water. Pesticides found most frequently include atrazine, metachlor, alochlor,
and cyanazine.

• Urban streams have the highest frequencies of occurrence of DDT, chlordane, and
dieldrin in fish and sediments. Complex mixtures of pesticides are commonly found
in urban streams.

2 INTRODUCTION

FIGURE 1.1 Polluted stream. (From Wetlands Connection Center, 2005. Photo by Suzanne
Dilworth Bates.)

c01.qxd  4/7/06  1:06 PM  Page 2



• Concentrations of phosphorus are elevated in urban and agricultural streams. These
concentrations commonly exceed 0.1 mg/L.

• Hydrology and land use are the major factors controlling nutrient and pesticide con-
centrations in major rivers. Concentrations are proportional to the extent of urban and
agricultural land use throughout the watershed. Key factors are soils and land slopes.

• Base flow in rivers originating from ground-water sources can be a major source of
nutrients and pesticides to streams.

Aside from these general findings, individual states have their own unique problems
with diffuse sources of pollution: In Wisconsin, waters are polluted by dairy and cranberry
farms; in North Carolina, by hogs; in Maryland, by chickens; in southern Florida, by sugar;
in Wyoming, by beef cattle; in Oregon, by clear-cutting; and in California, by irrigation
return flows.

1.1 PRINCIPLES OF WATER-QUALITY CONTROL

The water-quality-based approach to pollution control provides a mechanism through
which the amount of pollution entering a water body is controlled based on the conditions
of the water body and the standards set to protect it. The water-quality-based approach to
pollution control, illustrated in Figure 1.2, can be viewed as consisting of the following
eight stages:

PRINCIPLES OF WATER-QUALITY CONTROL 3

1
Determine protection level

Review/revise state WQS

2
Conduct WQ assessment
(a) Monitor water quality
(b) Identity impaired waters

3
Establish priorities

Rank/target waterbodies

4
Evaluate WQS for
targeted waters

5
Define and allocate control responsibilities

TMDL / WLA/LA

6
Establish source controls

Point source permits
NPS programs

7
Monitor and enforce

compliance
Self-monitoring

Agency monitoring
Enforcement

8
Measure progress

Modify TMDL if needed

Reaffirm / revise WQS

FIGURE 1.2 Water-quality-based approach to pollution control. (From USEPA, 1994.)
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1. Determining the protection level requires the development of water-quality stan-
dards, which are the bases on which the condition of a water body is assessed.

2. Monitoring and assessing water quality requires a determination of whether water-
quality standards are being met, detects pollution trends, and identifies sources of pollu-
tion. According to terminology used in the United States, water bodies not meeting
water-quality standards are called impaired waters, and a threatened water body is one that
currently meets water-quality standards but for which existing and readily available data
and information on adverse declining trends indicate that water-quality standards will
probably not be met at some time in the near future (USEPA, 1991b).

3. Establishing priorities involves ranking impaired water bodies based on considera-
tions of risk to human health, aquatic life, and wildlife; degree of public interest and sup-
port; the recreational, economic, and aesthetic importance of a particular water body; and
other relevant considerations.

4. Evaluating water-quality standards involves evaluating the appropriateness of the
water quality standards for specific waters. It is possible that generally applied standards
may be either over- or underprotective for a specific water body that has not had an in-
depth standards analysis.

5. Defining and allocating control responsibilities establishes the level of control needed
to meet water-quality standards and defines and allocates control responsibilities. The
quantity of potential pollutants that can be discharged into any given water body without
altering its integrity is called the waste assimilative capacity, and the sum of the waste assim-
ilative capacity and the background load is called the loading capacity (USEPA, 1991a).
Determining the loading capacity of a receiving body is one of the most important steps in
any water-quality-based environmental protection or restoration effort. The total maximum
daily load (TMDL) is defined as the maximum amount of a pollutant that may be discharged
into a water body and still meet water-quality standards. Mathematical models and/or mon-
itoring are used to determine TMDLs for impaired water bodies. Pollutant loadings above the
TMDL amount will result in waters exceeding the water-quality standards. The TMDLs
include waste-load allocations (WLAs) for point sources, load allocations (LAs) for non-
point sources, and a margin of safety (USEPA, 1994). Allocations of pollution loads from
point and nonpoint sources are calculated to ensure that water-quality standards are not
exceeded, and as such are water-quality-based limits. For each impaired water body, TMDLs
are developed by considering all pollution sources within the contributing watershed.

6. Establishing source control implements point-source controls through discharge
permits, whereas nonpoint-source controls typically are implemented through state and
local laws and regulations. In the United States, discharge permits required by the National
Pollution Discharge Elimination System (NPDES) place controls on point-source dis-
charges, and these controls may be either technology- or water-quality-based. Technology-
based limits are determined by the performance of state-of-the-art treatment systems.
For example, secondary municipal wastewater treatment plants are capable of producing
effluents with biochemical oxygen demand (BOD) and suspended solids values of less than
30 mg/L, and the discharge limits for municipal wastewaters are usually set at these tech-
nology limits, even if the receiving water is capable of assimilating higher levels of BOD
and/or suspended solids. In cases where the water-quality requirements are more stringent
than the technology-based limits, more advanced treatment is required to meet the ambi-
ent water-quality criteria. Under these conditions, the allowable contaminant concentration
in the discharge is water-quality-limited.

4 INTRODUCTION
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SOURCES OF WATER POLLUTION 5

In contrast to point-source controls, nonpoint-source controls usually take the form of
required best management practices (BMPs) or other management measures. The lands
that are most polluting within a watershed are sometimes called critical lands, and
identification of such lands is one of the most important tasks in planning, watershed man-
agement, and establishing and enforcing TMDLs.

7. Monitoring and enforcing compliance involves the collection of data for assessing
compliance with water-quality-based controls (permits) and for evaluating whether the
TMDLs, and control actions based on the TMDLs, are consistent with water-quality
standards.

8. Measuring progress involves assessing the effectiveness of the contaminant-source
controls and determining whether water-quality standards have been attained, water-qual-
ity standards need to be revised, or more stringent controls should be applied. If water-
quality standards are not met, TMDL allocations must be modified.

In implementing the principles of water-quality control, it is essential to understand the
connection between contaminant-source loading and the water quality. An understanding
of pollution abatement resulting from physical, chemical, and/or biological controls and an
ability to model these processes are essential in controlling the quality of water in natural
systems.

1.2 SOURCES OF WATER POLLUTION

Sources of water pollution are broadly grouped into point sources and nonpoint sources.
Point sources are defined as localized discharges of contaminants and include industrial
and municipal wastewater outfalls, septic tank discharges, and hazardous-waste spills.
Nonpoint sources of pollution include contaminant sources that are distributed over large
areas or are a composite of many point sources, including runoff from agricultural opera-
tions, the atmosphere, and urban runoff. Surface runoff that collects in storm sewers and
discharges via a pipe is still considered nonpoint-source pollution since it originates as
diffuse runoff from the land surface. Pollution loads from nonpoint sources are commonly
called diffuse loads. The most widespread nonpoint-source pollutants in the United States
are eroded sediments, fertilizers, and pesticides, associated primarily with agricultural
operations (Corwin et al., 1999).

Much of the pollution in waterways is caused by nonpoint-source pollution as opposed
to point-source pollution. Cunningham (1988) reported that nonpoint sources were the
principal contributors to pollution in 76% of lakes and reservoirs in the United States that
failed to meet water-quality standards, and USEPA (1997d) reported that nonpoint sources
impaired 65% of streams and 45% of estuaries in the United States that failed to meet
water-quality standards. A report on the Danube River basin found that nonpoint sources
contributed 60% of the nitrogen and 44% of the phosphorus load to the entire river basin
(Commission for European Communities, 1994). In developing countries most pollution
generated in large urban centers, from farms, deforestation, and land and wetland conver-
sion could be classified as nonpoint (Novotny, 2003). The Black Sea, Adriatic Sea,
Chesapeake Bay, and Gulf of Mexico are all examples of large water bodies affected by
excessive inputs of nutrients from farming operations and cities located thousands of kilo-
meters upstream and brought in by large tributaries—the Danube and Volga Rivers for the
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Black Sea, the Po River for the Adriatic Sea, the Susquehanna and Potomac Rivers for
Chesapeake Bay, and the Mississippi River for the Gulf of Mexico.

Wet-weather discharges refer to discharges that result from precipitation events such as
rainfall and snowmelt. Wet-weather discharges include stormwater runoff, combined-
sewer overflows (CSOs), and wet-weather sanitary-sewer overflows (SSOs). Stormwater
runoff collects pollutants such as oil and grease, chemicals, nutrients, metals, and bacteria
as it travels across land. CSOs and wet-weather SSOs contain a mixture of raw sewage,
industrial wastewater, and stormwater, and have resulted in beach closings, shellfish bed
closings, and aesthetic problems.

1.2.1 Point Sources

The identifying characteristic of point sources is that they discharge pollutants into receiv-
ing waters at identifiable single- or multiple-point locations. A typical point source of con-
tamination is shown in Figure 1.3. In most countries, these (point) sources are regulated,
their control is mandated, and a permit is required for waste discharge. Point sources of
contamination that are of concern in managing surface waters are domestic wastewater dis-
charges, industrial discharges, and spills.

Domestic Wastewater Discharges Most municipal wastewater treatment plants
discharge their effluent into rivers, lakes, or oceans. For river discharges of municipal
wastewater, the effect of the effluent on the dissolved oxygen and nutrient levels in the river
are usually of most concern. Decreased oxygen levels in rivers can cause harm to the
aquatic life, and increased nutrient levels stimulate the growth of algae, which consume
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FIGURE 1.3 Point source of pollution. (From Illinois Leader, 2004.)
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oxygen. For ocean discharges, pathogen and heavy-metal concentrations are usually of
most concern. In particular, pathogenic microorganisms discharged into the ocean can
infect humans who come in contact with the ocean water in recreational areas such as
beaches. Domestic wastewater discharged from septic tanks contains large numbers of
pathogenic microorganisms, with viruses of particular concern because of the ability of
viruses to move considerable distances in ground water. Approximately 50 million resi-
dents of the United States, 29% of the population, dispose of their sewage by individual
on-site (septic) systems. Septic tanks represent the highest total volume of wastewater dis-
charged directly to ground water and are the most common source of ground-water con-
tamination (Novotny, 2003).

Properly designed, operated, and maintained sanitary-sewer systems collect and trans-
port all of the sewage that flows into them to publicly owned treatment works (POTWs).
However, occasional unintentional discharges of raw sewage from municipal sanitary sew-
ers occur in almost every system. These types of discharges, collectively called sanitary-
sewer overflows (SSOs), have a variety of causes, including but not limited to extreme
weather, improper system operation and maintenance, and vandalism. There are at least
40,000 SSOs each year in the United States. The untreated sewage from SSOs can con-
taminate receiving waters and cause serious water-quality problems. These SSOs can also
back up into basements, causing property damage and threatening public health.

Combined-Sewer Overflows Combined-sewer systems are designed to collect rain-
water runoff, domestic sewage, and industrial wastewater in the same pipe. Most of the
time, combined-sewer systems transport all of their wastewater to a sewage treatment
plant, where it is treated and discharged to a receiving water body. During periods of heavy
rainfall or snowmelt, the wastewater volume in a combined-sewer system can exceed the
capacity of the sewer system or treatment plant. For this reason, combined-sewer systems
are designed to overflow occasionally and discharge excess wastewater directly to nearby
streams, rivers, or other water bodies. These overflows, called combined-sewer overflows
(CSOs), contain not only stormwater but also untreated human and industrial waste, toxic
materials, and debris.

In the United States, combined-sewer systems are remnants of early infrastructure and
are typically found in older communities. Combined-sewer systems currently serve
approximately 770 communities containing about 40 million people. Most communities
with combined-sewer systems (and therefore with CSOs) are located in the northeast and
Great Lakes regions and the Pacific northwest. Figure 1.4 provides a rough illustration of
the prevalence of combined-sewer systems in the United States.

Stormwater Discharges Stormwater discharges are generated by runoff from open
land and impervious areas such as paved streets, parking lots, and building rooftops dur-
ing rainfall and snow events. Stormwater runoff often contain pollutants in quantities that
could affect water quality adversely. A typical stormwater outlet is shown in Figure 1.5.
The primary method to control the quality and quantity of stormwater discharges is
through the use of best management practices. Although stormwater runoff is commonly
discharged through a single outfall pipe, such discharges are more accurately classified as
nonpoint pollutant sources.

Industrial Discharges There are a wide variety of industrial wastewaters, and ele-
vated levels of nutrients, heavy metals, heat, and toxic organic chemicals are common
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in industrial wastewaters. Some industries provide pretreatment prior to discharging
their wastewaters either directly into surface waters or into municipal sewer systems for
further treatment in combination with domestic wastewater. In many countries outside
the United States, industries are permitted to discharge their wastewater without ade-
quate pretreatment, and the resulting human and environmental impacts are usually
noticeable.

8 INTRODUCTION

FIGURE 1.4 Combined-sewer systems in the United States. (From USEPA, 2005b.)

FIGURE 1.5 Stormwater outlet. (From Rogue Valley Council of Governments, 2000.)
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Animal Feeding Operations Concentrated animal feeding operations (CAFOs) are
considered point sources of contamination. To be considered a CAFO, a facility must first
be defined as an animal feeding operation (AFO), where animals are kept and raised in
confined areas. A typical AFO is shown in Figure 1.6. The following conditions are typi-
cal of AFOs: (1) animals have been, are, or will be stabled or confined and fed or main-
tained for a total of 45 days or more in any 12-month period; and (2) crops, vegetation,
forage growth, or postharvest residues are not sustained in the normal growing season over
any portion of the lot or facility.

There have been substantial changes in the U.S. animal production industry over the
past several decades. Although the total number of AFOs has decreased, overall produc-
tion has increased. As a result, CAFOs are increasing in size and generating consider-
ably more waste requiring disposal over more limited areas. These operations are
expanding to the central and southwestern regions of the United States, where land is
less expensive and populations are relatively sparse. CAFO waste releases in the eastern
United States have prompted a closer evaluation of their environmental impact on sur-
face waters.

Spills Spills and accidental or intentional releases can occur in a variety of ways.
Transportation accidents on highways and rail freight lines can result in major chemi-
cal spills, and accidental releases at petroleum-product storage installations are another
common source of accidental spills. Leaks and spills from underground storage tanks and
piping into the ground water are of special concern because these releases may remain
undetected for long periods of time.

1.2.2 Nonpoint Sources

Nonpoint sources of contamination generally occur over large areas and because of their
diffuse nature, are more complex and difficult to control than point sources. Nonpoint-source
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FIGURE 1.6 Confined animal feeding operation. (From State of Arkansas, 2005.)
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pollution is a direct result of land-use patterns, so many of the solutions to pollution by
nonpoint sources lie in finding more effective ways to manage the land and stormwater
runoff. Much nonpoint-source pollution occurs during rainstorms and spring snowmelt,
resulting in large flow rates that make treatment even more difficult. Federal and state gov-
ernments do not play a major role in local land-use decisions; therefore, local governments
must be responsible for maintaining water quality through nonpoint-source controls.
Nonpoint sources of contamination that must generally be considered in managing water
bodies are agricultural runoff, livestock operations, urban runoff, landfills, and recreational
activities.

Runoff from urban and agricultural areas are the primary sources of surface-water
pollution in the United States (USEPA, 2000b). Ground-water contamination originating
from septic tanks, leaking underground storage tanks, and waste-injection wells is quite
common and are of particular concern when ground water is the source of domestic
water supply. The strengths of various sources of water pollution are shown in Table 1.1.
It is clearly apparent that pollutants at high concentrations can enter water bodies from
a variety of sources, and control of these sources is central to effective water-quality
management.

Agricultural Runoff Application of pesticides, herbicides, and fertilizers are all agricul-
tural activities that influence the quality of both surface and ground waters. In the United
States, certain pesticides and herbicides are banned because of their toxicity to humans or
their adverse effect on the environment. The application of fertilizers is of major concern
because dissolved nutrients in surface runoff accelerate growth of algae and depletion of oxy-
gen in surface waters. Nitrogen, in the form of nitrates, is a contaminant commonly found in
ground water underlying agricultural areas and can be harmful to humans. Erosion caused by
improper tilling techniques is another agricultural activity that can adversely affect water
quality through increased sediment load, color, and turbidity (AWWA, 1990).

10 INTRODUCTION

TABLE 1.1 Strength of Various Point and Nonpoint Sourcesa

Suspended Total Total Total 
BOD5 Solids Nitrogen Phosphorus Coliforms

Source (mg/L) (mg/L) (mg/L) (mg/L) (MPN/100 mL)

Urban stormwater 10–250 (30) 3000–11,000 (650) 3–10 0.2–1.7 (0.6) 103–108

Construction-site NA 10,000–40,000 NA NA NA
runoff

Combined-sewer 60–200 100–1100 3–24 1–11 105–107

overflows
Light industrial 8–12 45–375 0.2–1.1 NA 10

area
Roof runoff 3–8 12–216 0.5–4 NA 102

Typical untreated (160) (225) (35) (10) 107–109

sewage
Typical POWTb (20) (20) (30) (10) 104–106

effluent

aNumbers in parentheses indicate mean. NA, not available or unreliable.
bPublicly owned treatment works with secondary (biological) treatment.
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Livestock Feedlots have been shown to contribute nitrates to ground water, and patho-
genic microorganisms to surface waters. Overgrazing eliminates the vegetative cover that
prevents erosion, increasing the sediment loading to surface waters. In some extreme
cases, livestock are allowed to wade in and cause direct contamination of streams. Such a
circumstance is shown in Figure 1.7. This practice should be avoided as much as possible,
since the direct pollution of streams by pathogens such as Cryptosporidium parvum is a
likely and undesirable consequence.

Urban Runoff Urban runoff contains contaminants that are washed from pavement sur-
faces and carried to surface-water bodies. Contaminants contained in urban runoff include
petroleum products, metals such as cadmium and lead from automobiles, salt and other
deicing compounds, and silt and sediment from land erosion and wear on road and side-
walk surfaces. Bacterial contamination from human and animal sources is also often pres-
ent. The initial “flushing” of contaminants during storm events typically creates an initial
peak in contaminant concentration, with diminishing concentration as pollutants are
washed away (AWWA, 1990).

A major factor associated with impairment of waters in the United States is the
amount of impervious area that is directly connected to urban runoff systems (USEPA,
2002b), and such a connection is shown in Figure 1.8. According to Schueler (1995),
there is a strong correlation between percent imperviousness of a watershed and stream
health. Schueler (1995) further reported that stream degradation can occur when a water-
shed becomes about 10% impervious, and degradation becomes unavoidable at 30%
imperviousness.

Landfills Leachate from landfills can be a source of contamination, particularly for
ground water. Water percolating through a landfill (leachate) contains many toxic con-
stituents and is typically controlled by capping the landfill with a low-permeability cover
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FIGURE 1.7 Livestock in a stream. (From State of Arkansas, 2005.)
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and installing a leachate-collection system. Many older landfills do not have leachate-
collection systems.

Recreational Activities Recreational activities such as swimming, boating, and camp-
ing can have a significant impact on water quality. The impact of human activities has typ-
ically been reported in terms of increased levels of pathogenic microorganisms (AWWA,
1990).

1.3 LAWS AND REGULATIONS

Most water-control protocols are motivated directly or indirectly by environmental regula-
tions. Consequently, to gain a proper understanding of water-control practice, one must
have a good understanding of environmental regulations.

In the United States, Congress makes laws, and to put these laws into effect, Congress
authorizes certain government agencies, such as the U.S. Environmental Protection
Agency (USEPA), to create and enforce regulations to implement these laws. The creation
of a law begins when a bill is proposed by a member of Congress. If both houses of
Congress approve a bill, it goes to the President, who has the option to either approve
(sign) it or veto it. If approved, the new law is called an act, and the text of the act is known
as a public statute. Once an act is passed, the Government Printing Office incorporates the
new law into the United States Code, which codifies (categorizes and compiles) all federal
legislation. Authorized regulatory and enforcement agencies—such as the USEPA—
identify the need for regulations to support implementation of the act passed by Congress.
Proposed regulations are listed in the Federal Register so that the public can provide com-
ments to the agency. After considering all public comments and making appropriate
modifications to proposed regulations, a final rule is issued and published in the Federal
Register. Once a regulation is completed and has been published in the Federal Register as
a final rule, it is codified by being published in the Code of Federal Regulations (CFR).
The CFR is the official record of all regulations created by the federal government and is

12 INTRODUCTION

FIGURE 1.8 Surface runoff into a drainage system. (From State of Vermont, 2005.)
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divided into 50 volumes called titles, each of which focuses on a particular area. Almost
all environmental regulations appear in Title 40, usually abbreviated as simply 40 CFR.
Each CFR title is divided into various sections; for example, the baseline regulations deal-
ing with stormwater discharges into waters of the United States are found in 40 CFR 122,
and specific permit requirements are found in 40 CFR 122.26. The most important federal
laws governing the quality of ground and surface waters in the United States are the Clean
Water Act (CWA) and the Safe Drinking Water Act (SDWA).

Programs mandated by both the CWA and SDWA are administered at the federal level
by the U.S. Environmental Protection Agency, and these programs are usually imple-
mented through corresponding individual state programs. The CWA allows the delegation
of many permitting, administrative, and enforcement aspects of the law to state govern-
ments. In states with the authority to implement CWA programs, the USEPA still retains
oversight responsibilities. In addition to the implementation of federal laws and regula-
tions, state programs provide protection of public water supplies through water codes, san-
itary regulations, regulation of inland wetland areas, and other means of watercourse and
ground-water protection (AWWA, 1990). At the local level, municipal and county ordi-
nances can provide significant protection through land-use controls that regulate develop-
ment activities on key watershed areas.

1.3.1 Clean Water Act

The Clean Water Act, originally enacted in 1972, is intended to restore and maintain the
physical, chemical, and biological integrity of waters of the United States. The Clean
Water Act applies to surface waters, including rivers, lakes, estuaries, wetlands, and
oceans, and focuses primarily on establishing water-quality standards and regulations to
control discharges into surface waters. Major requirements of the Clean Water Act are:

• States must set water-quality standards to protect designated uses of all natural water
bodies in the state.

• States must prepare and submit (to the USEPA) an annual report on the quality of all
waters in the state.

• States must submit (to the USEPA) lists of surface waters that do not meet applicable
water-quality standards after implementation of technology-based limitations. Such
waters are called impaired waters. States must establish total maximum daily loads
(TMDLs) for impaired waters on a prioritized schedule that considers the severity of
the pollution and the uses to be made of such waters.

• The federal government must set industrywide, technology-based effluent standards
for dischargers.

• All dischargers must obtain a permit issued by the federal government or authorized
states that specifies discharge limits under the National Pollutant Discharge Elimination
System (NPDES). The discharge limits are typically the stricter of the water-quality-
based and technology-based limits.

Water-quality standards are the foundation of the water-quality-based pollution control
program mandated by the Clean Water Act. Water-quality standards define the goals for a
water body by designating its uses, setting criteria to protect those uses, and establishing
provisions to protect water bodies from pollutants. Point discharges into water bodies that
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meet their water-quality standard are typically regulated using technology-based effluent
standards, whereas discharges into impaired waters are regulated for each pollutant based
on a total maximum daily load (TMDL), which is the amount of a contaminant that a water
body can receive and still meet the water-quality standard. For each pollutant, the TMDL
includes contributions from both point and nonpoint sources. Dissolved-oxygen concen-
tration and algal biomass (or chlorophyll a) are the most commonly applied assessment
endpoints in TMDLs (Tung, 2001).

1.3.2 Safe Drinking Water Act

The Safe Drinking Water Act (SDWA) was enacted in 1974 to protect public health by
regulating the nation’s public drinking-water supply. The law was amended in 1986 and
1996 and requires many actions to protect drinking water and its sources. The SDWA
applies to every public water system in the United States, and there are currently more
than 160,000 public water systems. The SDWA does not regulate private wells that serve
fewer than 25 persons. Major programs mandated by the SDWA that relate to water-qual-
ity control in natural waters are drinking-water standards, source-water protection, and
underground injection control.

Drinking-Water Standards Under the authority of the SDWA, the USEPA has prom-
ulgated national primary drinking-water standards for certain radionuclide, microbiologi-
cal, organic, and inorganic substances. These standards establish maximum contaminant
levels (MCLs), which specify the maximum permissible level of a contaminant in water
that may be delivered to a user of a public water-supply system. MCLs are established
based on consideration of a range of factors, including not only the health effects of the
contaminants but also the treatment capability, monitoring availability, and costs. In some
cases, MCLs are replaced by treatment techniques (TTs), which are procedures that pub-
lic water-supply systems must employ to ensure contaminant control. Required treatment
techniques for pathogens are contained in the Surface Water Treatment Rule (SWTR) and
the coliform standard. The SWTR requires that surface water, and ground water under the
direct influence of surface water, undergo some combination of disinfection and filtration
to meet the following criteria:

• A minimum of 99.9% of Giardia lamblia and 99.99% of viruses are to be killed or
inactivated.

• The turbidity must be maintained at less than 5 nephelometric turbidity units (NTU)
at all times and less than 1 NTU in 95% of daily samples.

• The total heterotrophic bacterial level, as determined by plate count, must be less than
500 colonies per milliliter.

The coliform standard requires that no more than 5% of water samples test positive for col-
iforms in a month, and of those positives, that there be no samples that test positive for
fecal coliforms.

Secondary drinking water standards are nonenforceable guidelines that are based on
potential adverse cosmetic effects, such as skin discoloration and laundry staining, or aes-
thetic effects such as taste, odor, and color. Drinking-water standards apply to public water
systems, which provide water to at least 15 connections or 25 persons at least 60 days out
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of the year (most cities, towns, schools, businesses, campgrounds, and shopping malls are
served by public water systems). The 10% of Americans whose water comes from private
wells (individual wells serving fewer than 25 persons) are not protected by these federal
standards. People with private wells are responsible for making sure that their own drink-
ing water is safe. Bottled water is regulated by the U.S. Food and Drug Administration as
a food product and is required to meet standards equivalent to those that the USEPA sets
for drinking water.

Source-Water Protection Under provisions of the Safe Drinking Water Act, the
USEPA also establishes minimum water-quality criteria for water that may be taken into a
water-supply system. All states are required to develop source-water assessment plans
(SWAPs) to protect public water supplies from contaminant sources within the catchment
area of the drinking-water intake. This catchment area defines the source-water protection
area (SWPA) of the intake. Key components of SWAPs are as follows:

1. Delineation of the source-water protection area. For ground-water systems, available
information about ground-water flow and recharge is used to determine the source-water
protection area around a well or well field. Such areas are called wellhead protection areas.
Wellhead protection areas are typically divided into three zones, with an inner zone given
the most protection, an intermediate zone where detailed contaminant inventories are con-
ducted and best management practices required, and an outer zone where the potential
impact of contaminants on drinking-water intakes is regarded as minimal. The inner zone is
usually delineated using a distance criterion, the intermediate zone (also known as the
inventory region) delineated by time of travel, and the outer zone delineated by a hydroge-
ologic boundary. For surface-water intakes drawing water from a stream, river, lake, or
reservoir, the land area in the watershed upstream of the intake defines the source-water pro-
tection area. Surface-water intakes commonly have two protection zones, an inner zone that
is typically delineated by an upstream distance or travel time (based on the average annual
high flow) plus a minimum buffer width. Outer zones are typically delineated by watershed
boundaries. Water-supply wells classified as ground water under the direct influence of sur-
face water (GWUDI) are treated as surface-water sources for delineation purposes.

2. Inventory of actual and potential sources of contamination. Sources of pollutants
that could potentially contaminate the water supply are identified. This inventory usually
results in a list of facilities and activities within the delineated area that may release con-
taminants into the underground water supply (for wells) or the watershed of the river or
lake (for surface-water sources). Some examples of potential pollutant sources include
landfills, underground or aboveground fuel storage tanks, residential or commercial septic
systems, urban runoff from streets and lawns, farms and other entities that apply pesticides
and fertilizers, and sludge-disposal sites.

3. Determination of the susceptibility of the water source to contamination.
Susceptibility is defined by the USEPA as “the potential for a public water supply to draw
water contaminated by inventories sources at concentrations that would pose concern”
(USEPA, 1997c). Susceptibility determinations are typically based on the fate and trans-
port of contaminants within the SWPA, and establish the likelihood of contamination of
the water supply by potential sources of contamination. This critical step helps local deci-
sion makers consider priority approaches for protecting the drinking-water supply from
contamination. It is common to prioritize the potential for contamination from the
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specific potential contamination sources or from individual chemicals that could pollute
the water. In some cases, a susceptibility ranking of high, medium, or low is assigned to
each pollutant source.

4. Releasing the results of the assessments to the public. After the source-water assess-
ment for a particular water system is completed, the information must be summarized for
the public. Such summaries help communities better understand the potential threats to their
water supplies and identify priority needs for protecting the water from contamination.
Local communities, working in cooperation with local, regional, and state agencies, can
use the information gathered through the assessment process to create broader source-
water protection programs to address current and future threats to the quality of their
drinking-water supplies.

Communities use a wide array of source-water protection methods to prevent contami-
nation of their drinking-water supplies. One management option involves regulations, such
as prohibiting or restricting land uses that may release contaminants in critical source-
water protection areas. To go along with these regulations, many communities hold local
events and distribute information to educate and encourage citizens and businesses to recy-
cle used oil, limit their use of pesticides, participate in watershed cleanup activities, and
engage in a variety of other prevention activities. Another approach to source-water pro-
tection is to purchase land or create conservation easements to serve as protection zones
near drinking-water sources.

The use of prescribed buffer zones and travel times to protect surface-water intakes and
the use of travel times to protect ground-water intakes are the most common approaches
to controlling the susceptibility of drinking-water intakes to contamination (USEPA,
1997a, b). A typical riparian (river) buffer zone consisting of a forested area is shown in
Figure 1.9. Buffer zones can be created through utility ownership or usage restrictions,
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FIGURE 1.9 River with an adjacent (riparian) buffer. (From NRCS, 2005g.)
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thereby providing for filtration of runoff through natural vegetation. The required buffer
areas take into account exposure to contamination and the degree of treatment provided by
the buffer. Wetlands are frequently used as buffers for water-supply intakes, and preserva-
tion of wetlands maintains the natural filtration and cleansing provided by these critical
areas.

Underground Injection Control Program The underground injection control (UIC)
program provides safeguards such that injection wells do not endanger underground
sources of drinking water (USDWs). Facilities across the United States discharge into
underground formations a variety of hazardous and nonhazardous fluids via more than
800,000 injection wells, and a typical injection well is shown in Figure 1.10. Agricultural
operations and the chemical and petroleum industries could not exist without underground
injection wells since it is frequently cost-prohibitive to treat and release to surface waters
the large amounts of wastes that these industries produce each year. When injection wells
are properly sited, constructed, and operated, these wells are an effective and environmen-
tally safe alternative to surface disposal.

An injection well is defined as a bored, drilled, or driven shaft whose depth is greater
than the largest surface dimension; a dug hole whose depth is greater than the largest sur-
face dimension; an improved sinkhole; or a subsurface fluid distribution system. This
definition covers a wide variety of injection practices, ranging from more than 140,000
technically sophisticated highly monitored wells that pump fluids into isolated formations
up to 2 miles below Earth’s surface to the far more numerous on-site drainage systems,
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FIGURE 1.10 Typical injection well. (From Alberta Energy and Utilities Board, Alberta
Geological Survey, 2005.)

c01.qxd  4/7/06  1:06 PM  Page 17



such as septic systems, dry wells, and stormwater wells, that discharge fluids a few meters
underground.

USEPA groups underground injection wells into five classes for regulatory control pur-
poses. Each class includes wells with similar functions, construction, and operating fea-
tures, so that technical requirements can be applied consistently to the class:

• Class I wells: inject hazardous and nonhazardous fluids (industrial and municipal
wastes) into isolated formations beneath the lowermost underground source of drink-
ing water (USDW). Because these wells inject hazardous waste, class I wells are the
most strictly regulated and are regulated further under the Resource Conservation and
Recovery Act (RCRA).

• Class II wells: inject brines and other fluids associated with oil and gas production.

• Class III wells: inject fluids associated with solution mining of minerals.

• Class IV wells: inject hazardous or radioactive wastes into or above a USDW and are
banned unless authorized under other statutes for ground-water remediation.

• Class V wells: include all underground injection not included in classes I through IV.
Generally, most class V wells inject nonhazardous fluids into or above a USDW and
are on-site disposal systems such as floor and sink drains, which discharge to dry
wells, septic systems, leach fields, and drainage wells. Injection practices or wells that
are not covered by the UIC Program include single-family septic systems and
cesspools as well as nonresidential septic systems and cesspools serving fewer than
20 persons that inject only sanitary wastewater.

All injection wells are not waste-disposal wells. Some class V wells, for example, inject
surface water to replenish depleted aquifers or to prevent saltwater intrusion. Some class
II wells inject fluids for enhanced recovery of oil and natural gas.

Most injection wells have the potential to inject fluids that may cause a public water
system to violate drinking water standards. In general, the UIC program prevents contam-
ination of water supplies by setting minimum requirements for state UIC programs. A
basic concept of USEPA’s UIC program is to prevent contamination by keeping injected
fluids within the intended injection zone, or in the case of injection directly or indirectly
into a USDW, the fluids must not endanger or have the potential to endanger a current or
future public water supply. Most of the minimum requirements that affect the siting of an
injection well and the construction, operation, maintenance, monitoring, testing, and
finally, the closure of the well, are designed to address these concerns. All injection wells
require authorization under general rules or specific permits, and most states have primary
enforcement authority (primacy) for the UIC program.

1.4 STRATEGY FOR WATER-QUALITY MANAGEMENT

The strategy for water-quality management in the United States is dictated primarily by the
Clean Water Act and has three major components:

1. Designate the use of each natural water body.

2. Establish water-quality criteria to protect the designated uses.

3. Maintain a policy of antidegradation in executing steps 1 and 2.
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Regulatory categories of designated uses include public water supply, recreation, and
propagation of fish and wildlife; other uses, such as navigation and irrigation, can also be
specified. For each designated use, water-quality criteria are established by the state with
the approval of the USEPA. Comparing the quality of a water body with the criteria cor-
responding to its designated use is called water-body assessment. If the water-quality cri-
teria are met by the water body, the designated use is attained.

1.4.1 Use-Attainability Analysis

If the water-quality criteria are not met, the designated use has not been attained and a use-
attainability analysis (UAA) must be done. The primary objectives of a UAA are to deter-
mine what maximum pollutant loads [expressed as total maximum daily loads (TMDLs)]
are consistent with meeting the water-quality criteria and whether limiting these loads are
feasible from a socioeconomic viewpoint. Therefore, a UAA has three components: (1)
water-body assessment, (2) determination of total maximum daily load, and (3) socioeco-
nomic analysis. Possible outcomes of a use-attainability analysis are that the designated
use (a) is attainable, (b) is not attainable and should be downgraded, or (c) is more than
attainable and should be upgraded. Acceptable reasons for changing the designated use
and/or water-quality criteria of a water body are:

• Naturally occurring pollutant concentrations prevent attainment of the use.

• Natural, ephemeral, intermittent, or low flow or water levels prevent the attainment of
the use unless these conditions are compensated for by the discharge of a sufficient
volume of effluent discharge without violating conservation requirements.

• Human-caused conditions or sources of pollution prevent the attainment of the use
and cannot be remedied or would cause more environmental damage to correct than
to leave in place.

• Dams, diversions, or other types of hydrologic modifications preclude the attainment
of the use and its feasibility to restore the water body to its original condition or to
operate such modification in a way that would result in the attainment of the use.

• Physical conditions related to the natural features of the water body, such as the lack
of proper substrate, cover, flow, depth, pools, riffles, and the like, unrelated to water
quality, preclude attainment of aquatic-life protection uses.

• More stringent controls would result in substantial and widespread adverse societal
and economic impact.

1.4.2 Total Maximum Daily Load Process

The TMDL process is the preferred planning process in situations where simple control of
point sources by permits based on technology-based standards or on waste load allocations
alone would fail to accomplish water-quality goals in water-quality-limited receiving
waters. The outcome of this process is a watershed management plan that puts controls on
sources of pollution located within the watershed. Management options in water-quality-
limited (impaired or threatened) waters are as follows (Novotny, 1996, 1999):

1. Reduction of point-source loads beyond those mandated by technology-based effluent
standards. In this case, the entire burden of abatement is placed on point-source dischargers
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by issuing TMDL-based point-discharge (NPDES) permits. These permits are more stringent
than those mandated by technology-based effluent standards.

2. A combination of additional point-source controls and feasible best management
practices to reduce nonpoint-source loads. In this approach, loading capacity from point
and nonpoint sources and TMDLs must be determined for both low-flow and wet-weather
conditions. This alternative is more efficient and equitable than a sole reliance on point-
source controls.

3. Water-body restoration and waste assimilative capacity enhancement. For some
water-quality-limited watersheds, enough pollutants have accumulated in the sediments
that even if all present point and nonpoint discharges are eliminated, the water-quality
goals will not be achieved. Assimilative capacity can be increased by means such as low-
flow augmentation, contaminated-sediment removal or capping, in-stream aeration,
restoration of riparian wetlands, and implementation of riparian buffer strips.

4. Changing the designated use and associated water-quality standards. If a use-
attainability analysis (UAA) proves that the existing water-quality standards are not attain-
able, the designated use of the water body, and associated standards, can be adjusted to
reflect the attainable optimum use.

An implementation plan must generally be part of a TMDL study, and this plan is subject
to approval by a regulatory agency, which in the United States is the U.S. Environmental
Protection Agency or a delegated state agency.

SUMMARY

The regulation and management of potential water pollutants are best accomplished by
taking into account the relationship between the location and magnitude of these pollutant
sources and their water-quality impact. This approach to pollution control, generally
referred to as water-quality-based pollution control, requires consideration of the impact
on both ground and surface waters. For surface waters, the land area of concern is the
watershed, and for ground waters, pollution-handling activities on the overlying land area
are of most concern.

Sources of water pollution are grouped into point and nonpoint sources. Point sources
discharge pollutants into receiving waters at identifiable locations, typically out of the end
of a pipe, and include domestic wastewater discharges, combined sewer overflows, indus-
trial discharges, animal feeding operations, and spills. Nonpoint sources of water pollu-
tion, which occur over large areas and tend to be diffuse in nature, include agricultural
runoff, livestock, urban runoff, landfills, and recreational activities.

Regulatory control of point and nonpoint sources of water pollution in the United States
is based primarily on the authority of the Clean Water Act and the Safe Drinking Water
Act. Under the guidelines of the CWA, water-quality-based pollution control requires that
each natural water body have a designated use and federally approved water-quality crite-
ria associated with each designated use. Water-quality data collected in monitoring pro-
grams are compared with applicable water-quality criteria, and if the criteria are exceeded,
the water is called an impaired water and action must be taken either to reduce the pollu-
tant loading to bring the water body into compliance with its designated use, or the desig-
nated use must be changed. In these cases, total maximum daily loads (TMDLs) must be
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calculated that would be consistent with the water body meeting the water-quality criteria
associated with its designated use. The TMDL is allocated between point sources, non-
point sources, and background loading of contaminants into the polluted water body. Any
water body that does not meet its water-quality criteria can technically be referred to as
polluted. The Safe Drinking Water Act includes several provisions that complement the
Clean Water Act in controlling the quality of natural water bodies, such as the establish-
ment of drinking-water standards that are commonly used as water-quality criteria for
ground waters; source-water protection, wellhead protection, and sole-source aquifer pro-
grams that require regulation of pollutant sources that could affect drinking water quality;
and the underground injection program that protects underground sources of drinking
water.

The most fundamental water-quality management issues to be addressed when a water
body does not meet its water-quality criteria are related to the following two questions: (1)
Is the designated use attainable? and (2) What pollutant loads on the water body would be
consistent with attaining the designated use? To answer the first question, a use-attainabil-
ity analysis must be conducted, and to answer the second question, the TMDL process
must be followed.

PROBLEMS

1.1. What is the organizational structure of the U.S. Environmental Protection Agency?
Explain how this structure is related to laws governing water quality.

1.2. What is the organizational structure of your state agency responsible for environ-
mental protection? Explain how this structure is related to the federal and state laws
governing water quality.

1.3. Briefly summarize the federal regulations authorized by the Clean Water Act.

1.4. The loading capacity of a water body that would be consistent with the water body
attaining its designated use is calculated to be 100 kg of phosphorus per year.

(a) If a 10% factor of safety is mandated by the appropriate regulatory agency, what
is the TMDL for phosphorus?

(b) If 40 kg is already allocated to point discharges in the water body and 45 kg is
allocated to nonpoint sources, how much loading can be reserved for future
growth in the watershed?

PROBLEMS 21
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CHAPTER 2

WATER-QUALITY STANDARDS

2.1 INTRODUCTION

The acceptable quality of a natural water body depends on its present and future most
beneficial use. Inland and marine waters should be aesthetically pleasing and of acceptable
quality to support healthy and diverse aquatic ecosystems as well as human recreational
uses such as fishing and swimming. Freshwater bodies such as rivers, lakes, and aquifers
are typically sources of drinking water, and the quality of these waters should be consis-
tent with the level of water treatment provided prior to distribution in public water-supply
systems. Ground-water quality is typically superior to that of surface water in bacterio-
logical content, turbidity, and total organic concentrations. However, the mineral content
(hardness, iron, manganese) of ground water may be inferior and require additional treat-
ment prior to public consumption. Ground-water supplies are frequently consumed
directly by the public or pumped into water-distribution systems with minimal treatment.

In natural water bodies, water-quality criteria are generally considered from two view-
points: human health and aquatic life. Human-health-based water-quality criteria are
derived from assumptions related to the degree of human contact, quantity of water ingested
during human contact, and the amount of aquatic organisms (e.g., fish) consumed that
are derived from the water body (USEPA, 1994). Quantitative human-health water-quality
criteria are derived from experimental dose–response relationships and acceptable risk (of
illness) and are typically stated in terms of concentrations corresponding to an acceptable
level of risk. Aquatic-life water-quality criteria are derived from mortality studies of
selected organisms exposed to various levels of contamination in the water, and these crite-
ria are stated in terms of acceptable duration and frequency of exposure. In the United
States, aquatic-life water-quality criteria are typically stated in the form that aquatic ecosys-
tems will not be impaired significantly if (1) the 1-hour average concentration does not

Water-Quality Engineering in Natural Systems, by David A. Chin
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exceed the recommended acute criterion more than once every 3 years on average; and (2)
the 4-day (96-hour) average concentration of the pollutant does not exceed the recom-
mended chronic criterion more than once every 3 years on average (USEPA, 1986).
Contaminant limits for acute exposure are higher than contaminant limits for chronic expo-
sure, but there is no general rule as to whether human-health or aquatic-life criteria is more
restrictive.

2.2 MEASURES OF WATER QUALITY

Water quality is assessed based on (1) the present and future most beneficial use of the
water body, and (2) a set of water-quality criteria that correspond to the intended use of
the water body. In addition to specifying a designated use and water-quality criteria to pro-
tect the designated use, an antidegradation policy is generally instituted to keep waters that
meet water-quality criteria from deteriorating from their current condition, even if the
existing water-quality criteria are met in the deteriorated condition. Water-quality criteria
are generally formulated to maintain the physical, chemical, and biological integrity of a
water body. Measures used to assess the suitability of a water body for various uses are
listed in Table 2.1. The interrelationships between the physical, chemical, and biological
measures are complex, and alterations in the physical and/or chemical condition generally
result in changes in biological condition.

2.2.1 Physical Measures

Physical measures that directly affect the quality of aquatic-life habitat include flow con-
ditions, substrate, in-stream habitat, riparian habitat, and thermal pollution. These meas-
ures are described below.

TABLE 2.1 Factors Used in Water-Body Surveys and Assessments

Physical Measures Chemical Measures Biological Measures

In-stream characteristics Dissolved oxygen Biological inventory (existing)
Size (width, depth) Toxicants Fish
Flow, velocity Suspended solids Macroinvertibrates
Annual hydrology Nutrients Microinvertibrates
Total volume Nitrogen Phytoplankton
Reaeration rates Phosphorus Periphyton
Gradient, pools, riffles Sediment oxygen demand Macrophytes
Temperature Salinity Biological potential analysis
Sedimentation Hardness Diversity Indexes
Channel modifications Alkalinity HSI models
Channel stability pH Tissue analysis

Substrate characteristics Dissolved solids Recovery index
Channel debris Intolerant species analysis
Sludge deposits Omnivore–carnivore analysis
Riparian characteristics
Downstream characteristics

Source: USEPA (1994).

c02.qxd  4/7/06  1:07 PM  Page 23



24 WATER-QUALITY STANDARDS

Flow Conditions Slope and velocity divide streams into four categories: moun-
tain streams, piedmont streams, valley streams, and plains and coastal streams. Mountain
streams, sometimes called trout streams, have steep gradients and rapid currents;
streambeds consisting of rock, boulders, and sometimes sand and gravel; and are well
aerated and cool, with temperatures rarely exceeding 20�C. Piedmont streams are larger
than mountain streams, with depths up to 2 m; have rapid currents with alternating rif-
fles (shallow, fast-moving waters) and pools (deep slow-moving waters); and streambeds
typically consist of gravel. A typical pool and riffle in Elizabeth Brook (Massachusetts)
are shown in Figure 2.1 Riffles (rapids) are inhabited by salmonids and pools by
rheophilic cyprinids. Valley streams have moderate gradient and current with alternating
rapids and more extensive quiet waters than in piedmont zones. Trout are still present in
rapid stretches. Plains and coastal streams include the lower stretches of rivers and
canals, have low currents, high temperatures and low dissolved oxygen in the sum-
mer, and turbid waters. The main fish species are bream, channel catfish, sunfish, and
largemouth bass.

For excellent habitat, flows should exceed 0.05 m3/s for cold streams and 0.15 m3/s for
warm streams. Poor habitat usually exists for flows less than 0.01 m3/s in cold streams and
0.03 m3/s in warm streams. For benthic and fish communities, four general categories of
velocity (V) and depth (H) are optimal (Novotny, 2003): slow (V � 0.3 m/s) and shallow
(H � 0.5 m); (2) slow (V � 0.3 m/s) and deep (H � 0.5 m); (3) fast (V � 0.3 m/s) and deep
(H � 0.5 m); and (4) fast (V � 0.3 m/s) and shallow (H � 0.5 m).

The pool/riffle ratio or bend/run ratio is calculated by dividing the distance between
riffles or bends by the width of the stream, respectively. The pool/riffle ratio is used to
classify streams with higher slope (mountain, piedmont, and valley), and the bend/run
ratio is used to classify slow-moving lowland streams. An optimum value of these ratios
is in the range 5 to 7 (Novotny, 2003); ratios greater than 20 correspond to channels that
are essentially straight and are poor habitat for many aquatic species. Disruption of the
run–riffle–pool sequence has detrimental consequences on macroinvertibrate and fish
populations, while habitat diversity is related directly to the degree of meandering in nat-
ural and channelized streams (Zimmer and Bachman, 1976, 1978; Karr and Schlosser,
1977).

FIGURE 2.1 Typical (a) pool and (b) riffle. (From Organization for the Assabet River, 2005 a, b.
Photo by Suzanne Flint.)
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Substrate Substrate is the material that makes up the streambed. Sand and gravel are
common substrate materials, and these materials are contrasted in Figure 2.2. The type of
substrate is influenced significantly by the velocity of flow in the stream, and a typical rela-
tionship between the type of substrate and the velocity in a stream is given in Table 2.2. It
is also useful to note that sand settles in streams where velocities are less than 0.25 to
1.2 m/s, gravel settles in streams where velocities are less than 1.2 to 1.7 m/s, and erosion
of sand and gravel riverbeds occurs at velocities greater than 1.7 m/s (DeBarry, 2004).
Stream velocities below 0.1 m/s are typically categorized as slow, 0.25 to 0.5 m/s as mod-
erate, and greater than 0.5 m/s as swift. In general, clean and shifting sand and silt is the
poorest habitat. Bedrock, gravel, and rubble on the one side and clay and mud on the other
side, especially when mixed with sand, support increasing biomass. Substrate with more
than 50% cobble gravel is regarded as excellent habitat conditions; substrate with less than
10% cobble gravel is regarded as poor habitat. Watercourses with swift velocities
(�0.5 m/s) that have cobble and gravel beds have the greatest invertebrate diversity
(DeBarry, 2004).

Embeddedness is a measure of how much of the surface area of the larger substrate par-
ticles is surrounded by finer sediment. This provides a measure of the degree to which the

TABLE 2.2 Flow Velocity Versus Type of Substrate

Velocity (m/s) Type of Substrate

�0.2 Silt and bottom muck
0.2–0.4 Silt and sand
0.4–0.5 Sand

�0.5 Gravel and rocks

Source: USEPA (1983b).

FIGURE 2.2 (a) Sand and (b) gravel substrates.
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primary substrate (e.g., cobble) is buried in finer sediments. The embeddedness measure
allows evaluation of the substrate as a habitat for benthic macroinvertibrates, spawning of
fish, and egg incubation. Gravel, cobble, and boulder particles between 0 and 25% fraction
surrounded by fine sediments are excellent habitat conditions; gravel, cobble, and boulder
particles with greater than 75% fraction surrounded by fine sediments are poor habitat
conditions.

In-Stream Habitat The most common channel-alteration activities are channelization,
impounding for navigation and electric energy production, channel straightening, reduc-
tion of flow by withdrawals, removal of bank vegetation, and building of vertical embank-
ments and flood walls. The impact of these alterations range from minor to complete
destruction of habitat. Channel alteration that causes little or no enlargement of islands or
point bars are best for maintaining habitat; channel alterations that cause heavy deposits of
fine material, increased bar development, and the filling of most pools with silt have the
greatest (negative) impact on habitat. Quantitatively, channel modifications that cause less
than 5% of the channel bottom to be affected by scouring and deposition have minimal
impact; modifications that cause more than 50% of the channel bottom to be affected and
where only large rocks or riffle are exposed have significant impact. Channel alterations
that lead to unstable side slopes (�60%) or increased erosion will clearly have negative
impacts on in-stream habitat. An example of severe stream-channel erosion is illustrated in
Figure 2.3.

Riparian Habitat In most humid regions of the eastern and southern United States, nat-
ural riparian areas consist mostly of forests. In the more arid western parts of the United
States, natural riparian areas consist of narrow strips of stream bank vegetation made up
of grassland, brush, and other nonforested ecosystems. Modification of these natural ripar-
ian ecosystems typically has negative impacts on stream water quality. Forest riparian
buffers provide shade that keep stream temperatures low; filter, absorb, and adsorb pollu-
tants; provide an area for sediment deposition; promote microbial decomposition of
organic matter and nutrients; minimize or prevent stream bank erosion; provide terrestrial,

FIGURE 2.3 Effect of channel erosion on an in-stream habitat. (From USEPA, 2005d.)
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stream bank, and aquatic habitat and species biodiversity; open wildlife cooridors; provide
infiltration, which replenishes ground water and cool stream base flow; and provide base-
flow attenuation. The preserved riparian area adjacent to the San Joaquin River is shown
in Figure 2.4. This extremely valuable riparian habitat passes though miles of farmland in
the Central Valley of California.

Reduction or elimination of woods and brush vegetation eliminates wildlife habitat,
canopy cover, and shade. Reduction or elimination of shading by stream bank vegetation
reduces water quality by increasing sun-energy input, which increases water temperature.
Cooler streams contain more oxygen, providing better support for aquatic life. Unshaded
streams, partly because of an increase in sunlight and increased stream temperature, pro-
mote undesirable filamentous algae, whereas shaded streams support the advantageous
diatomatious algae.

Excellent conditions exist when over 80% of the stream bank is covered by vegetation
or boulders or cobble; poor habitat conditions exist when less than 25% of the stream bank
is covered with vegetation, gravel, or larger material. Shrubs provide excellent stream bank
cover. Poor conditions exist when more than 50% of the stream bank has no vegetation and
the dominant material is soil or rock.

The reduction or elimination of riparian wetlands reduces habitat for aquatic and ter-
restrial organisms and deprives the stream of buffering capacity for diffuse pollutant loads
from surrounding lands. This can adversely affect the diversity and species composition in
streams and other surface waters since riparian wetlands provide cover and shelter for fish
and other organisms.

As streams increase in size, the integrated effects of adjacent riparian ecosystems
should decrease relative to the overall water quality of the stream. Higher-order streams
are more influenced by land use within a watershed than by the riparian buffer condi-
tions. Conversely, first-order streams, or smaller intermittent streams, have little up-
gradient contributing drainage area and short contributing flow paths; therefore, the
condition of the riparian buffer may have a significant impact on the water quality of the
stream.

FIGURE 2.4 Riparian habitat. (From State of California, 2005b.)
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28 WATER-QUALITY STANDARDS

Thermal Pollution The primary source of thermal pollution is waste heat from nuclear
and fossil-fuel electric power plants. Commonly, such discharges are about 10�C above the
temperature of the receiving water (Clark, 1997). Approximately half of the fuel energy
used by a typical power plant is dissipated as waste heat to waterways, usually to an adja-
cent water body. Many fish species (e.g., salmon) are extremely sensitive to temperature
and cannot adjust readily to warmer waters. Conversely, some fish species thrive in warmer
waters near power plants and can be severely harmed by a sudden drop in temperature that
usually occurs when a plant shuts down for scheduled maintenance or an unscheduled out-
age. A hyperspectral image showing thermal plumes from the cities of Indian Point and
Lovett (New York) into the Hudson River are shown in Figure 2.5.

In coastal power stations that discharge to temperate seas, heated discharges are gener-
ally of little consequence, but in tropical seas, where summer temperatures are already
near the thermal death point of many organisms, the increase in temperature can cause sub-
stantial loss of life. Most modern power plants are required to install cooling towers that
release waste heat to the atmosphere rather than to water bodies.

2.2.2 Chemical Measures

Regulated chemical compounds or combinations of compounds are those that are consid-
ered to be toxic to human and aquatic life and that occur or have the potential to occur in
the water environment at harmful levels. In the United States, such toxic pollutants are

FIGURE 2.5 Thermal plumes from Indian Point and Lovett into the Hudson River. (From
Geophysical and Environmental Research Corp., 1988.)
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collectively referred to as priority pollutants, and the Clean Water Act defines these pollu-
tants as those that after discharge and upon exposure, ingestion, inhalation, or assimilation
into any organism, either directly from the environment or indirectly by ingestion through
food chains, will cause death, disease, behavioral abnormalities, cancer, genetic mutation,
physiological malfunctions (including malfunctions in reproduction), or physical defor-
mations in such organisms or their offspring. The current list of priority pollutants, given
in Appendix C.3, contains 129 pollutants, of which 13 are toxic metals and the remaining
are mostly organic chemicals. Even though almost all water-quality constituents may
become toxic at high enough levels, priority pollutants are either toxic at relatively low lev-
els or at levels that may result from waste discharges. The chemical measures that are
included in water-quality standards include priority pollutants plus additional chemical
measures that describe the ambient environment, such as dissolved oxygen. Key chemical
measures of water quality are described in the following sections.

Dissolved Oxygen Dissolved oxygen (DO) is the amount of molecular oxygen dis-
solved in water and is one of the most important parameters affecting the health of aquatic
ecosystems, fish mortality, odors, and other aesthetic qualities of surface waters. Discharges
of oxidizable organic substances into water bodies result in the consumption of oxygen and
the depression of dissolved-oxygen levels. If dissolved-oxygen levels fall too low, the
effects on fish can range from a reduction in reproductive capacity to suffocation and death.
Larvae and juvenile fish are especially sensitive and require higher levels of dissolved oxy-
gen than those required by more mature fish. Oxygen depletion at the lower depths of lakes
and reservoirs create reducing conditions in which iron and manganese can be solubilized, and
taste and odor problems may also increase because of the release of anoxic and/or anaero-
bic decay products such as hydrogen sulfide. Nutrient enrichment in surface waters is often
signaled by excessive oxygen production, leading to supersaturation in some cases, and by
hypoxia or anoxia in deep waters where excessive plant production is consumed.

Saturation levels of DO decrease with increasing temperature, as illustrated in Table 2.3,
for a standard atmospheric pressure of 101 kPa. One of the most commonly used empiri-
cal equations for estimating the saturation concentration of dissolved oxygen, DOsat, is
given by the American Public Health Association (APHA, 1992):

ln DOsat � �139.34411 ��
1.5757

T
0

a

1 � 105

���
6.6423

T
0

a

8
2

� 107

�

��
1.24380

T
0

a
3

� 1010

� ��
8.62194

T
9

a
4

� 1011

�

(2.1)

where Ta is the absolute temperature (K) of the water. Equation 2.1 is sometimes referred
to as the Benson–Krause equation. A more compact equation recommended by the U.S.
Environmental Protection Agency (USEPA, 1995) is given by

(2.2)

where T is the water temperature in �C. Equation 2.2 is accurate to within 0.03 mg/L, as
compared with Equation 2.1, on which the values given in Table 2.3 are based
(McCutcheon, 1985). The saturation concentration of oxygen in water is affected by the
presence of chlorides (salt), which reduce the saturation concentration by about

DOsat ��
31

4
.5
6
�

8
T

�
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30 WATER-QUALITY STANDARDS

0.015 mg/L per 100 mg/L chloride at low temperatures (5 to 10�C) and by about
0.008 mg/L per 100 mg/L chloride at higher temperatures (20 to 30�C) (Tebbutt, 1998).
The following equation is recommended to account for the effect of salinity on the satura-
tion concentration of dissolved oxygen (APHA, 1992):

(2.3)

where DOs is the saturated dissolved-oxygen concentration at salinity S, where S is in parts
per thousand (ppt). For high-elevation streams and lakes, the barometric-pressure effect is
important, and the following equation is used to quantify the pressure effect on the satu-
rated dissolved-oxygen concentration:

ln DOs � ln DOsat � S �1.764 � 10�2 ��
10

T
.7

a

54
� ��

21
T
4

a

0
2

.7
��

TABLE 2.3 Saturation of Dissolved Oxygen in Water

Temperature (�C) Dissolved Oxygen (mg/L)

0 14.6
5 12.8

10 11.3
15 10.1
20 9.1
25 8.2
30 7.5
35 6.9

DOP � DOsatP
[1 � (Pwv/P)](1 � θP)
���(1 � Pwv)(1 � θ ) (2.4)

where DOP is the saturated dissolved-oxygen concentration at pressure P (atm), Pwv is the
partial pressure of water vapor (atm), which can be estimated using the relation (Lung, 2001)

ln Pwv � 11.8671 ��
384

T
0.70
� ��

216
T
,9
2
61

� (2.5)

where T is the temperature in �C and θ is given by

θ � 0.000975 � 1.426 � 10�5T � 6.436 � 10�8T 2 (2.6)

Cool waters typically contain higher levels of dissolved oxygen, and consequently,
aquatic life in streams and lakes is usually under more oxygen stress during the warm sum-
mer months than during the cool winter months. The minimum dissolved oxygen level
needed to support a diverse aquatic ecosystem is typically on the order of 5 mg/L. An illus-
tration of dissolved-oxygen fluctuations in the Neuse River at marker 38 in October 1999
is shown in Figure 2.6.

Example 2.1 (a) Compare the saturation concentration of dissolved oxygen in freshwater at
20�C given by Equation 2.1 to the value given in Table 2.3. (b) How do these values compare
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with the saturation concentration given by Equation 2.2? (c) What would be the effect on the
saturation concentration of dissolved oxygen if saltwater intrusion causes the chloride con-
centration to increase from 0 mg/L to 2500 mg/L? (d) Compare the saturation concentration
of dissolved oxygen in freshwater at 20�C in Miami, where atmospheric pressure is 101 kPa,
with the saturation concentration in Denver, where atmospheric pressure is 83.4 kPa.

SOLUTION (a) Equation 2.1 gives DOsat in terms of the absolute temperature, Ta, where
Ta � 273.15 � 20 � 293.15 K. Hence, Equation 2.1 gives

ln DOsat � �139.34411 ��
1.5757

T
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� � �
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Therefore,

DOsat � e2.207 � 9.1 mg/L
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FIGURE 2.6 Dissolved-oxygen concentration in the Neuse River at marker 38, October 1999.
(From Bales et al., 2000.)
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This is the same value of DOsat for freshwater given in Table 2.3.
(b) According to Equation 2.2,

DOsat ��
31

4
.5
6
�

8
T

� ��
31.

4
5
6
�

8
20

� � 9.1 mg/L

This is the same value (9.1 mg/L) as that given in Table 2.3 and calculated using Equation
2.1. Since Equation 2.2 is supposed to agree with Equation 2.1 within 0.03 mg/L, the cal-
culated result is expected.

(c) The impact of salinity on the saturation concentration of dissolved oxygen is given
by Equation 2.3, and the relationship between chloride concentration, c, and salinity, S, in
seawater is given by

S � 1.80655c (2.7)

where S and c are in parts per thousand. In the present case, c � 2500 mg/L � 2.5 kg/m3 �
2.5/1000 � 0.00250 � 2.50 ppt, where the density of water is taken as 1000 kg/m3.
Applying Equation 2.7 to estimate the salinity gives

S � 1.80655(2.50) � 4.52 ppt

and Equation 2.3 gives the corresponding dissolved oxygen as

ln DOs � ln DOsat � S �1.764 � 10�2
��
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.
5
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2
��

� 2.18

which yields

DOS � e2.18 � 8.8 mg/L

Therefore, increasing the chloride concentration from 0 mg/L to 2500 mg/L reduces the
saturation concentration of dissolved oxygen from 9.1 mg/L to 8.8 mg/L, a reduction of
approximately 3%.

(d) The impact of atmospheric pressure on dissolved-oxygen concentration is given by
Equation 2.4. In this case, DOsat � 9.1 mg/L, P � 83.4 kPa � 83.4/101.325 � 0.823 atm,
and Pwv is given by Equation 2.5 as

lnPwv � 11.8671 ��
384

T
0.70
� ��

216
T
,9
2

61
�

� 11.8671 ��
384

2
0
0
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� ��
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2
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0
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�

� �722.57
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which yields

Pwv � 0 atm

and θ is given by Equation 2.6 as

θ � 0.000975 � 1.426 � 10�5T � 6.436 � 10�8T 2

� 0.000975 � 1.426 � 10�5(20) � 6.436 � 10�8(20)2

� 0.000716

Substituting into Equation 2.4 gives

DOP � DOsat P

� 9.1(0.823) � �
� 7.5 mg/L

This result indicates that the saturation concentration of dissolved oxygen decreases
roughly in proportion to the atmospheric pressure. At 20�C, the saturation concentration in
Denver (7.5 mg/L) is 18% less than in Miami (9.1 mg/L).

The levels of fish tolerance to low dissolved-oxygen stresses vary: Cold-water fish (e.g.,
salmon, trout) and biota require higher dissolved-oxygen concentration than do warm-
water fish and biota. For example, brook trout may require about 7.5 mg/L of dissolved
oxygen, whereas carp can survive at 3 mg/L. As a rule, the more desirable commercial and
game fish require higher levels of dissolved oxygen. Federal water-quality criteria recom-
mend 1-day (average) minimum dissolved oxygen concentrations of 8.0 mg/L for early life
stages and 4 mg/L for other life stages of cold-water fish; corresponding concentrations are
5.0 and 3.0 mg/L, respectively, for warm-water fish (USEPA, 1986). Dissolved-oxygen cri-
teria for saltwater coastal waters set the 1-day minimum dissolved oxygen for juveniles
and adults at 2.3 mg/L (USEPA, 2000c).

Biochemical Oxygen Demand Bacterial degradation results in the oxidation of
organic molecules to stable inorganic compounds. Biochemical oxygen demand (BOD) is
the amount of oxygen required to biochemically oxidize organic matter present in water.
Aerobic bacteria that are responsible for the BOD make use of dissolved oxygen in reac-
tions similar to the following involving glucose (C6H12O6):

C6H12O6 � 6O2 → 6H2O � 6CO2 (2.8)

According to this equation, 6 moles of oxygen would be consumed for every mole of glu-
cose. Waste discharges that contain significant amounts of biodegradable organic matter
have high BOD levels and consume significant amounts of oxygen from the receiving
waters, thereby reducing the level of dissolved oxygen and producing adverse impacts on
aquatic life. If the organic matter is protinaceous, nitrogen and phosphorus are also released

(1 � 0)(1 � 0.000716 � 0.823)
����

(1 � 0)(1 � 0.000716)

[1 � (Pwv/P)](1 � θP)
����

(1 � P
wv

)(1 � θ )
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34 WATER-QUALITY STANDARDS

as a result of the decomposition process. Biodegradable organic wastes commonly associ-
ated with oxygen consumption in surface waters include human and animal excrement,
food wastes, and organic residuals from industrial operations such as paper mills and food-
processing plants. The BOD measures the mass of oxygen consumed per unit volume of
water and is usually given in mg/L. The wastewater from industrial operations such as pulp
mills, sugar refineries, and some food-processing plants may easily have a (5-day) BOD as
high as several thousand milligrams per liter. In contrast, raw sewage typically has a (5-day)
BOD of about 200 mg/L. A typical BOD curve is illustrated in Figure 2.7(a), where the
BOD is composed of the carbonaceous BOD (CBOD) and the nitrogenous BOD (NBOD).
The CBOD is exerted by heterotrophic organisms that derive their energy for oxidation
from an organic-carbon substrate, and NBOD is exerted by nitrifying bacteria that oxidize
nitrogenous compounds in the wastewater. The carbonaceous demand is usually exerted
first, with a lag in the growth of nitrifying bacteria. Normally, nitrogenous oxidation of raw
sewage effluent is only important after 8 to 10 days of oxidation in the presence of excess
oxygen; for treated effluents, however, nitrification may be important after a day or two, due
to the large number of nitrifying bacteria in the effluent (Tebbutt, 1998).

BOD tests are conducted using 300-mL glass bottles in which a small sample of pol-
luted water is mixed with (clean) oxygen-saturated water containing a phosphate buffer
and inorganic nutrients. The mixture is incubated in a stoppered bottle in the dark at 20�C,
and the dissolved oxygen in the mixture is measured as a function of time, usually for a
minimum of 5 days. Since the sample is incubated in the dark there is no possibility for
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FIGURE 2.7 (a) Typical BOD curve; (b) carbonaceous BOD remaining versus time. (From Chin,
David A., Water-Resources Engineering. Copyright © 2000. Reprinted by permission of Pearson
Education, Inc., Upper Saddle River, NJ.)
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photosynthesis to occur, so the oxygen concentration must either remain constant or
decline. A typical BOD test apparatus is shown in Figure 2.8. A decrease in the measured
oxygen concentration may be due to the respiratory activity of organisms and/or the sim-
ple chemical oxidation of substances that are unstable in the presence of oxygen, such as
ferrous iron or ammonia. Since both biological and chemical processes may cause a
decline in oxygen concentration, BOD should be understood to refer to biochemical oxy-
gen demand rather that simply biological oxygen demand. If a problem with nitrification
is suspected in the BOD test, a specific nitrification inhibitor can be added to the water
sample so that only the carbonaceous BOD is determined.

The cumulative oxygen demand of the polluted water after 5 days is called the 5-day
BOD and is usually written as BOD5. The kinetics of carbonaceous BOD (CBOD), illus-
trated in Figure 2.7(b), can be approximated by the following first-order model:

�
d
d
L
t

�� �k1L (2.9)

where L is the CBOD remaining at time t and k1 is a rate constant. If L0 is the CBOD
remaining at time t � 0, equal to the ultimate CBOD, Equation 2.9 can be solved to yield

L � L0e
�k1t (2.10)

Since the CBOD at time t is related to L by

CBOD � L0 � L (2.11)

the CBOD as a function of time is given by combining Equations 2.10 and 2.11 to yield

(2.12)CBOD � L0(1 � e�k1t)

FIGURE 2.8 Typical BOD test apparatus. (From Hach, 2005.)
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The ultimate CBOD, L0, can be expressed in terms of the 5-day CBOD, CBOD5, as

L0 ��
1
C
�

BO
e�

D
5k

5
1

� (2.13)

where both CBOD5 and k1 are derived from the BOD test data. For secondary-treated
municipal wastewaters, k1 is typically in the range 0.1 to 0.3 day�1 at 20�C, which gives a
L0/CBOD5 ratio of approximately 1.6. Schnoor (1996) suggests a value of 1.47 for
L0/CBOD5 in municipal wastewater, and data reported by Lung (2001) indicate that 2.8
may be more typical. On average, biological oxidation is complete in about 60 to 70 days
for most domestic wastewaters (Lung, 2001), although little additional oxygen depletion
occurs after about 20 days (Vesilind and Morgan, 2004). Municipal-wastewater discharge
permits generally allow a maximum CBOD5 of 30 mg/L, and it is recommended that com-
munities discharging treated domestic wastewater into lakes or pristine streams reduce
their CBOD5 to below 10 mg/L to protect the indigenous aquatic life (Serrano, 1997).

It is interesting to note that the 5-day BOD was originally chosen as the standard value
because the BOD test was devised by sanitary engineers in England, where the River
Thames has a travel time to the sea of less than 5 days, so there was no need to consider
oxygen demand at longer times.

Example 2.2 The results of a BOD test on secondary-treated sewage give a 5-day BOD
of 25 mg/L and a rate constant of 0.2 day�1. (a) Estimate the ultimate carbonaceous BOD
and the time required for 90% of the carbonaceous BOD to be exerted. (b) If the ultimate
nitrogenous BOD is 20% of the ultimate carbonaceous BOD, estimate the oxygen require-
ment per cubic meter of wastewater.

SOLUTION (a) From the data given, BOD5 � 25 mg/L and k1 � 0.2 day�1; hence, the
ultimate carbonaceous BOD, L0, is given by Equation 2.13 as

L0 ��
1
B
�

O
e
D
�5

5
k1

� ��
1 � e

2
�

5
5(0.2)

� � 39.5 mg/L

Letting t* be the time for the BOD to reach 90% of its ultimate value, Equation 2.12 gives

0.9(39.5) � 39.5(1 � e�0.2t*)

which gives

t* � 11.6 days

(b) Since the ultimate nitrogenous BOD is 20% of the ultimate carbonaceous BOD, the
ultimate BOD is given by

ultimate BOD � 1.2L0 � 1.2(39.5) � 47.4 mg/L

and for 1 m3 � 1000 L of wastewater, the ultimate mass of oxygen consumed by biochem-
ical reactions is

mass of oxygen � 47.4(1000) � 47,400 mg/m3 � 47.4 g/m3
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If the wastewater is discharged into a surface water, this oxygen will be taken from the
ambient water.

If the oxygen concentration falls below about 1.5 mg/L, the rate of aerobic oxidation is
reduced (Clark, 1997). In cases where adequate amounts of dissolved oxygen are not avail-
able, anaerobic bacteria can oxidize organic molecules without the use of dissolved oxy-
gen, but the end products include compounds such as hydrogen sulfide (H2S), ammonia
(NH4), and methane (CH4) which are toxic to many organisms. The process of anaerobic
decomposition is much slower than that of aerobic decomposition.

Waste discharges from nonpoint (diffuse) sources rarely cause significant reduction of
dissolved oxygen in receiving streams. Exceptions to this include runoff with high con-
centrations of biodegradable organics from concentrated animal feeding operations
(CAFOs) and spring runoff from fields with manure spread on still-frozen soils. River
water with BOD5 less than 2 mg/L can be regarded as unpolluted, and river water with a
BOD5 greater than 10 mg/L is grossly polluted (Hino and Matsuo, 1994; Clark, 1997).
Water for salmon or trout should have a BOD5 value below 3 mg/L, for coarse fish (i.e.,
other than salmonids) less than 6 mg/L, and drinking water sources may have a value up
to 7 mg/L.

Chemical Oxygen Demand The chemical oxygen demand (COD) is the amount of
oxygen consumed when the substance in water is oxidized by a strong chemical oxidant.
The COD is measured by refluxing a water sample in a mixture of chromic and sulfuric
acid for a period of 2 hours. This oxidation procedure almost always results in a larger oxy-
gen consumption than the standard BOD test since many organic substances that are not
immediately available as food to aquatic microbes (e.g., cellulose) are readily oxidized by
a boiling mixture of chromic and sulfuric acid. Domestic wastewaters typically have a
BOD5/COD ratio of 0.4 to 0.5 (Metcalf & Eddy, 1989). Comparison of BOD and COD
results can help identify the occurrence of toxic conditions in a waste stream or indicate
the presence of biologically resistant (refractory) wastes. For example, a BOD5/COD ratio
approaching 1 indicates a highly biodegradable waste; a ratio approaching zero suggests a
poorly biodegradable material.

Suspended Solids Suspended solids (SS) is the amount of suspended matter in water.
SS is measured in the laboratory by filtering a known volume of water through a 1.2-µm
microfiber filter, drying the filter at 105�C, and calculating the SS value by dividing the
mass of solids retained on the filter by the volume of water filtered. The concentration of
particles in the water that is passed through the 1.2-µm filter is called the total dissolved
solids (TDS). Particles ranging in size from about 10�3 to 1.2 µm are classified as colloidal
solids. The suspended-solids value is normally expressed in mg/L, and SS concentrations
are usually quite high in surface runoff. A high level of SS produces a turbid receiving
water, blocks sunlight needed by aquatic vegetation, and clogs the gills of fish. A water
plume with high suspended solids is shown in Figure 2.9. The sedimentation of suspended
solids in receiving waters can cause a buildup of organic matter in the sediments, leading
to an oxygen-demanding sludge deposit. This deposit can also adversely affect fish popu-
lations by reducing their growth rate and resistance to disease, preventing the development
of eggs and larvae, and reducing the amount of food available on the bottom of the water
body. Land erosion from human activities such as mining, construction, logging, and farm-
ing is the major cause of suspended sediment in surface runoff.

In the United States, municipal wastewater treatment plants produce effluents with SS
values of less than 30 mg/L. It is recommended that communities that discharge treated
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domestic wastewater into lakes or pristine streams reduce their SS values to below 10 mg/L
to protect the aquatic life in the receiving water (Serrano, 1997).

Example 2.3 An outfall discharges wastewater into a flood-control lake that is approxi-
mately 300 m long, 100 m wide, and 20 m deep. The suspended-solids concentration in the
wastewater is 30 mg/L, the wastewater discharge rate is 0.05 m3/s, and the bulk density of
the settled solids is 1600 kg/m3. Assuming that all of the suspended solids ultimately set-
tle out in the lake, estimate the time required for 1 cm of sediment to accumulate at the
bottom of the lake.

SOLUTION The SS concentration in the wastewater is 30 mg/L � 0.03 kg/m3, and the
discharge flow rate is 0.05 m3/s. Under steady-state conditions, the rate at which suspended
solids are discharged into the lake is equal to the rate of sediment accumulation at the bot-
tom of the lake and is given by

sediment mass accumulation rate � 0.03(0.05) � 0.0015 kg/s

Since the bulk density of the settled solids is 1600 kg/m3, the rate of volume accumula-
tion is

sediment volume accumulation rate��
0
1
.0
6
0
0
1
0
5

� � 9.38 � 10�7 m3/s

For 1 cm (� 0.01 m) to cover the bottom of the 300 m � 100 m lake, the volume of sedi-
ment is 0.01(300)(100) � 300 m3. Hence, the time required for 300 m3 of sediment to accu-
mulate is given by

accumulation time for 1 cm of sediment��
9.38

3
�

00
10�7
�

� 3.20 � 108 s � 3700 days � 10.1 years

FIGURE 2.9 Water plume with high suspended solids. (From State of North Carolina, 2005b.)
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It is interesting to note that at this rate of sediment accumulation, the lake will be filled
completely in approximately 20,000 years.

Nutrients Nutrients are those substances that provide living organisms with the essential
elements to sustain growth and life function. Of the approximately 100 elements in the peri-
odic table, about 30 are constituents of living things and can be broadly classified as nutri-
ents. Some of these nutrients are required in relatively large amounts and are termed
macronutrients, whereas others are needed in only trace quantities and are called micronu-
trients. Despite the fact that some elements are required only in trace quantities, their avail-
ability may control the productivity of the entire ecosystem. Included in this group of
potentially limiting elements are nitrogen and phosphorus. Both nitrogen and phosphorus are
widely used in fertilizers and phosphorus-based household detergents, are commonly found
in food-processing wastes and animal and human excrement, and are most responsible for
the overenrichment of nutrients in surface waters (Rubin, 2001). Nutrients in fertilizers tend
to bind to clay and humus particles in soils and are therefore easily transported to surface
waters through erosion and runoff. In addition, fertilizers tend to leach into waterways from
the soils of farmlands, lawns, and gardens. Other significant sources of nutrients include mal-
functioning septic systems and effluents from sewage treatment plants. Excessive plant
growth associated with overenrichment of nutrients causes oxygen depletion, which causes
increased stress on aquatic organisms such as fish. An algae bloom fed by nutrient-rich runoff
from the coast of Norway is illustrated in Figure 2.10. In most cases, phosphorus is the lim-
iting nutrient in freshwater aquatic systems, such as lakes. In contrast to freshwater systems,
nitrogen is mostly the limiting nutrient in the seaward portions of estuarine systems.

Nitrogen Nitrogen is a nutrient that stimulates the growth of algae, and the oxidation of
nitrogen species can consume significant amounts of oxygen. There are several forms of
nitrogen that can exist in water bodies, including organic nitrogen (e.g., proteins, amino acids,
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FIGURE 2.10 Algae bloom caused by nutrient-rich runoff from the coast of Norway. (From
NASA, 2005c.)
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urea), ionized and nonionized ammonia (NH�
4 and NH3), nitrite ion (NO�

2), nitrate ion (NO�
3),

and dissolved nitrogen gas (N2). For water in contact with the atmosphere, the most fully oxi-
dized state of nitrogen is �5 and oxidation of nitrogen compounds proceeds as follows:

(2.14)

In aquatic environments, decomposers break down organic nitrogen to release ammonia, a
process called ammonification or deamination, and ammonia (NH3) is transformed to NO3

nitrogen in a process called nitrification. The nitrification process is a result of the action
of the nitrosomas and nitrobacter bacteria.

Ammonification can occur in sediments, water, and soils. Depending on the pH of the
water, dissolved ammonia gas (NH3) and ammonium ions (NH�

4) will exist in an equilib-
rium according to the relation

(2.15)

At pH 7 or below, most of the ammonia nitrogen will be ionized as ammonium, while at
pH levels greater than 9 the proportions of nonionized ammonia will increase. The non-
ionized ammonia is toxic to fish, while the ionized ammonium is a nutrient to algae and
aquatic plants and also exerts dissolved-oxygen demand. The nonionized ammonia is a gas
that will mostly volatilize from water, and water-quality standards regulate the total ammo-
nia nitrogen (NH�

4� NH3). At normal pH values, ammonia-nitrogen occurs in the ammo-
nium form (NH�

4), and because of the positive charge, it is readily adsorbed by negatively
charged (organic and clay) soil particles.

Ammonium ions are converted to nitrite by Nitrosomonas bacteria, and nitrite is con-
verted to nitrate by Nitrobacter bacteria according to the following reactions:

4NH�
4 � 6O2 → 4NO�

2 � 8H�
� 4H2O (2.16)

4NO�
2 � 2O2 → 4NO�

3 (2.17)

The combined reaction, called nitrification, can be written in the form

(2.18)

Stoichiometrically, the oxygen requirement for the overall nitrification reaction (Equation
2.18) is 4.56 mg of O2 per milligram of NH�

4. However, since the reaction is autotrophic,
oxygen is also produced as a result of bacterial growth, and the overall oxygen requirement
for nitrification is less than the stoichiometric value. Wezernak and Gannon (1968) meas-
ured the O2 requirement in nitrification as about 4.3 mg of O2 per milligram of NH�

4. The
following environmental factors affect the nitrification rate (Krenkel and Novotny, 1980;
Novotny, 2003):

• The reaction is strictly aerobic. If the oxygen concentration is depleted below 2 mg/L,
the reaction rate decreases rapidly.

• The optimum pH range is between 8 and 9. Below a pH of 6, the reaction essentially
ceases.

NH�
4 � 2O2 → NO3 � 2H� � H2O

NH�
4 � OH� � NH3 � H2O

organic nitrogen � O2 → NH3 nitrogen � O2 → NO2 nitrogen � O2 → NO3 nitrogen
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• The nitrifying organisms tend to reside on either sediments or solid surfaces. Hence,
the nitrification process tends to occur near the sediment–water interface.

• The growth rate of nitrifying organisms is much less than the growth rate of het-
erotrophic decomposers. Consequently, if higher concentrations of biodegradable
organics are present, the heterotrophs will limit the growth of nitrifiers and
nitrification will be suppressed.

• The optimal temperature range is between 20 and 25�C. The rate of the nitrification
process decreases if the temperature is less than the optimum.

Plants take up and utilize nitrogen in the form of ammonia or nitrate, which are typi-
cally in short supply in agricultural soils, thus leading to requirements for fertilization.
Nitrate-nitrogen commonly originates in runoff from agricultural areas with heavy fertil-
izer usage, whereas organic nitrogen is commonly found in municipal wastewaters.
Nitrite-nitrogen does not typically occur in natural waters at significant levels, and its pres-
ence would indicate wastewater contamination and/or lack or oxidizing conditions
(AWWA, 1990). Excessive nitrate in ground water is of concern if the aquifer is to be used
as a drinking-water supply, since nitrate can pose a health threat to infants by interfering
with oxygen transfer in the bloodstream.

Under anoxic conditions the nitrate-nitrogen ion becomes the electron acceptor in the
organic matter oxidation reaction. This reaction, called denitrification, can be represented
as (Schindler, 1985; Davis and Masten, 2004)

(2.19)

where nCH2O represents a form of organic carbon, and several forms of organic carbon
(e.g., dissolved methane from anaerobic decomposition in sediments) may serve as the
source of energy in this reaction. The denitrification process described by Equation 2.19
represents a loss of nitrogen from the water since the nitrogen gas produced volatilizes into
the air. A few planktonic algal organisms are capable of fixing N2-nitrogen in the photo-
synthetic reaction.

Some environments that contain biodegradable materials lack both oxygen and nitrate
to serve as an oxidizing agent, and in such cases, sulfate may serve that role. This occurs
in the following reaction where the conversion of one sulfur atom from � 6 in sulfate
(SO2

4
�) to �2 in hydrogen sulfide (H2S) oxidizes two carbon atoms from 0 to � 4:

(2.20)

This reaction frequently occurs in stagnant anaerobic marine sediments that are supplied
with decaying biomass: for example, from algae or seaweed accumulation. Sulfate is plen-
tiful as a dissolved ion in seawater, and the hydrogen sulfide produced by this reaction may
be released as a gas, producing an offensive odor downwind. In the absence of oxygen,
nitrate, and sulfate, biomass can still be converted to carbon dioxide, as in the reaction

(2.21)

This (anaerobic) biodegradation process, which commonly occurs in anoxic sediments, is
generally called methanogenesis, since it generates methane (CH4).

2 CH2O → CO2 � CH4

2CH2O � 2H� � SO2
4
� → 2CO2 � 2H2O � H2S

5CH2O � 4NO�
3 � 4H� → 5CO2 � 7H2O � 2N2
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Conditions at the sediment–water interface can have a major impact on the nitrogen
balance in aquatic systems. Unless the water at the bottom of a water body is com-
pletely anoxic, a thin aerobic sediment layer will form. In the aerobic sediment layer,
nitrification should occur. Because the gradient of NO�

3 is downward to the sediment
(zero nitrate concentration), the NO�

3 thus formed will diffuse back into the anaer-
obic sediment, where denitrification is certain (Keeney, 1973). This is referred to as the
nitrification–denitrification process, by which nitrogen is lost from the system. This
process can occur only at the sediment–water interface, and nitrification in free-flowing
water is relatively rare. Experiments by Keeney et al. (1975) have shown that about one-
third of nitrogen input to a lake may be lost from the water body by the
nitrification–denitrification process, and Kadlec (1988) and others have documented
similar nitrogen losses for wetlands.

Nitrates tend to travel very easily in ground water and commonly originate from the
nitrification of wastewater discharges near the ground surface. This wastewater originates
from such sources as septic tanks, livestock, feedlots, waste stabilization ponds or lagoons,
waste treatment plant effluents, leaking sewers, and spray irrigation. Nitrogen deposited in
the soil from wastewater application occurs largely as ammonium (NH�

4), which is
adsorbed by negatively charged clay particles as it percolates through the ground until neg-
atively charged sites are saturated. In the presence of oxygen, ammonium will be converted
to nitrate (NO3), which will flow freely into the ground water causing a potential hazard.
At pH values below 7, nitrates may be adsorbed, whereas at neutral pH, nitrates will not
be adsorbed. Once in the saturated zone, nitrates will be reduced to gaseous nitrogen
(denitrification) at a minimal rate. Elevated nitrate levels in drinking water cause methe-
moglobinemia or “blue baby” in infants. This sickness is caused by nitrates interacting
with the hemoglobin in red blood cells, forming methemoglobin, which unlike hemoglo-
bin, cannot carry sufficient oxygen to the body’s cells and tissues. This causes babies to
turn blue. Whether nitrates constitute a problem in ground water depends greatly on their
source. For example, ammonia-nitrogen seeping through the bottom of a waste stabiliza-
tion pond would remain unoxidized because oxygen would be at a minimum, whereas
nitrates would become abundant in ground water underlying a septic tank tile field (assum-
ing a neutral pH) because the flow is near the surface.

Phosphorus Phosphorus-bearing minerals have low solubility, and thus most surface
waters naturally contain very little phosphorus. Phosphorus is normally present in water-
sheds in extremely small amounts and commonly exists in water as phosphates and
organophosphates originating from wastewater discharges, household detergents, and agri-
cultural runoff associated with fertilizer application and concentrated livestock operations.
Untreated domestic wastewater contains 5 to 15 mg/L of phosphorus (in both organic and
inorganic forms), concentrations more than two orders of magnitude greater than those
desired in healthy surface waters (� 0.02 mg/L). Thus, significant phosphorus removal has
become required as part of the wastewater-treatment process.

Orthophosphates are salts of phosphoric acid (H3PO4) and the only significant form of
phosphorus available to plants and algae is the soluble reactive inorganic orthophosphate
species (H2PO�

4, HPO2
4
�, PO3

4
�) that are incorporated into organic compounds. For water

in contact with the atmosphere, the most fully oxidized state of phosphorus is � 5, and
phosphorus in the form of phosphate (H2PO�

4) from fertilizer, detergents, and organic
wastes becomes adsorbed to sediment, which is carried to streams during the
erosion—sedimentation process.

42 WATER-QUALITY STANDARDS

c02.qxd  4/7/06  1:07 PM  Page 42



Phosphorous is usually the limiting nutrient for the growth of algae in lakes. For lakes
in the northern United States to be free of algal nuisances, the generally accepted upper
concentration limit is 10 µg/L (0.01 mg/L) of orthophosphate-phosphorus.

Metals Because of the significant (negative) effects that certain toxic metals can have on
human health, metal pollution is potentially one of the most serious forms of aquatic pol-
lution. Metals are introduced into aquatic systems by many processes, including the weath-
ering of soils and rocks, atmospheric deposition, volcanic eruptions, and a variety of
human activities involving mining, industrial use, and exhaust and tire deposition from
automobiles. Metal-rich drainage from mining activities in the Animas River catchment is
shown in Figure 2.11. Urban runoff is a major source of zinc (originating from tire wear)
in many water bodies, and metals tend to accumulate in bottom sediments. Toxic metals of
concern in water bodies include arsenic (Ar), cadmium (Cd), copper (Cu), chromium (Cr),
lead (Pb), mercury (Hg), nickel (Ni), and zinc (Zn). At toxic levels, most metals adversely
affect the internal organs of the human body. Specific concerns with several metals are
described below.

Arsenic Arsenic (Ar) is a naturally occurring element in the environment and its occur-
rence in ground water is largely the result of minerals dissolving from weathered rocks and
soils. High arsenic concentrations in ground water have been documented in parts of
Maine, Michigan, South Dakota, Oklahoma, and Wisconsin, where arsenic concentrations
exceeding 10 mg/L have been observed. The maximum contaminant limit for arsenic in
drinking water is 10 µg/L.

Cadmium Cadmium (Cd) is widely used in metal plating and is an active ingredient of
rechargeable batteries. Cadmium causes high blood pressure and kidney damage and is a
probable human carcinogen.
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FIGURE 2.11 Metal drainage into the Animas River. (From USGS, 2005b.)
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Chromium Chromium (Cr) is a trace constituent in ordinary soils, a natural impurity in
coal, and is widely used in the manufacture of stainless steel. Chromium exists in two oxi-
dation states in the environment, �3 and �4. Cr3� is an essential trace element in human
diets, whereas Cr4� causes a variety of adverse health effects, including liver and kidney
damage, internal hemorrhage, respiratory disorders, and cancer.

Lead Lead (Pb) was used extensively in several commercial products before its adverse
health effects became well known. It was incorporated in pigments used in house paint and
in glazes applied to dishware. Lead was also used in pipes and solder in water-distribution
systems and in the gasoline additive tetraethyllead, (C2H5)4Pb. Although a substantial
decrease in human exposure to lead was achieved by eliminating it from gasoline, there is
still a legacy of lead in paint and pipes of old houses and in land near heavily used road-
ways. A range of adverse health effects result from the accumulation of lead in the blood-
stream, including anemia, kidney damage, elevated blood pressure, and central nervous
system effects such as mental retardation. Infants and young children are especially sus-
ceptible to lead poisoning because they absorb ingested lead more readily than do older
humans. Lead is a probable human carcinogen.

Mercury Mercury (Hg) is a metal of particular concern in surface waters, where the bio-
logical magnification of mercury in freshwater food fish is a significant hazard to human
health. A significant amount of mercury discharged into the environment is first emitted as
an air pollutant, but the most damaging effects typically occur in lakes after the mercury
moves through the atmosphere, is deposited into a lake, and then undergoes methylation,
which is a process in which mercury is bound to a carbon molecule. This process resulted
in approximately 1300 fishing advisories in lakes throughout the United States in 1995
(Mihelcic, 1999). Methyl mercury is an especially toxic form of mercury that affects the
central nervous system. As far as is now known, human exposure to methyl mercury occurs
only through the consumption of contaminated fish and seafood. Mercury is the only con-
taminant introduced by humans into the sea, apart from pathogens in sewage, that has been
responsible for human deaths (Clark, 1997).

As a general rule, metals of biological concern can be divided into three groups: light
metals (e.g., Na, K, Ca) which are normally transported as mobile cations in aqueous solu-
tions, transitional metals (e.g., Fe, Cu, Co, Mn) which are essential at low concentrations
but may be toxic at high concentrations, and metalloids (e.g., Hg, Pb, Sn, Se, Ar) which
are generally not required for metabolic activity and are toxic at low concentrations.

Synthetic Organic Chemicals Synthetic organic chemicals (SOCs) include pesti-
cides, PCBs, industrial solvents, petroleum hydrocarbons, surfactants, organometallic com-
pounds, and phenols. Many of these organic substances are hazardous to humans in relatively
small concentrations. A list of potentially harmful synthetic organic chemicals can number
in the thousands or tens of thousands (Domenico and Schwartz, 1998). More than 1000
new chemicals are synthesized each year and about 60,000 chemicals are in daily use
(Ramaswami et al., 2005). Complete toxicity and hazard information is available for only a
small percentage of the synthetic chemicals produced by industry and consumed by society.

Categories of synthetic organic compounds are given in Table 2.4. These pollutants can
enter natural water bodies by a variety of mechanisms, such as runoff (pesticides), munic-
ipal and industrial discharges (PCBs), chlorination by-products in municipal wastewater
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discharges (HAHs), and spills (PAHs). Pesticides are frequently found in ground and sur-
face waters that receive runoff and infiltration from agricultural areas, and industrial sol-
vents are common contaminants in ground water, resulting from both accidental and illicit
spills. The cloud resulting from a chemical (herbicide) spill in the Sacramento River is
shown in Figure 2.12. The bulk of SOCs that are of concern in drinking water are pesti-
cides (AWWA, 2003).

When classified according to target species, the most common pesticides may be
broadly defined as herbicides, insecticides, or fungicides, depending on whether they are
designed to kill plants, insects, or fungi, respectively. These three categories of pesticides
account for 57, 14, and 8% by weight, respectively, of conventional pesticide use in the
United States (USEPA, 1999b). The two most widely used herbicides in the United States
are atrazine and metolachlor, both of which are chlorinated organics. Pesticides such as
chlordane and carbofuran are highly persistent in the environment since they do not read-
ily break down in natural ecosystems and thus tend to accumulate in the tissue of organ-
isms near the top of the food chain, such as birds and fish.

An important group of toxic organic compounds are classified as volatile organic com-
pounds (VOCs) and include substances such as vinyl chloride, carbon tetrachloride, and
trichloroethylene. Chemicals in this class are often used as industrial or household sol-
vents and as ingredients in chemical manufacturing processes. Many of these volatile
organic compounds are suspected or known hazards to the health of humans and aquatic
ecosystems, and all of these compounds have chemical and physical properties that allow
them to move freely between the water and air phases of the environment (Rathbun,
1998). The distinguishing characteristics of VOCs are low molecular weight, high vapor

TABLE 2.4 Categories of Organic Priority Pollutants

Category Description

Pesticides Generally chlorinated hydrocarbons
Polyclorinated biphenyls (PCBs) Used in electrical capacitors and transformers, paints,

plastics, insecticides, other industrial products
Halogenated aliphatics (HAHs) Used in fire extinguishers, refrigerants, propellants,

pesticides, solvents for oils and greases, and in dry 
cleaning

Ethers Used mainly as solvents for polymer plastics
Phthalate esters Used chiefly in production of polyvinyl chloride and

thermoplastics as plasticizers
Monocyclic aromatics (MAHs) (Excluding phenols, cresols, and pthalates) Used in the

manufacture of other chemicals, explosives, dyes, and
pigments, and in solvents, fungicides, and herbicides

Phenols Large-volume industrial compounds used chiefly as 
chemical intermediates in the production of synthetic 
polymers, dyestuffs, pigments, herbicides, and 
pesticides

Polycyclic aromatic hydrocarbons Used as dyestuffs, chemical intermediates,
(PAHs) pesticides, herbicides, motor oils, and fuels

Nitrosamines Used in the production of organic chemicals and rubber

Source: Council on Environmental Quality (1978).
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pressure, and low-to-medium water solubility. Because they tend to evaporate easily, the
concentration of VOCs in surface waters is typically much lower than that in ground
water.

Radionuclides Radionuclides are elements with an unstable atomic nucleus. When
radionuclides undergo radioactive decay, energy is released that can damage exposed tis-
sue, and at high doses, radiation exposure can cause acute illness and even death. Most
radioactivity in water is associated with natural causes, but there is also a threat of radionu-
clide contamination from various industrial and medical processes. A radioactive atom is
unstable and seeks stability by emitting alpha particles, beta particles, and/or gamma rays.
These types of radioactivity are described as follows:

• An alpha (α) particle consists of two protons and two neutrons and is equivalent to
the nucleus of a helium ion, designated as 4He. Since the radioactive nucleus loses
two positive charges, the atom becomes that of an element two places lower in the
periodic table. Alpha particles are relatively slow moving and lose their energy in a
short distance; they are stopped by a few centimeters of air or only 40 µm of tissue.
They are, however, intensely ionizing in the matter through which they pass and can
cause more damage to living tissue than particles with a longer path. Nuclei emitting
α particles are of biological consequence if they are taken into the body, for example,

46 WATER-QUALITY STANDARDS

FIGURE 2.12 Chemical (herbicide) spill in the Sacramento River. (From State of California,
2005a.)
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by ingestion or inhalation. Alpha-particle emission occurs mainly in radioisotopes
whose atomic number is greater than 82.

• A beta (β ) particle has a mass identical to that of an electron and a charge of �1
(positron) or �1 (electron). Beta particles vary widely in their energy but lose most of
it within a relatively short distance and can be screened by about 40 mm of tissue. Like
α particles, their biological significance is greatest if a β emitter is taken into the body.

• Either alpha or beta particles may be accompanied by gamma (γ ) radiation. Gamma
rays consist of high-energy electromagnetic radiation and are highly penetrating and
strongly ionizing. Living tissues need to be shielded from gamma radiation by a con-
siderable thickness of heavy material such as lead or concrete to absorb the radiation.

The radioactive substances that are of concern as drinking-water contaminants are
radium, uranium, radon, and artificial radionuclides (AWWA, 2003). These substances are
described briefly as follows.

Radium Naturally occurring radium is leached into ground water from rock formations,
so it is present in water sources in areas where there is radium-bearing rock. It may also
be found in surface water as a result of runoff from mining and industrial operations, where
radium is present in the soil. The two isotopes of radium of concern in drinking water are
radium 226, which emits primarily alpha particles, and radium 228, which emits beta par-
ticles and alpha particles from its daughter decay products. Radium is chemically similar
to calcium, so about 90% of ingested naturally occurring radium goes to the bones.
Consequently, the primary risk from radium ingestion is bone cancer.

Uranium Naturally occurring uranium is found in some ground-water supplies as a
result of leaching from uranium-bearing sandstone, shale, and other rock. Uranium may
also occasionally be present in surface water, carried there in runoff from areas with min-
ing operations. Uranium may be present in a variety of complex ionic forms, depending on
the pH of the water. The primary adverse effect of uranium is toxicity to human kidneys.

Radon Radon is a naturally occurring radioactive gas. It cannot be seen, smelled, or
tasted. Radon comes from the radioactive decay of uranium and is the direct radioactive
decay daughter of radium 226. The highest concentrations of radon are found in soil and
rock containing uranium. Significant concentrations, from a health standpoint, may be
found in ground water from any type of geologic formation, including unconsolidated for-
mations. The problem with radon from a public water-supply viewpoint is that if radon is
present in the water, a significant amount of the gas will be liberated into a building as the
water is used. Showers, washing machines, and dishwashers are particularly efficient in
transferring radon gas into the air. The radon released from the water adds to the radon that
seeps into a building from the soil, adding to the health danger. Inhaled radon is consid-
ered to be a cause of lung cancer. The USEPA estimates that between 1 and 5 million
homes in the United States may have significantly elevated levels of radon contamination
and that between 5000 and 20,000 lung cancer deaths per year may be attributed to all
sources of radon (AWWA, 2003).

Artificial Radionuclides Significant artificial radionuclide levels have been recorded in
surface waters as a result of atmospheric fallout following nuclear testing, leaks, and
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disasters. Otherwise, surface water typically contains little or no radioactivity. If an acci-
dental discharge of artificial radionuclides occurs from power plants, waste-disposal sites,
or medical facilities, the elements most likely to be present are strontium 90 and tritium.

The presence of radionuclides is typically detected by selective deployment of radionu-
clide samplers, and the deployment of a radionuclide sampler in the ocean is illustrated in
Figure 2.13. The effects of excessive levels of radioactivity on the human body include
developmental problems, nonhereditary birth defects, genetic defects that might be inher-
ited by future generations, and various types of cancer.

pH The pH of water is defined as the negative log of the hydrogen-ion activity (in
mol/L), commonly written as

pH � �log10[H
�] (2.22)

Values of pH below 7 are associated with acidic waters, while higher values of pH are
associated with basic or alkaline waters. The pH of natural water bodies affect biological
and chemical reactions, control the solubility of metal ions, and affect natural aquatic life.
For example, the viability of fish species such as brook trout and lake trout is significantly
diminished below a pH of 5.5, and most fish species cannot survive in waters with a pH
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FIGURE 2.13 Deployment of a radionuclide sampler in the ocean. (From Challenger Oceanic,
2005.)
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below 5.0. The desirable pH for freshwater aquatic life is in the range 6.5 to 9.0, and 6.5
to 8.5 for marine aquatic life. Most natural waters have a pH near neutral, with 95% of all
natural waters having a pH between 6 and 9 (Mihelcic, 1999).

Drainage and runoff from mining operations and discarded mine wastes have long been
major sources of acid loadings on streams, lakes, and rivers. Coal mining, for example,
releases sulfur-bearing minerals that form dilute sulfuric acid when contacted with process
water used in the mining operation, or with rainfall that leaches acidic materials from
waste piles and carries them to nearby surface waters (Rubin, 2001).

Acid deposition from the atmosphere directly into surface waters or onto surrounding
lands is another important source of acid waters. The northeastern United States and
Canada frequently record rainwater pH values between 4 and 5, and this acid rain has
caused a complete eradication of some fish species, such as brook trout, in hundreds of
lakes in the Adirondaks, the acidification of more than 1350 mid-Atlantic Highland
streams, the acidification of approximately 580 streams in the mid-Atlantic Coastal Plain,
and the acidification of more than 90% of streams in the New Jersey Pine Barrens (Davis
and Masten, 2004). Most rainwater not affected by anthropogenic acid-rain emissions has a
pH of approximately 5.6, due to the presence of dissolved carbon dioxide from the atmos-
phere (Mihelcic, 1999).

2.2.3 Biological Measures

In evaluating what levels of aquatic-life protection are attainable, the biology of a water body
should be evaluated. Such evaluations are generally related to maintaining the biological
integrity of an ecological system. Biological integrity is defined as the ability to support and
maintain a balanced, integrated, and adaptive community of organisms having a species
composition, diversity, and functional organization comparable to those of natural habitats
within a region (Karr and Dudley, 1981). Typical aquatic ecosystems include rivers, lakes,
wetlands, and estuaries; and biological monitoring of a stream is illustrated in Figure 2.14.
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FIGURE 2.14 Biological monitoring of a stream. (From State of Iowa, 2005.)
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The principal biological factors to be considered in evaluating the integrity of an aquatic eco-
logical system are derived from a biological inventory and a biological potential analysis.

Biologists have traditionally placed living things within five kingdoms, differentiated
primarily by the organization of their nuclear material and by their feeding strategies.
Procaryotic organisms have their nuclear material distributed throughout the cell, while
eucaryotic organisms utilize a membrane to segregate the nuclear material. Feeding strate-
gies include absorption (uptake of dissolved nutrients), photosynthesis (fixation of light
energy in simple carbohydrates), and ingestion (intake of particulate nutrients). The five
kingdoms are as follows:

1. Monera: unicellular procaryotes that obtain nutrients strictly by absorption. Bacteria
are members of the Monera kingdom.

2. Protista: mostly unicellular eucaryotes that obtain food by absorption, photosynthe-
sis, or ingestion. Algae and protozoans are members of the Protista kingdom. Some
biologists still debate the classification of algae within the Protista kingdom.

3. Fungi: mostly multicellular eucaryotes that obtain food by absorption. Fungi lack
motility; that is, they lack the ability to move by self-generated propulsion.

4. Plantae: multicellular eucaryotes that obtain food by photosynthesis.

5. Animalia: multicellular eucaryotes that obtain food by ingestion.

Each kingdom can be further subdivided into phyla, classes, orders, families, genera,
and species. A species is a group of individuals that possess a common gene pool and
that can interbreed successfully. In scientific work, the (Latin) genus–species combina-
tion is typically used to identify an organism; however, most organisms have one or
more common nonscientific names by which they are frequently referred. For example,
Stizostedion vitreum is the scientific name for an organism commonly known as the yel-
low pike (a fish).

In addition to classifying microorganisms by their cellular organization (procaryote or
eucaryote) and feeding strategy (absorption or photosynthesis or ingestion), microorgan-
isms are sometimes classified by their principal carbon source, energy source, and their
oxygen requirements. These classifications are listed in Table 2.5, where it is shown that
microorganisms are either autotrophic or heterotrophic, depending on whether they use
carbon dioxide or organic compounds as their principal carbon source; phototrophic or

TABLE 2.5 Classifications of Microorganisms

Characteristic Label Attribute

Principal carbon source Autotrophic Carbon dioxide
Heterotrophic Organic compounds

Energy source Phototrophic Sunlight through photosynthesis
Chemotrophic Conversion of chemicals

Relationship to oxygen Obligate aerobe Requires O2 to grow
Obligate anaerobe Grows in absence of O2

Facultative aerobe Can grow with or without O2

Cellular organization Eucaryote Cell nucleus contains genetic material
Procaryote No cell nucleus, genetic material grouped in cell
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chemotrophic, depending on whether they use sunlight or chemical energy; and obligate
aerobe, obligate anaerobe, or facultative aerobe, depending on whether they require oxy-
gen, can grow in the absence of oxygen, or can grow with or without oxygen, respectively.

Biocriteria and Bioassessment Data The occurrence, condition, and numbers of
types of fish, insects, algae, plants, and other organisms are biological indicators that pro-
vide direct information about the health of specific bodies of water. Using these biological
indicators as a way to evaluate the health of a water body is called biological assessment.
Biological criteria or biocriteria describe the qualities that must be present to support a
desired condition in a water body, and they serve as the benchmarks against which bio-
logical-indicator measurements are compared. Biological criteria are narrative or numeric
expressions that describe the reference biological integrity (structure and function) of
aquatic communities inhabiting waters of a given designated aquatic-life use. Biocriteria
are based on the numbers and types of organisms present and are regulatory-based bio-
logical measurements. Reference conditions should be the foundation for biocriteria and
should represent unimpaired or minimally impaired conditions (e.g., Ohio’s “excellent
warm-water habitat” or Maine’s “class A, as naturally occurs”).

Biological indicator species are unique environmental indicators, as they offer a signal
of the biological condition in a water body. Biological indicators can serve as early-warning
measures of pollution or degradation in an ecosystem. The major groups of biological indi-
cators include (1) fish, (2) invertebrates, (3) periphyton, and (4) macrophytes. Marine envi-
ronments utilize biological indicators which are different from those used in freshwater
bodies.

In marine and estuarine waters benthic macroinvertebrates (e.g., polychaetes) are good
indicators of water quality, as their response to pollutants is comparable to those in fresh-
water systems. Polychaetes (commonly known as worms) are one of the most tolerant
marine organisms to stressors (e.g., low oxygen, organic contamination of sediment, and
sewage pollution), so they are typically used as biological indicators. In addition, macroin-
vertebrates also have limited mobility and a long enough life span to both avoid pollutants
and assess environmental stressors accurately. Typically, it is much more difficult to assess
marine–estuarine conditions, as it is often difficult to evaluate reference conditions in these
ecosystems. Typical marine–estuarine indicators include:

• Phytoplankton as indicators of water quality, specifically nutrients (e.g., nitrogen and
phosphorus)

• Zooplankton that are sensitive to changes in water quality (e.g., toxic pollution,
excess nutrients, and low oxygen) and are useful for future-fisheries health assess-
ment, as they serve as a food source for animals higher up in the food chain

• Benthos that are susceptible to stresses associated with toxic pollution, excess nutri-
ents, and low oxygen

• Submerged aquatic vegetation that serves as a good indicator of water conditions

• Fish

Typical samples of phytoplankton and zooplankton are illustrated in Figure 2.15. It is
important to keep the differences between biological water-quality indicators and chemi-
cal water-quality indicators in mind when considering the application of biocriteria.
Biological water-quality indicators provide direct measures of the cumulative response of
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the biological community to all sources of stress. Therefore, biocriteria set the biological
quality goal, or target, to which water quality can be managed rather than the maximum
allowable level of a pollutant or other water-quality condition in a water body. Physical and
chemical water-quality criteria are designed to protect the biological community in a water
body from different categories of stress, such as toxic levels of pollutants and unhealthy
physical conditions.

One of the most meaningful ways to assess the quality of surface waters is to observe
directly the communities of plants and animals that live in them. Because aquatic plants
and animals are constantly exposed to the effects of various stressors, these communities
reflect not only current conditions, but also stresses and changes in conditions over time
and their cumulative impacts. Bioassessment data are invaluable for managing aquatic
resources and ecosystems. They can be used to set protection and restoration goals, to
decide what to monitor and how to interpret what is found, to identify stresses to the water
body and decide how the stresses should be controlled, and to assess and report on the
effectiveness of management actions.

Traditional chemical and physical water-quality assessments cannot fully answer
questions about the ecological integrity of a water body or determine whether aquatic
resources are being protected. Relying on traditional chemistry alone may lead to situa-
tions in which meeting chemical standards may not be enough to fully protect the aquatic
community, or conversely, to situations in which the community remains in satisfactory
condition despite a failure to attain standards. This is illustrated in Figure 2.16 with the
six leading causes of aquatic-life use impairment from Ohio rivers and streams. It is
apparent that stressors such as poor habitat quality are proving more important than typ-
ically regulated pollutants in limiting the attainment of designated aquatic life uses. This
and other examples reinforce the need for a comprehensive suite of measures and indica-
tors to characterize the ecological health of a water body. The presence, condition, and
numbers of types of fish, invertebrates, amphibians, algae, and plants are data that
together provide direct information about the health of specific bodies of water.
Bioassessment data can also help distinguish among potential stressors. Establishing
credible relationships between stressors and impairments can help identify likely causes
of problems. Bioassessment data also serve as a measure to evaluate the effectiveness of

FIGURE 2.15 (a) Phytoplankton; (b) zooplankton. (From Musèo Nazionale Dell’Antartide,
2005.)
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management actions as reflected in the responses and improved conditions of biological
communities.

Biological Inventory By knowing what species are present in a water body, biologists
can analyze the health of a water body. For example, if the fish species present are prima-
rily carnivores, the quality of water is generally higher than in a water body dominated by
omnivores (USEPA, 1994). A biological inventory also allows biologists to assess the bio-
logical health of a water body by evaluating:

• The species richness or number of species

• The presence of intolerant species

• The proportion of omnivores to carnivores

• The biomass production

• The number of individuals per species

The role of the biologist is critical in evaluating the health of the biota because knowl-
edge of expected richness or expected species comes only from understanding the general
biological traits and regimes of the area.

Biological Potential Analysis A significant step in determining the possible desig-
nated uses of a water body requires an evaluation of what communities could potentially
exist in a particular water body if pollution were abated or if the physical habitat were
modified. A biological potential analysis involves:

• Defining boundaries of fish faunal regions

• Selecting control sampling sites in the reference reaches of each area

• Sampling fish and recording observations at each reference sampling site
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FIGURE 2.16 Leading causes of aquatic-life use impairment in Ohio rivers and streams. (From
USEPA, 2005c.)
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• Establishing the community characteristics for the reference reaches of each area

• Comparing the water body in question to the reference reaches

Selection of reference reaches is of critical importance because the characteristics of the
aquatic community in reference reaches will be used to establish baseline conditions
against which similar reaches (based on physical and hydrological characteristics) are
compared.

Human Pathogenic Microorganisms Pathogenic microorganisms are disease-
causing agents that typically originate in the intestines of infected people or animals and
are excreted in the feces that enter sewer systems or are deposited onto the ground.
Microorganisms are too small to be seen clearly without the aid of a miscoscope, and
although there is no precise definition, the size that separates microorganisms from other
organisms is approximately 100 µm. Pathogenic microorganisms mostly result from
urban stormwater runoff, domestic and municipal wastewater discharges, combined sewer
overflows, septic systems, and runoff from pastures and animal feedlots. Water uses that
are affected by the presence of pathogenic microorganisms include bathing, fishing, and
shellfish harvesting. Concern about the presence of pathogenic microorganisms in vari-
ous water bodies is supported by the following facts (Tebbutt, 1998):

• Each year over 5 million people die from water-related diseases.

• Two million of these annual deaths are children.

• In developing countries, 80% of all illness is water related.

• At any one time, half of the population in developing countries will be suffering from
one or more of the main water-related diseases.

• A quarter of the children born in developing countries will have died before the age
of 5, the great majority from water-related diseases.

In most cases, simply bathing in a stream, drinking water from a lake, or swimming in
an ocean will not cause person to become ill, since one must first come into contact with
the pathogens, the pathogens must gain entry to the body, and the dose of pathogens must
be sufficient to overcome the human body’s natural defenses. Under special circumstances,
an infection can develop from a single pathogenic microorganism, but the minimum infec-
tive dose for pathogenic bacteria is typically between 100 and 106, depending on the
species (Majeti and Clark, 1981; National Academy of Sciences, 1996). This indicates that
recreational waters need not be absolutely free of pathogens to be relatively safe, but the
higher the concentration of pathogens, the greater the probability that health problems will
result from contact with the water body.

A list of pathogens that are typically found in natural water bodies, along with their
associated diseases and number of associated outbreaks in the United States (1987–1996),
are given in Table 2.6. During the period 1987–1996 there were 305 reported outbreaks of
waterborne diseases in the United States, and the percentages shown in Table 2.6 are based
on this total number. In 28.2% of the outbreaks no specific pathogen was identified,
although the disease identified was gastroenteritis (Laws, 2000). Waterborne-disease out-
breaks have been averaging about 31 per year in the United States since 1980, and the
number of cases associated with these outbreaks have been averaging around 7000 per
year. All of the microorganisms shown in Table 2.6 originate primarily from human feces
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TABLE 2.6 Pathogenic Microorganisms Commonly Found in Surface Waters

U.S. Outbreaks
1987–1996

Pathogen Group and Name Associated Disease (% of Total)

Virus
Adenoviruses Upper respiratory and gastrointestinal illness 0.3
Enteroviruses

Polioviruses Poliomyelitis —
Echoviruses Aseptic meningitis, respiratory infections —
Coxsackieviruses Aseptic meningitis, herpangina, myocarditis —
Other enteroviruses Encephalitis —

Hepatitis A virus Infectious hepatitis 1.6
Reoviruses Mild upper respiratory and gastrointestinal illness —
Rotaviruses Gastroenteritis,a diarrhea —
Norwalk and related Gastroenteritis 1.3

gastrointestinal viruses
Bacterium

Salmonella typhi Typhoid fever —
Salmonella paratyphi Paratyphoid fever —
Other salmonella Salmonellosis, gastroenteritis 0.7
Shigella spp. Bacterial dysenteryb 9.2
Vibrio cholerae Cholera 0.3
Escherichia coli Gastroenteritis 3.6
Yersinia enterocolitica Gastroenteritis —
Campylobacter jejuni Gastroenteritis 1.0
Cyanobacteria 0.3
Legionella spp. 1.3
Leptospira spp. 0.7
Plesiomonas shigelloides 0.3
Pseudomonas aeruginosa 16.1

Protozoan
Acanthamoeba castellani Amebic meningoencephalitis —
Balantidium coli Balantidosis (dysentery) —
Entamoeba histolytica Amebic dysentery —
Giardia lamblia Giardiasis (gastoenteritis), diarrhea 10.8
Cryptosporidium spp. Cryptosporidiosis, diarrhea 7.5
Naegleria spp. 5.2

Helminth
Taenia saginata Tapeworm —
Ascaris lumbricoides Ascariasis —
Schistosoma spp. Schistosomiasis 1.6

aGastroenteritis is an inflammation of the lining membrane of the stomach and intestines.
bDysentery is an inflamation of the intestine characterized by the frequent passage of feces, usually with blood
and mucus.

(AWWA, 1990). Between 1980 and 1996, 401 waterborne disease outbreaks were reported
in the United States, with over 750,000 associated cases of disease. (AWWA, 2003). In
April 1993, the largest waterborne-disease outbreak in the United States occurred in
Milwaukee, Wisconsin, when 400,000 people were exposed to the protozoan parasite
Cryptosporidium parvum.

c02.qxd  4/7/06  1:07 PM  Page 55



56 WATER-QUALITY STANDARDS

Microorganisms of most concern from a water-quality viewpoint are viruses, bacteria,
protozoans, helminths, and algae. These microorganisms are described in more detail below.

Viruses Viruses are complex molecules that typically contain a protein coat surround-
ing a deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) core of genetic material.
Viruses have no independent metabolism and depend on host living cells for reproduction.
They range in size from 0.01 to 0.4 µm in diameter. As an example, the structure of the
human immunodeficiency virus (HIV) is shown in Figure 2.17. The outer shell of the HIV
virus is called the viral envelope, and embedded within the viral envelope is a protein com-
plex. Viruses do not exist long outside a human or animal body, but while they exist, they
can survive heat, drying, and chemical agents.

More than 130 types of enteric viruses are excreted in human feces and urine. Viral
pathogens accounted for about 5% of waterborne disease outbreaks in the United States
between 1987 and 1996, and are responsible for diseases such as poliomyelitis, aseptic
meningitis, infectious hepatitis, gastroenteritis, upper-respiratory infections, skin rashes,
and cardiac pathologies (Mahin and Pancorbo, 1999). In the United States, the viruses
most commonly linked with waterborne-disease outbreaks are the infectious hepatitis
(hepatitis A) virus and the Norwalk virus. The hepatitis A virus accounts for about 30% of
the waterborne-disease outbreaks in the United States linked to viruses, and about 65% of
nonbacterial gastroenteritis in the United States is due to the Norwalk and Norwalk-like
viruses. In developing countries, rotaviruses cause an estimated 870,000 deaths per year
and are detected in 20 to 70% of fecal specimens from children hospitalized with acute
diarrhea (Glass et al., 1996).

A practical consideration in the case of viruses is the fact that they are more resist-
ant to standard water-treatment procedures than are the commonly used indicator
organisms. Therefore, public water supplies and recreational waters that appear safe
based on standard assays may in fact contain dangerous concentrations of viruses
(Laws, 2000).

FIGURE 2.17 HIV virus. (From Health and Development Initiative, 2005.)
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Bacteria Bacteria are single-celled microorganisms that have a cell wall and a single
strand of DNA. Bacteria are members of the Monera kingdom, reproduce by binary
fission, are not photosynthetic (like plants), and do not need sunlight to reproduce. They
do not have a well-defined nucleus and do not contain chlorophyll. The more common
shapes of bacteria are spheres, rod-shaped, spiral and branching threads, and filamentous.
Bacteria range in size from 0.1 to 10 µm in diameter and 2 to 4 µm in length. Most have
flagella, a tail-like structure for movement.

Bacteria are responsible for waterborne diseases such as cholera and typhoid.
Pathogenic bacteria of particular concern to humans are Salmonella, Escherichia coli,
Shigella, and Legionella. E. coli bacteria are illustrated in Figure 2.18. Opportunistic bac-
terial pathogens are not normally a danger to persons in good health, but they can cause
sickness or death in those who are in a weakened condition. Particularly at risk are new-
borns, the elderly, and persons who already have a serious disease. Included among the
opportunistic bacteria are Pseudomonas spp., Aeromonas hydrophila, Edwardsiella tarda,
Flavobacterium, Klebsiella, Enterobacter, Serratia, Proteus, Providencia, Citrobacter,
and Acinebacter (AWWA, 2003). About 16% of the waterborne-disease outbreaks reported
between 1987 and 1996 were attributed to the bacterial pathogen Pseudomonas aerugi-
nosa, and all of these outbreaks were associated with the use of recreational waters.
P. aeruginosa is probably best known for its effect on persons suffering from cystic
fibrosis. The bacteria that ranked first and third (P. aeruginosa ranked second) in terms of
the number of waterborne-disease cases from 1987 to 1996 were Shigella and Salmonella,
respectively. These outbreaks involved both drinking water and recreational waters.

Protozoans Protozoans are single-celled microorganisms with a nucleus but without a
cell wall. Protozoans are members of the Protista kingdom, reproduce by fission, and feed
on bacteria. Protozoans range in size from 5 µm to 2 cm, and scientists have identified
approximately 40,000 species of protozoans. Numerous protozoan species normally
inhabit the intestinal tracts of warm-blooded animals, including humans. Giardia lamblia
and Cryptosporidium parvum are the protozoans of most concern in drinking-water sup-
ply sources. These protozoans, shown in Figure 2.19, are described briefly below.

FIGURE 2.18 Escherichia coli bacteria. (From State of Michigan, 2005.)
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1. Giardia lamblia causes the disease giardiasis (also known as “beaver fever”), which
is the most frequently diagnosed waterborne disease in the United States (AWWA, 2003).
Symptoms of giardiasis include skin rash, flulike symptoms, diarrhea, fatigue, and severe
cramps. The protozoan attaches itself to the upper intestinal tract and produces cysts,
which are shed in the feces. One of the major reasons why giardiasis continues to be a
problem as a waterborne disease is that the cysts survive well under adverse conditions.
Giardia cysts are highly resistant to chlorine and can live in cold water for months.
Virtually all of the outbreaks of giardiasis in the United States have been reported in moun-
tainous areas, where the frequent use of unfiltered easily contaminated surface waters by
hikers and campers has undoubtedly contributed to the prevalence of the disease. Three of
the major hosts for Giardia are humans, beaver, and muskrat; and beavers are believed to
be a particularly significant source of G. lamblia in surface waters. Although water is a
major means of transmitting giardiasis, the largest percentage of recorded cases is caused
by person-to-person contact, primarily in child-care centers. G. lamblia has accounted for
more outbreaks of gastroenteritis in recent years than any other single pathogen, and it has
been estimated that roughly 4% of persons in the United States are carriers, but rates may
be as high as 16% in some areas (Hill, 1990).

2. Cryptosporidium parvum is a small parasite measuring approximately 3 to 5 µm that
has caused several outbreaks of the disease cryptosporidiosis and poses severe health risks.
At least 10 species of Cryptosporidium are currently recognized, with C. parvum the most
common form found in humans. In healthy persons, cryptosporidiosis causes 7 to 14 days
of diarrhea, with possibly a low-grade fever, nausea, and abdominal cramps. The effects
on immunocompromised persons can be life threatening, and no antibiotic treatment cur-
rently exists for cryptosporidiosis. Severely immunocompromised persons are encouraged
to avoid any contact with water in lakes and streams and should not drink water from these
water bodies. C. parvum produces eggs called oocysts that are not readily killed by chlo-
rination and can be removed effectively only by filtration. A person infected with C.
parvum may excrete as many as 100 million oocysts per day.

FIGURE 2.19 (a) Cryptosporidium parvum; (b) Giardia lamblia. (From State of Michigan, 2005.)
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3. Entamoeba histolytica is a protozoan that causes a disease of the large intestine
called amebiasis. Although of little public health significance in the United States, amebi-
asis causes millions of cases of diarrhea worldwide and is estimated to account for 100,000
deaths each year (Cohen, 1995).

Helminths A number of parasitic intestinal helminths (worms) are found in domestic
sewage. Most helminths enter the human body through the mouth, although a few gain
entry through the skin. Contamination of drinking water with these worms can be pre-
vented effectively with modern water-treatment methods that include disinfection; how-
ever, swimming or wading is sewage-polluted waters may lead to outbreaks of
intestinal-worm infections. Such incidents are of little public health significance in the
United States, but are much more common in other parts of the world.

The best-known helminth is the beef tapeworm Taenia saginata, which lives in the
intestinal tract of humans, and infected persons may discharge as many as 1 million eggs
per day in their feces. Symptoms of tapeworm infection include abdominal pain, digestive
disturbance, and weight loss. Geldreich (1972) cites a 50% incidence of beef tapeworm
infection in East Africa, but the percentage of carriers in the United States is less than 1%.
Certain species of the blood fluke Schistosoma spend part of their life cycle in humans,
where they may cause a debilitating illness known as schistosomiasis. An electron micro-
graph of a pair of S. mansoni is shown in Figure 2.20. Penetration of the skin by larval
schistosomae may cause a skin rash known as “swimmer’s itch.” The five schistosomiasis
outbreaks reported in the United States between 1987 and 1996 all involved polluted recre-
ational waters, and in each case the symptom of the infection was dermatitis. The more
serious symptoms of the disease, which generally do not develop until 4 to 8 weeks later,
include fever, chills, sweating, and headaches.

Algae Algae are a diverse group of simple organisms that are members of the Protista
kingdom. Algae are not members of the plant kingdom, but like plants, most algae use the
energy of sunlight to make their own food via photosynthesis. Algae lack the roots, leaves,

FIGURE 2.20 Pair of Schistosoma mansoni. (From Uniformed Services University, 2005.)
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and other structures typical of true plants. Microscopic algae that float or swim, called
phytoplankton, typically range from 1 to 100 µm in size. Algae found in many natural
waters are usually not a health concern; however, certain species may produce endo- or
exotoxins which if ingested at high enough concentrations may be harmful. Three species
of blue-green algae, Anabaena flos-aquae, Microcystis aeruginosa, and Aphanizomenon
flos-aquae, produce exotoxins. The toxin-producing algae Anabaena flos-aquae is shown
in Figure 2.21. Toxin concentrations during algal blooms have resulted in illness or death
in mammals, birds, and fish that have ingested a sufficient dose. Some evidence exists that
human exposure in recreational water, and possibly drinking water, has caused contact irri-
tation and possibly gastroenteritis (AWWA, 1990).

Excessive nutrients (nitrogen and phosphorus) in ocean waters often result in the devel-
opment of red tides, which are algae blooms of such intensity (e.g., 50 � 106 cells per liter)
that the sea is discolored. The associated coloration is not always red, but may be white,
yellow, or brown (Clark, 1997). Many animals, including commercially important fish
species, are killed or excluded from the area where red tides occur, either because of clog-
ging of their gills or other structures, or because of the toxic properties of the algae.
Blooms of Phaeocystis form an unsightly brown foam which when stranded on the shore
can be mistaken for sewage pollution. It regularly affects the coastlines of northern France,
Belgium, the Netherlands, and Great Britain. A Phaeocystis bloom in the upper Adriatic
during the summer of 1990 had a devastating economic effect on resorts in the area, which
were deserted by the tourists because of the disgusting appearance of the beaches. Marine
algae are a major component of phytoplankton, which is at the base of the food chain in
the oceans. Along with cyanobacteria, marine algae are consumed by protozoans and
microscopic animals, which are, in turn, eaten by fish.

FIGURE 2.21 Algae Anabaena flos-aquae. [From Wayne Carmichael (Wright State University),
Mark Schneegurt (Wichita State University), and Cyanosite (www.cyanosite.bio.purdue.edu).]
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Indicator Organisms Testing water samples for a wide variety of pathogens is usually
not practical, and indicator organisms are typically used to provide a measure of fecal con-
tamination from humans or other warm-blooded animals. General criteria for an indicator
organism are as follows:

1. The indicator should originate in the digestive tract of humans and warm-blooded
animals.

2. The indicator should be present in fecal material in large numbers.

3. The indicator should always be present when the pathogenic organism of concern is
present, and should be absent in clean uncontaminated water.

4. The indicator should respond to natural environmental conditions in a manner sim-
ilar to the pathogens of interest, or survive longer in water that pathogens (AWWA,
2003).

5. The indicator should be easy to isolate, identify, and enumerate.

6. The ratio of indicator to pathogen should be high.

7. The indicator and pathogen should come from the same source.

8. The indicator should not be pathogenic.

A number of microorganisms have been utilized as indicators, including total coliforms,
fecal coliforms, E. coli, fecal streptococci, P. aeruginosa, enterococci, and heterotrophic
plate count (HPC).

The coliform group of organisms, collectively referred to as total coliforms, is defined
as all the anaerobic and facultatively anaerobic, gram-negative, nonspore-forming, rod-
shaped bacteria that ferment lactose with gas formation within 48 h at 35�C. One of the
USEPA-approved methods for coliform bacteria testing is the membrane filter method,
which uses a cellulose membrane material that has pore openings that are approximately
0.47 µm in diameter. Water freely passes through the membrane, but coliform bacteria are
retained on the surface. After the water sample is filtered through the membrane, it is incu-
bated for 24 h. at 35�C in a special medium (m-ENDO broth) specific for coliform bacte-
ria. Coliform bacteria produce colonies with a characteristic metallic green sheen; an
example of such colonies is shown in Figure 2.22. The definition of coliform bacteria is an
operational rather than a taxonomic definition and encompasses a variety of organisms,
mostly of intestinal origin. The definition includes E. coli, the most numerous facultative
bacterium in the feces of warm-blooded animals, plus species belonging to the genera
Enterobacter, Klebsiella, and Citrobacter. The latter organisms are present in domestic
wastewater but can be derived from plant and animal materials. The coliform group of bac-
teria meets all criteria for an ideal indicator. These bacteria are generally not pathogenic,
yet they are usually present when pathogens are present. Coliform bacteria are more plen-
tiful than pathogens and can often stay alive in the water environment for longer periods
of time. Drawbacks to the use of total coliforms as an indicator include their regrowth in
water, thus becoming part of the natural aquatic flora. As a rule, water with any detectable
coliforms is unsafe to drink (AWWA, 2003).

Fecal coliforms provide stronger evidence of the possible presence of fecal pathogens
than do total coliforms. Fecal coliforms are a subgroup of total coliforms, distinguished in
the laboratory through elevated temperature tests (43 to 44.5�C, depending on the test).
Although the test does determine coliforms of fecal origin, it does not distinguish between
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human and animal contamination. The membrane filter method can also be used to detect
the presence of fecal coliform bacteria. After the water sample is filtered through the filter,
it is incubated in a special medium at a temperature of 44.5�C, and fecal coliforms appear
as blue colonies. The concentration of fecal coliforms is typically much lower than that of
total coliforms. As frames of reference, human feces contain on the order of 13 � 106 fecal
coliforms1 per gram (Droste, 1997) and rivers polluted by combined-sewer outfalls
may have fecal coliforms in excess of 1 � 106 cfu per 100 mL (Canale et al, 1993).
Unfortunately, the assay for fecal coliforms does not select exclusively for coliforms of
human origin but includes thermotolerant members of the Enterobacteriaceae genus
Klebsiella, which is found infrequently in human feces and when present is usually a
minor portion of the coliform population (Cabelli, 1983). Since there are substantial
nonfecal sources of Klebsiella, the designation of fecal coliform is sometimes regarded as
a misnomer (Laws, 2000).

The reliability of total coliform (TC) and fecal coliform (FC) bacteria as indicators of
the presence of pathogens in water depends on the persistence of pathogenic microorgan-
isms relative to coliform bacteria. In surface waters, pathogenic bacteria tend to die off
faster than coliforms, whereas viruses and protozoans tend to be more persistent. In recre-
ational lakes and streams, FC levels of less than 200 cfu per 100 mL are usually considered
acceptable. If no coliforms are detected, the water is presumed to be uncontaminated by
sewage.

The concentration of fecal streptococci (FS), which includes several species of strepto-
cocci that originate from humans, is also a useful indicator of the presence of pathogenic
microorganisms. The ratio of FC to FS (FC/FS) has been used as a measure of whether
fecal contamination is from human or animal sources. Values of FC/FS greater than 4 indi-
cate human contamination; FC/FS values below 4 indicate contamination primarily from
other warm-blooded animals. The ratio FC/FS should be used with caution, since FC and

FIGURE 2.22 Membrane filter test for coliforms. (From State of Oregon, 2005.)

1Commonly, stated as colony-forming units (cfu).
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FS have different die-off rates, and the FC/FS ratio may give misleading results far down-
stream of a contaminant source.

Research on bacteriological indicators has resulted in the USEPA recommending that
states use E. coli or enterococci as indicators of recreational water quality (USEPA, 1986)
instead of fecal coliform because of the better correlation with gastroenteritis in swimmers.
However, enterococci are usually found at lower densities than E. coli in human feces and
sewage effluents, and this fact may compromise their usefulness as indicator organisms
(Dufour, 1984).

In ground waters, fecal coliform concentration is not a reliable indicator of contamina-
tion by pathogenic microorganisms, since microorganisms larger than viruses seldom
travel appreciable distances, and there is no relation between the presence of fecal col-
iforms and pathogenic microorganisms. The presence of viruses is of particular concern in
ground waters, where they originate from septic-tank effluent and because of their small
size (typically, 0.01 to 0.03 µm) are able to travel considerable distances in ground water.
Since viruses are difficult to detect in ground water and fecal coliforms are not a reliable
indicator, protection of drinking-water intakes (wells) from viral contamination is usually
achieved by requiring minimum setback distances for viral sources such as septic tanks
and minimum disinfection requirements. In the United States, the statute that sets mini-
mum setback distances and minimum disinfection requirements for drinking-water sup-
plies derived from ground water is known as the Ground Water Disinfection Rule.

2.3 U.S. SURFACE-WATER STANDARDS

The U.S. Environmental Protection Agency (USEPA) defines a water-quality standard as
the combination of a designated beneficial use of a water body, the water-quality criteria
necessary to support that designated use, and protection of the water quality through anti-
degradation provisions. When designating water-body uses, states are required to consider
extraterritorial effects on their standards. For example, once states revise or adopt stan-
dards, upstream jurisdictions will be required when revising their standards and issuing
permits, to provide for attainment and maintenance of the downstream standards.
Antidegradation provisions prohibit the degradation of water quality even if the degraded
water would meet the applicable water-quality criteria.

The terms water-quality criterion and water-quality standard have different meanings,
although the terms are commonly used interchangeably. A criterion is a benchmark or ref-
erence point on which a judgment is based. Water-quality criteria are expressed in terms
of constituent concentrations or narrative statements representing a quality of water that
supports a particular designated use. A standard applies to a statutory rule, principle, or
measure established by an authority. In the United States, the USEPA has responsibility for
issuing scientifically developed water-quality criteria and effluent limitations; only states
can issue legally binding standards, using the federal water-quality criteria as guidance.

Water-quality criteria and standards are either ambient (receiving water) or effluent
(discharge) standards. Ambient standards apply to all waters of the United States and
depend on their designated use; effluent standards apply to discharges into waters of the
United States and are based on available and economical technologies for treatment.
Ambient standards are formulated to protect human health and the well-being of fish,
shellfish, and other aquatic life. Effluent standards typically require mandatory applica-
tion of certain technologies and hence are technology-based standards. Several such
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standards are listed in Table 2.7. Technology-based discharge standards are easy to mon-
itor for compliance, while ambient water-quality standards are difficult to enforce because
water quality varies spatially and temporally but can be measured only at discrete loca-
tions and time intervals.

2.3.1 Designated Beneficial Uses

The categories of beneficial uses to be considered by states in establishing water-quality
standards must include public water supplies, propagation of fish and wildlife, recreation,
agricultural use, and navigation (USEPA, 1994).

1. Public water supplies. This use includes waters that are a source for drinking water
and often includes waters for food processing. Waters for drinking may require treatment
prior to distribution in public water systems.

2. Propagation of fish and wildlife. This classification is often divided into several
more specific subcategories, including cold- and warm-water fish and shellfish. Some
coastal states have a use specifically for oyster propagation. This use may also include pro-
tection of aquatic flora. Many states differentiate between self-supporting fish populations
and stocked fisheries. Wildlife protection should include waterfowl, shorebirds, and other
water-oriented wildlife.

3. Recreation. Recreational uses have traditionally been divided into primary- and sec-
ondary-contact recreation. The primary-contact recreation classification protects people
from illness due to activities involving the potential for ingestion of, or immersion in,
water. Primary-contact recreation usually includes swimming, water skiing, skin diving,
surfing, and other activities likely to result in immersion. The secondary-contact recreation
classification is protective when immersion is unlikely. Examples are boating, wading, and
rowing. In many northern areas, body-contact recreation is possible only a few months out
of the year, and several states have adopted primary-contact recreational uses only for
those months when primary-contact recreation actually occurs and have relied on less
stringent secondary-contact recreation to protect incidental exposure during the “non-
swimming” season.

4. Agriculture and industry. The agricultural-use classification defines waters that are
suitable for irrigation of crops, consumption by livestock, support of vegetation for range
grazing, and other uses in support of farming and ranching.
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TABLE 2.7 Technology-Based Standards

Source Technology-Based Standard

Municipal point sources Maximum effluent BOD5 and suspended solids limit of 
30 mg/L as monthly averages

Combined-sewer overflows Restriction of the number of overflows or mandatory 
capture and treatment of a certain portion of wet-weather flow

Urban runoff Capture and treatment of the first 1.2 to 2.5 cm of runoff;
mandatory street sweeping

Unsewered suburban lands Septic-tank regulations
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5. Navigation. This use classification is designed to protect ships and their crews and
to maintain water quality so as not to restrict or prevent navigation.

States are generally required to classify the uses of all water bodies within their borders
and to promulgate water-quality standards that are at least as stringent as the federal crite-
ria. States may adopt uses other than those suggested by the USEPA, such as coral-reef
preservation, marinas, ground-water recharge, aquifer protection, and hydroelectric power.
Several states have adopted the USEPA surface-water categories described previously, or
very similar categories, and associated water-quality criteria. As an example, Florida
classifies all surface waters within the state into the five categories shown in Table 2.8, and
water-quality criteria have been promulgated for each classification. These classifications,
classes I to V, are arranged in order of decreasing degree of protection. As of 2006 there
were no class V waters in Florida. Surface waters are subclassified as either freshwaters,
open waters, or coastal waters. Freshwaters include waters contained in lakes and ponds
or in flowing streams above the zone in which tidal actions influence the salinity of the
water and where the concentration of chloride ions is less than 1500 mg/L. Open waters
are typically ocean waters that are seaward of a specified depth contour (5.49 m in Florida),
and coastal waters are waters that are between freshwaters and open waters. Cases of
water bodies in the United States not meeting the water-quality criteria associated with
their designated uses are widespread, and Figure 2.23 shows the distribution of rivers,
lakes, and estuaries that do not meet their designated uses.

2.3.2 Water-Quality Criteria

National water-quality criteria for surface waters recommended by the USEPA are listed in
Appendix C.1. These water-quality criteria cover priority toxic pollutants, nonpriority pollu-
tants, and organoleptic (taste and odor) effects. For waters with multiple-use designations,
the criteria must support the most sensitive use. Separate criteria are provided for the pro-
tection of human health and aquatic life. Criteria for the protection of human health are
needed for water bodies designated for public water supply and when fish ingestion is a con-
cern. For carcinogens, the human-health criteria are usually more stringent than the aquatic-
life criteria. In contrast, for noncarcinogens, the aquatic-life criteria are usually more
stringent than the human-health criteria. Most state water-quality standards list only the most
stringent of the two criteria (human health, aquatic life) for each water-quality parameter.

TABLE 2.8 Classifications of Surface Waters in Florida

Class Description

I Potable water supplies
II Shellfish propagation or harvesting

IIIa Recreation, propagation, and maintenance of a healthy, well-balanced 
population of fish and wildlife

IV Agricultural water supplies
V Navigation, utility, and industrial use

aThere are two sets of criteria for class III surface classification. One set of criteria is for predominantly fresh-
waters (chloride � 1500 mg/L), and the other set of criteria is for predominantly marine waters (chloride
� 1500 mg/L).
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Water-quality regulations in the United States allow individual states to develop numer-
ical water-quality criteria of their own or modify the USEPA’s recommended criteria to
account for site specificity and other scientifically defensible factors (USEPA 1991a,
1994).

Criteria for Aquatic-Life Protection The toxicity of various contaminants in aquatic
systems are established using toxicity bioassay tests. To conduct a toxicity test, the test
organisms are placed in containers with various dilutions of toxicants plus one container
with toxicant-free water only. The number of organisms surviving and/or unaffected after
a specified time interval (e.g., 24, 48, 72, 96) is recorded. A typical aquatic-toxicity test
apparatus is shown in Figure 2.24. Ideally, test organisms should include representatives
from the following four groups: microorganisms, plants, invertebrates, and fish; and the
test organisms should be amenable to captivity, accurately identified, relatively uniform in
size, healthy, and acclimated to laboratory conditions.

Test organisms will not respond uniformly to a given dose of toxic compounds
because of different sensitivities. Consequently, the most important quantity of interest
in the toxicity bioassay test is the dose or concentration at which, after the test period
specified, 50% of the test organisms survive or their life functions are not affected by the
dose. Dose is defined as the amount of toxic compound ingested by the test organism
divided by the body mass of the organism, usually expressed in mg/kg. In testing aquatic
organisms, the toxicity is related to the concentration in the water, typically expressed in

Puerto Rico

Hawai

Alaska

Percent of assessed rivers, lakes, and estuaries
meeting all designated uses 1994/1996 using
latest state information reported

80 - 100% meeting all uses
50 - 79% meeting all uses
20 - 49% meeting all uses
< 20% meeting all uses
Insufficient assessment coverage

FIGURE 2.23 Rivers, lakes, and estuaries that meet all designated uses. (From USEPA, 2005f.)
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mg/L or µg/L. USEPA (1991a) recommends at least five dilution concentrations and a
control to determine the magnitude of the toxicity. The rationale for using the median
(50%) survival rate to measure toxicity is that median tolerance levels are far more
reproducible from one subgroup of a species to another than is the limited reproducibil-
ity of the tolerance levels of the most sensitive and least sensitive members of a sub-
group (Laws, 2000).

The lethal dose (LD) or lethal concentration (LC) defines the exposure of the test
organism that results in death. The 50% survival dose or concentration value, denoted by
LD50 (dose) or LC50 (concentration), is representative of a particular toxic compound or
mixture of toxic compounds. The time of exposure is important in toxicity studies and is
generally associated with the lethal concentration. For example, the LC50(48 h) is the con-
centration of a toxic material at which 50% of the test organisms died after 48 h of con-
tinuous constant exposure.

The effective dose (ED) or effective concentration (EC) are terms used when sub-
lethal effects are considered, such as the impact on reproduction and respiratory
stresses. The terms ED50 and EC50 are used to describe the dose and concentration,
respectively, associated with sublethal effects in 50% of the test organisms within the
test period.

In establishing chronic water-quality criteria, the no-observed-effect concentration
(NOEC) and lowest-observed-effect concentration (LOEC) are used. The NOEC is the
highest concentration of a toxicant that causes no observable effects, and the LOEC is the
lowest concentration of a toxicant that causes an observed effect. The NOEC is generally
lower than the LOEC, due to gaps in available data.

The aquatic species used to characterize the toxicity of an effluent discharged into a water
body will depend on the requirements of regulatory agencies. USEPA (1991a) recommends
a minimum of three species be tested, and species commonly used in freshwater toxicity

FIGURE 2.24 Aquatic-toxicity test apparatus. (From USGS, 2005c.)
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tests are shown in Table 2.9. Whenever possible, the test species should be indigenous to
the receiving waters. Analysis of species sensitivity in the United States indicates that if
toxicity tests are conducted on three particular species (Daphnia magna, Pimephales
promelas, and Lepomis macrochirus), the most sensitive of the three will have an LC50

within one order of magnitude of the most sensitive of all species. The health of large-
mouth bass and the green sturgeon, shown in Figure 2.25, have been a concern in several
locations around the United States.
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TABLE 2.9 Species Used for Toxicity Tests in Freshwater

Vertebrates
Cold water

Brook trout Salvelinus fontinalis
Coho salmon Oncorhyncus kisutch
Rainbow trout Salmo gairdneri

Warm water
Bluegill Lepomis macrochirus
Channel catfish Ictalurus punctatus
Fathead minnow Pimephales promelas

Invertebrates
Cold water

Stoneflies Pteronarcys spp.
Crayfish Pacificastacus leniusculus
Mayflies Baetis spp., Ephemerella spp.

Warm water
Amphipods Hyalella spp., Gammarus lacustris, G. fasciatus, G. pseudolimnaeus
Cladocera Daphnia magna, D. pulex, Ceriodaphnia spp.
Crayfish Orconectes spp., Cambarus spp., Procambarus spp.
Mayflies Hexagenia limbata, H. bilineata
Midges Chironomus spp.

Source: USEPA (1985b).

FIGURE 2.25 (a) Largemouth bass; (b) green sturgeon. (From Klamath Resource Information
System, 2005. Photo by Pat Higgins.)
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The development of national water-quality criteria for the protection of aquatic
organisms is a process that uses information from many areas of aquatic toxicology.
Water-quality criteria for aquatic life contain two measures: a criterion maximum
concentration (CMC) to protect against acute (short-term) effects such as death; and a
criterion continuous concentration (CCC) to protect against chronic (long-term) effects
such as carcinogenesis, teratogenesis, reproductive toxicity, and mutagenesis. USEPA
derives acute criteria from 48- to 96-h tests of lethality or immobilization, and chronic
criteria are derived from longer-term (often greater than 28-day) tests that measure sur-
vival, growth, or reproduction. For acute criteria, the USEPA recommends an averaging
period of 1 h. That is, to protect against acute effects, the 1-h average exposure should
not exceed the CMC. For chronic criteria, the USEPA recommends an averaging period
of 4 days. That is, the 4-day average exposure should not exceed the CCC. To assess the
attainment of aquatic-life criteria, it is necessary to specify the allowable frequency for
exceeding the criteria, since it is statistically impossible to project that criteria will
never be exceeded. Based on these considerations, the USEPA recommends an average
frequency for excursions above acute and chronic criteria not to exceed once in 3 years.
The recommended exceedance frequency of 3 years is the USEPA’s best scientific judg-
ment of the average amount of time it would take an unstressed system to recover from
a pollution event in which exposure to a toxicant exceeded the criterion. Since the
aquatic-life criteria recommended by the USEPA are for national guidance, they are
intended to be protective of the vast majority of aquatic communities in the United
States.

Derivation of the Criterion Maximum Concentration The toxicity database for
determining the CMC differs for freshwater and marine organisms (USEPA, 1985b).
The criterion in freshwater must be based on acute tests with freshwater animals in at
least eight different families, including all of the following categories: (1) salmonid
fish, (2) nonsalmonid fish, (3) a third vertebrate family, (4) planktonic crustaceans, (5)
benthic crustaceans, (6) insects, (7) a family not included among vertebrates or insects,
and (8) a family in any order of insect or any phylum not already represented. For
marine organisms, the criterion should be based on acute tests with saltwater animals
in at least eight different families subject to the following five constraints: (1) at least
two different vertebrate families are included, (2) at least one species is from a family
not included among the vertebrates and insects, (3) either the Mysidae or Penaeidae
family or both are included, (4) there are representatives from at least three other fam-
ilies not included among the vertebrates, and (5) at least one other family is represented.
Using acute toxicity data of these organisms, the following calculations are used to
determine the CMC:

1. Calculate the geometric mean of all LC50 (EC50) values for each species, yielding the
species mean acute value (SMAV).

2. Determine the geometric mean of all SMAV values within a genus, called the genus
mean acute value (GMAV).

3. The GMAV values are ranked from lowest to highest, and the genus ranks are con-
verted to cumulative probabilities by dividing each rank by N � 1, where N is the
number of genera in the list. Plot the logarithm of the GMAVs for the four genera
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with cumulative probabilities closest to 0.05 against the square root of the cumula-
tive probability. Fit a least-squares regression line to the data. The concentration of
the toxicant corresponding to a cumulative probability of 0.05 on the regression line
is called the final acute value (FAV).

4. The criterion maximum concentration is derived from the final acute value using the
relation

CMC � a � FAV (2.23)

where a corrects the FAV values derived from the 50% lethality value LC50 rather
than from a threshold lethal (zero mortality) effective concentration (USEPA,
1991a). A value of 0.5 is recommended for a (Connolly and Thomann, 1991).

Although most water-quality engineers are not directly involved in the derivation of a
CMC, it is important that all understand how this acute criterion is obtained so that appli-
cations involving the CMC can be fully understood.

Example 2.4 Tests were sponsored by USEPA to assess the aquatic toxicity of the pesti-
cide dieldrin in salt water. The results of these tests are given in in Table 2.10 in terms of
the SMAV and GMAV for several saltwater aquatic organisms. Use these results to esti-
mate the FAV and the CMC for dieldrin.

TABLE 2.10 Mean Acute Values of Dieldrin in Seawater

Species SMAV (ppb) GMAV (ppb)

Sphaeroides maculatus, northern puffer 34.0 34.0
Crassostrea virginica, eastern oyster 31.2 31.2
Mugil cephalus, striped mullet 23.0 23.0
Palaemonetes vulgaris, grass shrimp 50.0 20.7
Palaemonetes vulgaris, grass shrimp 8.6
Morone saxatilis, striped bass 19.7 19.7
Pagurus longicarpus, hermit crab 18.0 18.0
Gassterosteus aculatus, threespine stickleback 14.2 14.2
Palaemon macrodactylus, Korean shrimp 10.8 10.8
Cyprinodon variegatus, sheepshead minnow 10.0 10.0
Crangon septemspinosa, sand shrimp 7.0 7.0
Fundulus heteroclitus, mummichog 8.9

6.7
F. majalis, striped killifish 5.0
Thalassoma bifasciatum, bluehead 6.0 6.0
Menidia menidia, Atlantic silverside 5.0 5.0
Mysidopsis bahia, mysid shrimp 4.5 4.5
Micrometrus minimus, dwarf perch 3.5 3.5
Cyamatogaster aggregata, shiner perch 2.3 2.3
Oncorhynchus tshawytscha, chinook salmon 1.5 1.5
Anguilla rostrata, American eel 0.9 0.9
Panaeus duorarum, pink shrimp 0.7 0.7

Source: USEPA (1980).

}

}
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SOLUTION Table 2.11 shows the GMAVs ranked from lowest to highest, where denoting
each rank by m, the genus ranks are converted to cumulative probabilities, P, using the relation

P � �
N

m
�1
�

where N is the total number of data points (N � 19) and for plotting purposes, �P� is also
calculated.

The cumulative probabilities associated with the four most sensitive genera are 0.05,
0.10, 0.15, and 0.20; and the GMAVs and the least-squares regression line fitted to
these four points are shown in Figure 2.26. It is apparent that the regression line actu-
ally gives an excellent fit to the entire data set, although it was fit only to the four low-
est GMAV values. According to the regression line, the dieldrin concentration
corresponding to a cumulative probability of 5% is 0.63 ppb. Therefore, the FAV for
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TABLE 2.11 Results for Example 2.4

GMAV Cumulative GMAV Cumulative
(ppb) Rank Probability, P �P� (ppb) Rank Probability, P �P�

0.7 1 0.05 0.22 10.0 11 0.55 0.74
0.9 2 0.10 0.32 10.8 12 0.60 0.77
1.5 3 0.15 0.39 14.2 13 0.65 0.81
2.3 4 0.20 0.45 18.0 14 0.70 0.84
3.5 5 0.25 0.50 19.7 15 0.75 0.87
4.5 6 0.30 0.55 20.7 16 0.80 0.89
5.0 7 0.35 0.59 23.0 17 0.85 0.92
6.0 8 0.40 0.63 31.2 18 0.90 0.95
6.7 9 0.45 0.67 34.0 19 0.95 0.97
7.0 10 0.50 0.71
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FIGURE 2.26 Cumulative probability distribution of dieldrin GMAV.
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dieldrin in salt water is 0.63 ppb. The CMC is derived from the FAV using Equation
2.23, which gives

CMC � a � FAV � 0.5 � 0.63 ppb � 0.32 ppb

where a has been taken as 0.5. Therefore, the toxicity data for dieldrin indicate that a CMC
value of 0.32 ppb would be appropriate.

Derivation of the Criterion Continuous Concentration To determine the CCC, the
following two values are determined from toxicity tests on individual aquatic species: (1)
the no-observed-effect concentration (NOEC); and (2) the lowest-observed-effect concen-
tration (LOEC). These measures are related to the long-term viability of the species and
include sublethal effects such as the loss of reproductive capability, reduction in mobility,
and change in feeding and reduction of metabolic rates. To establish the CCC, the follow-
ing steps are followed (Novotny, 2003),

1. For each species for which toxicity data are available, compute the geometric mean
of the NOEC and the LOEC. This is called the chronic value of the species.

2. If sufficient chronic values are available (at least three species), they are analyzed in
the same way as outlined in the procedure described previously for CMC. In this
case, the 5% cumulative probability chronic value is called the final chronic value
(FCV), and the CCC is given by

CCC � FCV (2.24)

3. In the absence of a sufficient chronic toxicity database, the ratios of LC50 or EC50 to
the chronic value, called the acute/chronic toxicity ratio (ACR), is determined for
each species. ACR values are needed from at least three families, including one fish,
one invertebrate, and one acutely sensitive species. The final ACR (FACR) is calcu-
lated in one of four ways:

a. If no major trend is apparent among the ACRs for the different species and the species
mean ACRs lie within a factor of 10 for a number of species, the FACR is the geo-
metric mean of all the species ACRs available for both fresh- and saltwater species.

b. If the species mean ACRs seem to be correlated with the species mean acute val-
ues (SMAVs), the FACR should be taken to be the ACR of species whose acute
values lie close to the FAV.

c. In the case of acute toxicity tests conducted on metals and possibly other sub-
stances with embryos and larvae of barnacles, bivalve mollusks, sea urchins, lob-
sters, crabs, shrimp, and abalones, the FACR is assumed to be 2.

d. If the most appropriate species mean ACRs are less than 2, the FACR is assumed
to be 2.

After determining the the final acute/chronic toxicity ratio (FACR) using one of
the foregoing methods, the FCV is determined using the relation

FCV � �
F
F
A
A
C
V
R

� (2.25)

and the CCC is taken as equal to FCV, as indicated by Equation 2.24.
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Example 2.5 The acute/chronic ratios (ACRs) for dieldrin toxicity to three species of
aquatic animals are shown in Table 2.12, where the SMAV and the chronic value for each
species are used to calculate the ACR. If the final acute values for dieldrin in fresh and salt
water are 0.48 and 0.71 ppb, respectively, determine the final chronic values for dieldrin in
fresh and salt water, and estimate the appropriate CCC.

SOLUTION Since the ACRs for the three species differ by less than a factor of 2, the
FACR is taken as the geometric mean of the three species ACRs; hence,

FACR � [11(9.1)(6.2)]1/3 � 8.5

Since the FAVs for fresh and salt water are 0.48 and 0.71 ppb, the corresponding FCVs are
given by

FCV � �
F
F
A
A
C
V
R

�

⇒ �
0
8
.4
.5
8

� � 0.056 ppb (freshwater), �
0
8
.7
.5
1

� � 0.084 ppb (salt water)

Since the CCC is taken as equal to the FCV, the given data lead to a dieldrin CCC of
0.056 ppb in freshwater and 0.084 ppb in salt water.

Toxicity to Plants The USEPA guidelines described previously for calculating acute and
chronic concentrations of a toxicant pertain only to aquatic animals, not to plants.
However, because plants are the primary producers of organic matter in most aquatic food
chains, it is critical that the effects of toxicants on aquatic plants be assessed. The typical
aquatic plant Vallisneria gigantea, also known as giant eel grass, is shown in Figure 2.27.
According to the USEPA guidelines (USEPA, 1986), a substance is toxic to a plant at a
given concentration if the growth of the plant is decreased in a 96-h or longer experiment.
Growth may be measured in a variety of ways, including photosynthetic rate, change in dry
weight, or change in chlorophyll concentration. The final plant value (FPV) is the lowest
concentration of the toxicant that reduces the plant growth in an appropriate experiment.
In cases where the final plant value is available, the CCC is taken as the smaller of the final
plant value and the final chronic value.

Example 2.6 Concentrations of the pesticide dieldrin that reduce growth in aquatic plants
are shown in Table 2.13. S. quadricaudata is a freshwater species and the others are salt-
water species. (a) Use this limited data set to estimate the FCV of dieldrin in freshwater and

TABLE 2.12 Data for Example 2.5

Acute Value Chronic Value Acute/Chronic 
Species (ppb) (ppb) Ratio

Salmo gairdneri, rainbow trout 2.5 0.22 11
Poecilia reticulata, guppy 4.1 0.45 9.1
Mysidopsis bahia, mysid shrimp 4.5 0.73 6.2
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seawater. (b) If the FCV of dieldrin in freshwater is 0.056 ppb, estimate the appropriate
CCC for dieldrin in freshwater.

SOLUTION (a) Since the FPV is defined as the lowest concentration that produces an
adverse effect, the FPV of dieldrin in freshwater is 100 ppb and the FPV in salt water is
950 ppb. (b) The appropriate CCC in freshwater is the lesser of the FCV (0.056 ppb) and
the FPV (100 ppb) and is therefore equal to 0.056 ppb.

The FCV is not always less than the FPV.

Criteria for Human-Health Protection A substance is a carcinogen if an abnormal
incidence of cancer occurs in experimental animals exposed to the substance compared to
a control group that in not exposed to the substance. The excess incidence of cancer can
be plotted as a function of the dose and an analytical function fit to the data. The analyti-
cal function typically used in practice has the form (Crump, 1984)

(2.26)

where A(d ) is the extra risk over background associated with a dose d and qi are constants
determined by a least-squares curve-fitting procedure. The model given by Equation 2.26

A(d ) � 1 � exp(�q1d � q2d
2 � 	 	 	 � qkd

k)
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TABLE 2.13 Data for Example 2.6

Species Effects Concentration (ppb)

Scenedesmus quadricaudata 22% reduction in biomass in 10 days 100
Navicula seminulum 50% reduction in growth in 5 days 12,800
Wolffla papulifera Reduced population growth in 12 days 10,000
Agmenellum quadruplication Reduced growth rate 950

FIGURE 2.27 Vallisneria gigantea (aquatic). (From San Marcos Growers, 2005.)
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is based on the assumption that tumors are formed as a result of a sequence of biological
events, and this model is called the multistage model. An important characteristic of
Equation 2.26 is the fact that at low doses it reduces to the form

A(d) � q1d (2.27)

and hence conforms to the assumption that there is no threshold dose below which the
chemical exerts no carcinogenic effects. The levels of exposure for most humans are likely
to fall in the range where A(d) can be assumed to be directly proportional to d, as indi-
cated by Equation 2.27. For carcinogenic risk greater than 0.01, the following equation is
preferable:

A(d) � 1 � exp(�q1d ) (2.28)

The parameter q1, called the slope factor, is equal to the incremental risk per unit dose, typ-
ically expressed in per mg/kg·day. Since animal studies are only capable of detecting risks
on the order of 1%, estimating cancer risks at low dose levels where Equation 2.27 is appli-
cable represents considerable extrapolation of the experimental data.

Human-health criteria in the federal water-quality criteria (Appendix C.1) for priority
and nonpriority pollutants are based on considerations of cancer potency or systemic tox-
icity, exposure, and risk characterization. The USEPA typically considers only exposures
to a pollutant that occur through ingestion of water and contaminated fish and shellfish.
Beaches are of particular concern since the opportunity for ingestion of contaminated
water and the consumption of fish exposed to these waters can be significant. For this rea-
son, the water quality at beaches are measured frequently, and beaches are closed when the
concentration of pathogenic-organism indicators exceeds acceptable levels. Beach clos-
ings are a fairly regular occurrence in some locations, and Figure 2.28 shows a typical sign
that is posted when a beach is closed.
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FIGURE 2.28 Beach closed due to human-health risk. (From USEPA, 2005g.)
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The consumption of contaminated fish tissue is of serious concern because the presence
of even extremely low ambient concentrations of bioaccumulative pollutants (sublethal to
aquatic life) in surface waters can result in residue concentrations in fish tissue that can
pose a human-health risk. Chemicals that are hydrophobic tend to be lipophilic and there-
fore tend to partition into the fat tissue; this process is called bioaccumulation. The danger
of bioaccumulation can be illustrated by the classic case of DDT (Clark, 1997). The pes-
ticide DDT (dichlorodiphenyltrichloroethane) has about the same toxicity as aspirin; a
lethal dose of aspirin is about 100 tablets and the same quantity of DDT is also lethal. But
it is possible to take 0.5 to 1.0 g of aspirin a day indefinitely without ill effects because it
is excreted. DDT is not excreted (it bioaccumulates), so a lethal dose can be acquired after
repeated exposure.

The USEPA’s human-health criteria assume a human body weight of 70 kg and a con-
sumption of 6.5 g of fish and shellfish per day. The ratio of the contaminant concentrations
in fish tissue to that in water is measured by the bioconcentration factor (BCF), and the
units of BCF are (µg/g)/(µg/L) � L/g expressed for body weight. Since many toxic chem-
icals tend to accumulate primarily in the lipid (fat) tissue of organisms, the BCF may be
normalized by the weight fraction of the lipid. Bioconcentration is the direct absorption of
a chemical into an individual organism by nondietary routes (e.g., from water into a fish
by the gills). Bioaccumulation refers to the accumulation of chemical species both by
exposure to contaminated water (bioconcentration) and ingestion of contaminated food
(USEPA, 1994). Bioaccumulation is measured by the bioaccumulation factor (BAF),
which is defined as the ratio of the contaminant concentration in the fish tissue (as a result
of bioaccumulation) to the concentration of the contaminant in the surrounding water. BCF
and BAF have the same units and assume that equilibrium conditions have been attained
between the organism (fish) and the surrounding water. There is a concentrating effect in
each successive layer up the food chain, and the BAF/BCF ratio at each level is called the
food-chain multiplier (FM). Values of FM range from 1 to 100, with the highest ratios
applying to organisms in higher trophic levels and to chemicals with high sorption
coefficients. The bioaccumulation and bioconcentration factors for a substance are related
as follows:

BAF � FM � BCF (2.29)

Values of FM as a function of sorption coefficient and trophic level can be found in
Thomann (1987, 1989).

The Integrated Risk Information System (IRIS) is an electronic database of the USEPA
that provides chemical-specific information on the relationship between chemical expo-
sure and estimated human health effects. IRIS contains two types of quantitative risk val-
ues: the oral reference dose (RfD) and the carcinogenic potency estimate or slope factor.
The RfD is a threshold below which systemic toxic effects are unlikely to occur, and the
slope factor is defined as a plausible upper-bound estimate of the probability of a response-
per-unit intake of a chemical over a lifetime. The slope factor, which was defined as q1 in
Equation 2.28, is used to estimate an upper-bound probability of a person developing can-
cer as a result of a lifetime of exposure to a particular level of a potential carcinogen.

Human-Health Criteria Based on Noncarcinogenic Effects The RfD is the primary
human-health measure of noncarcinogenic effects. The RfD is expressed in units of mil-
ligrams of toxicant per kilogram of human body weight per day. RfDs are derived from the
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no-observed-adverse-effect level (NOAEL) or the lowest-observed-adverse-effect level
(LOAEL) identified from chronic or subchronic human-epidemiology studies or animal-
exposure studies. Uncertainty factors are applied to the NOAEL or LOAEL to account for
uncertainties in the data associated with transfer from animals to humans, variability
among individuals, and other uncertainties in developing the data.

The equation for deriving human-health criteria based on noncarcinogenic effects is
given by (USEPA, 1994)
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where c is the human-health water-quality criterion (mg/L), RfD is the oral reference dose
(mg toxicant/kg human body weight per day), WT is the weight of an average human adult
(typically, 70 kg), DT is the dietary exposure other than fish (mg toxicant/kg human body
weight per day), IN is the inhalation exposure (mg toxicant/kg human body weight per
day), WI is the average human adult water intake (typically, 2 L/day), FC is the daily fish
consumption (kg fish/day), L is the ratio of lipid fraction to fish tissue consumed (typically,
3%), FM is the food-chain multiplier, and BCF is the bioconcentration factor (mg toxi-
cant/kg fish divided by mg toxicant/L water) for fish with a 3% lipid content. If the desig-
nated use of a water body is anything other than as a drinking-water source, factor WI in
Equation 2.30 can be deleted. The product of the reference dose (RfD) and weight of an
average human adult (WT) is commonly called the acceptable daily intake (ADI). The
RfD values associated with oral ingestion of several noncarcinogenic substances are listed
in Table 2.14.

Example 2.7 Available data on the noncarcinogenic effects of cadmium indicate a refer-
ence dose of 0.69 µ /kg·day and a fish-consumption rate of 6.5 g/day in areas where cad-
mium contamination could be a problem. If the FM is taken as 10 and the BCF for fish
with a 3% lipid content is 122 L/g, estimate the human-health criterion for cadmium in
aquatic systems.

SOLUTION From the data given, RfD � 0.69 µg/kg·day, FC � 6.5 g/day � 0.0065 kg/day,
FM � 10, and BCF � 122 L/g. Taking WT � 70 kg, WI � 2 L/day, and L � 3% � 0.03, and
assuming that there is no exposure to cadmium other than drinking water and eating fish, then
DT � 0, IN � 0, and Equation 2.30 gives the indicated human-health criterion for cadmium as

c � � � 21 µg/L

These results indicate that a maximum concentration of 21 µg/L in aquatic waters would
be protective of human health. It is interesting to note that the actual water-quality crite-
rion for cadmium is 5 µg/L.

The USEPA uses the hazard quotient (HQ) to measure the level of concern for poten-
tial noncancer effects. This parameter is defined by the relation

HQ � �
in
R
t
f
a
D
ke
� (2.31)

(0.69 � 70) � (0 � 0)(70)
���
2 � [0.0065(0.03)(10)(122)]

(RfD � WT) � (DT � IN) � WT
����

WI � (FC � L � FM � BCF)

c �
(RfD � WT) � (DT � IN) � WT
����

WI � (FC � L � FM � BCF)
(2.30)
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As a rule, the greater the value of HQ above unity, the greater the level of concern. A
cumulative hazard index (HI) for a contaminated site is calculated by adding the HQs for
all chemicals of concern over all exposure pathways.

Human-Health Criteria Based on Carcinogenic Effects The equation for deriving
human-health criteria based on carcinogenic effects is given by

TABLE 2.14 RfD Values for Noncarcinogenic Effects

Substance Reference Dose, RfD (mg / kg·day)

Acetone 0.1
Arsenic 0.0003
Barium 0.05
Cadmium 0.0005
Chlordane 0.0005
Chloroform 0.01
Chromium(VI) 0.003
Cyanide 0.02
1,1-Dichloroethlyene 0.009
Hydrogen cyanide 0.02
Methylene chloride 0.06
Methyl mercury 0.0001
Napthalene 0.02
Pentachlorophenol 0.03
Phenol 0.6
Silver 0.003
Tetrachloroethylene 0.01
1,2,4-Trichlorobenzene 0.02
Trichloroethylene 0.006
Toluene 0.2
Xylenes 2.0

Source: USEPA IRIS database.

c �
RL � WT

����
q1 [WI � FC � L � (FM � BCF)]

where c is the water-quality criterion (mg/L), RL is the acceptable-risk level (10�x) where
x is usually in the range 4 to 6, WT is the weight of an average human adult (typically,
70 kg), q1 is the slope factor or carcinogenic potency factor (kg·day/mg), WI is the average
human adult water intake (typically, 2 L/day), FC is the daily fish consumption (kg
fish/day), L is the ratio of lipid fraction to fish tissue consumed (typically, 3%), FM is the
food-chain multiplier, and BCF is the bioconcentration factor (mg toxicant/kg fish divided
by mg toxicant/L water) for fish with a 3% lipid content. A carcinogenicity risk of 10�6 is
used in deriving human-health water-quality criteria; however, alternative risk levels may
be obtained by moving the decimal point; for example, for a risk level of 10�5, move the
decimal point in the recommended criterion one place to the right (USEPA, 2002a).

(2.32)
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Despite the uncertainties in human- and animal-health studies, consensus values of can-
cer slope factors are available. These values are based on the deliberations of expert pan-
els reviewing the available studies and the overall weight of evidence. Upper 95%
confidence level estimates are often used for slope factors, to provide a degree of conser-
vatism in the evaluation. The slope factors associated with oral ingestion of several car-
cinogenic substances are listed in Table 2.15.

Example 2.8 Data available on the carcinogenic effects of Cr(IV) indicate a potency
factor of 41 per mg / kg·day and a fish-consumption rate of 7 g/day in areas where Cr(IV)
contamination could be a problem. If the FM is taken as 10 and the BCF for fish with a
3% lipid content is 100 L/g, estimate the human-health criterion for Cr(IV) in aquatic
systems.

SOLUTION From the data given, q1 � 41 per mg/kg·day, FC � 7 g/day � 0.007 kg / day,
FM � 10, and BCF � 100 L/g. Taking WT � 70 kg, WI � 2 L/day, RL � 10�6, and
L � 3% � 0.03, Equation 2.32 gives the indicated human-health criterion for Cr(IV) as

c � �

� 7.72 � 10�7 mg/L � 0.001 µg/L

These results indicate that a maximum concentration of 0.001 µg/L in aquatic waters
would be protective of human health. This indicates that small amounts of Cr(IV) in
aquatic waters would pose a significant health risk to humans. This result is not reflected in

10�6 � 70
����
41(2 � (0.007)(0.03)(10)(100))

RL � WT
����
q1(WI � FC � L � FM � BCF)
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TABLE 2.15 Slope Factors for Potential Carcinogens

Substance Slope Factor (per mg/kg·day)

Arsenic 1.5
Benzene 0.029
Benzo[a]pyrene 7.3
Carbon tetrachloride 0.13
Chlordane 0.35
Chloroform 0.0061
DDT 0.34
1,1-Dichloroethylene 0.6
Dieldrin 16.0
Heptachlor 4.5
Hexachloroethane 0.014
Methylene chloride 0.0075
Polychlorinated biphenyls 1.0
2,3,7,8-TCDD (dioxin) 1.5 � 105

Tetrachloroethylene 0.052
Trichloroethylene 0.011
Vinyl chloride 1.9

Source: USEPA IRIS database.
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the U.S. federal water-quality criteria in that there is no human-health aquatic criterion for
Cr(IV), the effect of Cr(IV) on aquatic life is the focus of the federal water-quality criteria.

Potential carcinogenic health effects are estimated by calculating the individual excess
lifetime cancer risk (IELCR) from the carcinogenic intake rate, Ic, and the slope factor, q1,
according to the relation

IELCR � Icq1 (2.33)

The total lifetime cancer risk is estimated by summing the IELCRs for all chemicals over
all potential exposure pathways. The USEPA considers IELCRs in the range 10�6 to 10�4

to be acceptable for regulatory purposes. It is important to keep in mind that these num-
bers represent excess cancer risks, that is, the incremental risk of developing cancer due to
contaminant exposure that is above general background.

2.3.3 Antidegradation Policy

All water-quality standards must include an antidegradation policy. The United States uses
a three-tiered antidegradation approach. Tier 1 maintains and protects existing uses and
water-quality conditions necessary to support such uses. Tier 1 requirements are applica-
ble to all surface waters. Tier 2 maintains and protects “high-quality” waters—water bod-
ies where existing conditions are better than necessary to support “fishable/swimmable”
uses. Water quality can be lowered in such waters; however, state and tribal programs iden-
tify procedures that must be followed and questions that must be answered before a reduc-
tion in water quality can be allowed. In no case may water quality be lowered to a level
that would interfere with existing or designated uses. Tier 3 maintains and protects water
quality in outstanding national resource waters (ONRWs). Except for certain temporary
changes, water quality cannot be lowered in such waters. ONRWs generally include the
highest-quality waters of the United States and waters of exceptional ecological
significance. Decisions regarding which water bodies qualify to be ONRWs are made by
states and authorized Indian tribes.

Antidegradation implementation procedures identify the steps and questions that must
be addressed when regulated activities are proposed that may affect water quality. The
specific steps to be followed depend on which tier of antidegradation applies.

2.3.4 General Water-Quality Management Practices

Mixing Zones In many cases, discharges into surface waters do not meet the water-
quality criteria of the receiving water body. Whenever such discharges are deemed to be in
the public interest, a mixing zone is delineated surrounding the discharge location to allow
a sufficient amount of dilution such that the water-quality criteria are met outside the mix-
ing zone. A typical wastewater discharge into the ocean is shown in Figure 2.29, where the
increasing dilution of the effluent with distance from the discharge point is clearly evident.

The USEPA defines a mixing zone as a limited area or volume of water where initial
dilution of a discharge takes place and where numeric water-quality criteria can be
exceeded but acutely toxic conditions are prevented. In establishing mixing zones, it is
generally required that these zones (1) do not impair the integrity of the water body as a
whole; (2) there is no lethality to organisms passing through the mixing zone; and (3) there
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are no significant health risks considering likely pathways of exposure, and they do not
endanger critical areas such as drinking-water supplies, recreational areas, breeding
grounds, and areas with sensitive biota (USEPA, 1994). Typically, mixing zones are not
allowed for certain persistent, carcinogenic, mutagenic, teratogenic, or other highly toxic
chemicals that bioaccumulate in the food chain, such as mercury, dioxins, polychlorinated
biphenyls, and various pesticides. Eliminating mixing zones for bioaccumulative pollu-
tants may be appropriate when they encroach on areas used for fish harvesting, particularly
of stationary species such as shellfish.

Most states allow regulatory mixing zones as a matter of policy. The regulatory mixing
zone allows for the initial dilution of a discharge rather than imposing strict end-of-pipe
concentration requirements for NPDES water-quality permits for conventional and toxic
discharges. In theory, the regulatory mixing zone allows for efficient natural pollutant
assimilation and in practice can be used as long as the integrity of the water body as a
whole is not impaired. Individual (state) water-quality standards generally describe a
methodology for determining the location, size, shape, outfall design, and in-zone quality
of mixing zones. Appropriate considerations for delineating mixing zones are as follows
(USEPA, 1994):

1. Location. Water-quality standards must be met at the edge of the regulatory mixing
zone during design-flow conditions, and a continuous zone of passage must be provided
that meets water-quality criteria for free-swimming and drifting organisms. In river sys-
tems, reservoirs, lakes, estuaries, and coastal waters, zones of passage are defined as con-
tinuous water routes of such volume, area, and quality as to allow passage of
free-swimming and drifting organisms so that no significant effects are produced on their
populations.

2. Size. The area or volume of a mixing zone must be limited to an area or volume as
small as practicable that will not interfere with the designated use or with the established
community of aquatic life in the segment for which the use is designated.
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FIGURE 2.29 Spreading of a wastewater discharge into the ocean. (From Wood, 2005a.)
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3. Shape. The shape of a mixing zone should be a simple configuration that is easy to
locate in a body of water and avoids impingement on biologically important areas. In
lakes, a circle with a specified radius is generally preferable, but other shapes may be spec-
ified in the case of unusual site requirements. Most states provide spatial dimensions to
limit the areal extent of the mixing zones.

4. In-zone quality. In the general case where a state has both acute and chronic aquatic-
life criteria, as well as human-health criteria, independently established mixing-zone spec-
ifications may apply to each of the three types of criteria. Typically, chronic aquatic-life
criteria are not met within the mixing zone, and if acute aquatic-life criteria are met within
the mixing zone, no lethality should result from temporary passage of aquatic life through
the mixing zone. Additional protections required within the mixing zones include freedom
from contaminants that settle to form objectionable deposits; freedom from floating debris,
oil, scum, and other material in concentrations that form nuisances; freedom from sub-
stances in concentrations that produce objectionable color, odor, taste, or turbidity; and
freedom from contaminants that produce undesirable aquatic life or result in a dominance
of nuisance species.

The state of Florida defines a mixing zone as “a volume of surface water containing the
point or area of discharge and within which an opportunity for the mixture of wastes with
receiving surface waters has been afforded” (Florida DEP, 1996). Mixing zones in fresh-
water streams in Florida are limited to 10% of the length of the stream or 800 m, whichever
is less (Florida DEP, 1995). In lakes, estuaries, bays, lagoons, bayous, sounds, and coastal
waters, the mixing zones are limited to 10% of the total area of the water body or
125,600 m2 (� area enclosed by a circle of radius 200 m), whichever is less, and in open
ocean waters the area of the mixing zone must be less than or equal to 502,655 m2 (� area
enclosed by a circle of radius 400 m).

Low Flows Water-quality standards should protect water quality for designated uses in
critical low-flow conditions. States may designate a critical low flow below which numer-
ical water-quality criteria do not apply (USEPA, 1994), and the USEPA recommends that
numeric water-quality criteria apply to all flows that are greater than or equal to the flows
specified in Table 2.16, where the following definitions are used: 1Q10 is the lowest 1-day
flow, with an average exceedance frequency of once in 10 years; 1B3 is biologically based
and indicates an allowable exceedance for 1 day every 3 years; 7Q10 is the lowest average
7-consecutive-day low flow, with an average exceedance frequency of once in 10 years;
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TABLE 2.16 USEPA Recommendations for Low Flows

Aquatic Life

Acute criteria (CMC) 1Q10 or 1B3
Chronic criteria (CCC) 7Q10 or 4B3

Human Health

Noncarcinogens 30Q5
Carcinogens Harmonic mean flow

Source: USEPA (1994).
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4B3 is biologically based and indicates an allowable exceedance for 4 consecutive days
once every 3 years; 30Q5 is the lowest average 30-consecutive-day low flow with an aver-
age exceedance frequency of once in 5 years; and the harmonic mean flow is a long-term
mean flow value calculated by dividing the number of daily flows analyzed by the sum of
the reciprocals of those flows. Flow conditions in the Flint River near Culloden, Georgia,
at normal flow and low flow (during the June 2000 drought) are shown in Figure 2.30.
The lower flow velocities and lower water levels are clearly evident during low-flow con-
ditions.

Monitoring of Water Quality Monitoring is done to assess the physical, chemical,
and biological integrity of water bodies. Physical monitoring may reveal a part of the prob-
lem, chemical monitoring reveals only the water-quality situation at the time samples are
taken, and biological monitoring best reveals the water-quality problem but may not indi-
cate the cause (Novotny, 2003). Water-quality sampling is typically done by experienced
field personnel; Figure 2.31 shows a typical sample-collection effort.

Since aquatic-life water-quality standards are stated in terms of the average duration
and frequency of exceedance, any monitoring protocol must collect sufficient data to
assess whether such probabilistic criteria are being met. Ideally, required water-quality
monitoring data would consist of continuous concentration measurements over periods
of many years. In reality, water-quality data are collected over short intervals such as
once per week, once per month, or once per year, and appropriate statistical techniques
must be used to analyze such data to verify that statistical water-quality standards are
being met.

In the case of verifying compliance with the CMC criterion, the monitoring objective typ-
ically requires validation that the 1-day averaged concentration with a recurrence interval 3
years (i.e., the 1B3 concentration) is less than or equal to the CMC. For a set of 1-day aver-
aged measurements, the allowable exceedance probability, PCMC, of the CMC is given by

PCMC � � 0.001 (2.34)

To assess whether the measured (daily-averaged) concentration data indicate an
exceedance probability greater than 0.001, a theoretical probability distribution is fitted to

1
���
3 years � 365 days
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FIGURE 2.30 (a) Normal and (b) low-flow conditions in the Flint River. (From USGS, 2005d.)
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the measured data, and the exceedance probability of the CMC is determined from this
fitted theoretical distribution. The conventional procedure for fitting a theoretical proba-
bility distribution to measured data is widely used in hydrology and consists of the fol-
lowing steps (Chin, 2006): (1) rank the measured data; (2) assign an exceedance
probability, P(c) to the measurement, c, of rank m by

P(c) � �
N

m
� 1
� (2.35)

where N is the total number of measurements; and (3) fit a theoretical probability distri-
bution to P(c). The most common fitted probability distribution is the lognormal distribu-
tion. The approach outlined here for compliance with the CMC can also be used for
assessing compliance with the CCC, but in the latter case the measured concentration data
must be continuous 4-day averages, and the allowable exceedance probability, PCCC, of the
CCC is given by

PCCC � � 0.004 (2.36)
1

���
3 years � (365/4) days

84 WATER-QUALITY STANDARDS

FIGURE 2.31 Water-quality sampling. (From USGS, 2005e.)
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In some cases, the CMC and CCC are given in terms of allowable excursions below a
specified threshold level, such as in the case of dissolved oxygen. In these cases, the fitted
theoretical distribution is used to assess whether the measured data indicate excursions
below the threshold with allowable frequency.

Verifying compliance with human-health criteria is simpler than for CMC and CCC,
since the human-health criteria simply require that all observations be less than the stated
criterion.

Ocean Discharges Ocean discharges are point discharges into the waters of the
United States and, as such, require NPDES permits. Ocean discharges of treated domestic
wastewater are typically accomplished using multiport diffusers, and an example of such
a discharge is shown in Figure 2.32. The individual port discharges are shown within the
boxed area, where each individual port discharge produces a “boil” at the ocean surface.
Since ports in multiport diffusers are typically equally spaced, the conditions shown in
Figure 2.32 indicate that one of the ports may be clogged.

The technology-based discharge requirement that is typically part of the NPDES per-
mit for ocean discharges is for at least secondary treatment of domestic wastewater by pub-
licly owned treatment works (POTWs). Some municipalities with POTWs have argued
that the secondary-treatment requirement for marine disposal of domestic wastewater
might be unnecessary on the grounds that marine POTWs usually discharge into deeper
waters with large tides and substantial currents, which allow for greater dilution and dis-
persion than do their freshwater counterparts. The Clean Water Act allows for a case-by-
case review of treatment requirements for marine dischargers. Eligible POTW applicants
that meet a set of environmentally stringent criteria receive a modified National Pollutant
Discharge Elimination System (NPDES) permit waiving the secondary-treatment require-
ments for BOD, SS, and pH. Even with a secondary-treatment waiver, dischargers must
meet water-quality standards on the boundary of the mixing zone, establish a monitoring
program to assess impacts, and provide a minimum of primary or equivalent treatment.
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FIGURE 2.32 Ocean discharge from a multiport diffuser. (From Wood, 2005b.)
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2.4 U.S. GROUND-WATER STANDARDS

Ground waters are generally classified according to their present and future most beneficial
uses, and the USEPA recommends the three-part classification system shown in Table 2.17
for ground waters in the United States.

In states that rely heavily on ground water for their water supply, narrower
classifications are usually adopted. As an example, the five classes of ground waters in
Florida are shown in Table 2.18 arranged in order of degree of protection required, with
class G-I having the most stringent water-quality criteria and class G-IV the least. Since
many consumers utilize untreated ground water that is pumped directly from a well, water-
quality criteria for ground waters classified for potable water use are generally the same as
primary and secondary drinking-water quality standards that apply to public water supplies
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TABLE 2.18 Classifications of Ground Waters in Florida

Class Description

G-I Potable water use, ground water in single-source aquifers that have a total 
dissolved solids content of less than 3000 mg/L

G-II Potable water use, ground water in aquifers that have a total dissolved solids 
content of less than 10,000 mg/L

G-III Nonpotable water use, ground water in unconfined aquifers that have a total 
dissolved solids content of 10,000 mg/L or greater.

G-IV Nonpotable water use, ground water in confined aquifers that have a total 
dissolved solids content of 10,000 mg/L or greater.

TABLE 2.17 USEPA Classifications of Ground Waters

Class Description

I Groundwaters of unusually high value that are in need of special protective 
measures because they have a relatively high potential for contaminants to 
enter and/or be transported within the groundwater flow system. The goal of 
the USEPA protection strategy for class I aquifers is to keep pollutant 
concentrations below the drinking-water MCLs.

II Groundwaters that are currently used or potentially available for drinking water 
and other beneficial use. The class II designation allows a limited siting of 
hazardous-waste facilities and while ensuring quality suitable for drinking,
permits exemptions to requirements under certain circumstances to allow less 
stringent standards when the protection of human health and the environment 
can be demonstrated.

III Groundwaters that are not potential sources of drinking water and are of limited 
beneficial use either because they are saline or because they are otherwise 
contaminated beyond levels that allow drinking or other beneficial use. 
Regulations for the protection of class III groundwaters are more lenient and 
allow siting of hazardous waste facilities, but they include technical 
requirements and monitoring rules to protect public health.

Source: USEPA (1984b).

c02.qxd  4/7/06  1:07 PM  Page 86



at the tap. Common exceptions to the primary drinking-water standards as applied to
ground water are the total coliform and asbestos requirement. In Florida, ground-water
standards require a total coliform count of less than 4 per 100 mL (compared to zero for
drinking water) and the asbestos drinking-water regulation does not apply. Primary drink-
ing-water standards are health-based requirements, and secondary standards are aesthetic-
based requirements. The (federal) drinking-water criteria in the United States can be found
on the Web at http://www.epa.gov/safewater/mcl.html, and the current drinking-water cri-
teria are listed in Appendix C.2. In cases where the quality of native ground water is poorer
than the drinking-water standards, the quality of the (uncontaminated) native ground water
serves as the water-quality standard.

2.5 BACKGROUND WATER QUALITY

Water-quality standards cannot be enforced if their violation is a result of natural
causes. Background water quality is obtained from water-quality and biological meas-
urements of reference water bodies located in the same ecoregion. Ecoregions represent
regions with common physical geography, geology, soils, vegetation, land use, wildlife,
and climate (Omernik, 1987; Gallant et al., 1989). Ecoregions are intended to provide
a spatial framework for ecosystem assessment, research, inventory, monitoring, and
management. These regions delimit large areas within which local ecosystems recur
more or less throughout the region in a predictable pattern. By observing the behavior
of the various kinds of systems within a region, it is possible to predict the behavior of
an unvisited system. This provides an extrapolation mechanism for identifying areas
from which site-specific knowledge on ecosystem behavior can be applied, and they
also suggest areas within which similar responses and management strategies are appli-
cable. Ecoregion classifications have been developed by the U.S. Forest Service (Baily,
1995) and the U.S. Environmental Protection Agency (Omernik, 1987, 1995). In the
context of water quality, the USEPA system is preferred. The distribution of major
ecoregions in the state of Texas according to the USEPA classification system is shown
in Figure 2.33 Natural water quality within an ecoregion will vary less than between
ecoregions.

The U.S. Geological Survey (USGS) has established a benchmark network of monitor-
ing stations in watersheds that are among the least affected by human activities. These sta-
tions are found across the United States and are located primarily in national parks,
wilderness areas, state parks, forests, and similar areas protected from development. Water
quality measured at these stations provide the best approximation of background levels of
contaminants in surface waters located in various ecoregions across the United States.
There are four general types of native undisturbed lands (excluding mountains): arid land,
prairie, wetland, and woodland. Although the background water quality in these lands
varies, there are some common characteristics:

• Streams in arid lands are often ephemeral and typically have very high sediment con-
tent during intense but infrequent storm events, the salinity of these streams may be
elevated, and nutrient content is low.

• Prairie streams have elevated solids content during wet-weather flow, and the nutrient
content is usually low.
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• Forested land, including mountain forests, typically exhibit the best water quality,
have low mineral content, and have almost no organic content. Lowland forest
streams have higher organic content; often, these streams originate in wooded wet-
lands and the water may contain residues of organic decomposition occurring in soils
and wetlands, with measurable BOD and COD.

• Streams draining wetlands and wetland water bodies have higher organic content and
may also have low dissolved oxygen caused by the decomposition of organic matter.
Humic substances increase the color and turbidity of these water bodies.

There are no background levels for organic chemicals such as pesticides, PAHs, halo-
genated hydrocarbons and volatile organic chemicals since these substances are all human-
made and are not naturally occurring. The apparent background levels of these substances
originate primarily from atmospheric fallout.

In summary, background water quality is controlled primarily by the morphological,
geological, and geographical characteristics, land cover, soil type, and other ecological
factors associated with the surrounding area. Background water quality should be meas-
ured rather than estimated.
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2.6 COMPUTER CODES

In engineering practice, the use of computer models to apply the fundamental principles
and protocols covered in this chapter is sometimes essential. There are usually a variety of
models to choose from for a particular application, but in doing work to be reviewed by
regulatory agencies, models developed and maintained by agencies of the U.S. government
have the greatest credibility and, perhaps more important, are almost universally accept-
able in supporting permit applications and defending design protocols. A secondary guide-
line in choosing a model is that the simplest model that will accomplish the design
objectives should be given the most serious consideration. A widely used model developed
and endorsed by an agency of the U.S. government is described briefly here.

AQUATOX is a freshwater ecosystem simulation model that was developed and is
maintained by the USEPA (2004a,b). AQUATOX predicts the fate of various pollutants,
such as nutrients and organic toxicants, and their effects on the ecosystem, including fish,
invertebrates, and aquatic plants. AQUATOX is a valuable tool for ecologists, water-quality
modelers, and anyone involved in performing ecological risk assessments for aquatic
ecosystems. AQUATOX simulates the transfer of biomass, energy, and chemicals from one
compartment of the ecosystem to another. It does this by computing each of the most
important chemical or biological processes simultaneously for each day of the simulation
period; therefore, it is known as a process-based or mechanistic model. AQUATOX can
predict the environmental fate of chemicals in aquatic ecosystems and their direct and indi-
rect effects on the resident organisms. AQUATOX has the potential to establish causal links
between chemical water quality and biological response and aquatic life uses.

SUMMARY

Water quality can be measured in a variety of ways, and these measures can be classified
as either physical, chemical, or biological. Physical measures that are related to water qual-
ity in streams include flow conditions, substrate characteristics, stream habitat, riparian
habitat, and thermal pollution. Changes in any of these physical measures have the poten-
tial to affect significantly the quality of water in a stream. Chemical measures related to
water quality include dissolved oxygen, biochemical oxygen demand, chemical oxygen
demand, suspended solids, nutrient levels, toxic metals, synthetic organic chemicals,
radionuclides, and pH. Water-quality criteria exist for all of these chemical measures.
Biological measures of water-quality include number of species, presence of intolerant
species, proportion of omnivores to carnivores, biomass production, and number of indi-
viduals per species. Biological measures, also called bioindicators, are compared with bio-
logical criteria in performing bioassessments. Although physical, chemical, and biological
measures all give measures of water quality, biological measures give the best indication
of the overall condition of a water body, and physical and chemical measures give indica-
tions of possible causes of biological impacts.

In the United States, water-quality standards have been developed for all natural water
bodies, including ground and surface waters. Each natural water body is classified accord-
ing to its designated use, and water-quality criteria are associated with each designated use.
Surface-water standards are binary standards that consider contaminant levels that are pro-
tective of aquatic life and contaminant levels that are protective of human health. Aquatic-
life standards are stated in terms of (1) the criterion maximum concentration, which is the
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1-h average concentration with an allowable exceedance probability of once in 3 years; and
(2) criterion continuous concentration, which is the 4-day average concentration with an
allowable exceedance probability of once in 3 years. Water-quality criteria for human-
health protection consider both the degree of ingestion of surface water and the consump-
tion of fish derived from the surface water. In ground-water standards, drinking-water
criteria are usually applicable, since many ground waters serve as direct sources of drink-
ing water. Both ground-water and surface-water monitoring programs are necessary to
measure background water quality, since water-quality standards cannot be set higher than
the background water quality.

PROBLEMS

2.1. Saltwater intrusion into a river has increased the average chloride concentration to
3000 mg/L. If the summer water temperature is around 25�C and the winter tempera-
ture is around 15�C, compare the saturated dissolved oxygen level in the summer with
the level in the winter.

2.2. At what temperature does the saturation concentration of dissolved oxygen in water
fall below the minimum desirable level of 5 mg/L?

2.3. A BOD test on an industrial wastewater indicates that the 5-day BOD is 49 mg/L and
that the ultimate carbonaceous BOD is 75 mg/L. Estimate the decay factor.

2.4. Analyses of an industrial wastewater indicate that nitrogenous BOD (NBOD) begins
after 10 days of incubation and can be described by the same exponential function as
the carbonaceous BOD (CBOD). If the rate constant is 0.1 day�1 and the 5-day BOD
is 20 mg/L, estimate the total BOD after 20 days and the ultimate BOD.

2.5. What are the water-quality criteria for your state?

2.6. Use IRIS to obtain the oral reference dose (RfD) and the carcinogenic potency esti-
mate or slope factor for five regulated contaminants.
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Water-Quality Engineering in Natural Systems, by David A. Chin
Copyright © 2006 John Wiley & Sons, Inc.

CHAPTER 3

FATE AND TRANSPORT 
IN AQUATIC SYSTEMS

3.1 MIXING OF DISSOLVED CONSTITUENTS

Diffusion and dispersion are the processes by which a tracer spreads within a fluid. Diffusion
is the random advection of tracer molecules on scales smaller than some defined length scale.
At small (microscopic) length scales, tracers diffuse primarily through Brownian motion of
the tracer molecules, whereas at larger scales, tracers are diffused by random macroscopic
variations in the fluid velocity. In cases where the random macroscopic variations in veloc-
ity are caused by turbulence, the diffusion process is called turbulent diffusion. Where spa-
tial variations in the macroscopic velocity are responsible for the mixing of a tracer, the
process is called dispersion. It is common practice to use the terms diffusion and dispersion
interchangeably to describe the larger-scale mixing of contaminants in natural water bodies.
In open waters, spatial variations in the macroscopic velocity are usually associated with
shear flow and shoreline geometry, whereas in ground waters, macroscopic (seepage) veloc-
ity variations are caused by the complex pore geometry and spatial variations in hydraulic
conductivity. The case of turbulent diffusion in an aqueous environment with a steady uni-
form mean flow is illustrated in Figure 3.1. In this case, the ambient velocity field consists of
a large-scale mean flow with small-scale fluctuations about the mean. The fluctuations occur
over length scales smaller than the width of the plume. Regardless of the mechanism respon-
sible for the spatial variations in velocity, whenever these velocity variations are either truly
random or spatially uncorrelated over a defined mixing scale, the mixing process is described
by Fick’s law (Fick, 1855), which can be stated in the generalized form

qd
i ��Dij �

∂
∂
x
c

j

� (3.1)
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where qd
i is the dispersive mass flux [M/L2T]1 in the xi-direction, Dij is the dispersion

coefficient tensor, and c is the tracer concentration. In cases where the dispersion
coefficient varies with direction, the dispersion process is called anisotropic; in cases
where the dispersion coefficient is independent of direction, the dispersion process is
called isotropic. Hence, for isotropic dispersion, Fick’s law is given by

qi
d � �D �

∂
∂
x
c

i

� (3.2)

Whereas the Fickian relation given by Equation 3.2 parameterizes the mixing effect of
velocity variations with correlation length scales smaller than some defined mixing scale
or support scale, tracer molecules are also advected by larger-scale fluid motions. The
mass flux associated with the larger-scale (advective) fluid motions is given by

qa
i �Vic (3.3)

where qa
i is the advective tracer mass flux [M/L2T] in the xi-direction and Vi is the large-

scale fluid velocity in the xi-direction. Since tracers are transported simultaneously by both
advection and dispersion, the total flux of a tracer within a fluid is the sum of the advec-
tive and diffusive fluxes given by

qi � qi
a � qi

d � Vic � D �
∂
∂
x
c

i

� (3.4)

where qi is the tracer flux in the xi-direction. Equation 3.4 can also be written in vector
form as

q � Vc � D∇c (3.5)

where q is the flux vector and V is the large-scale fluid velocity. The expression of the
tracer flux in terms of an advective and diffusive component must generally be associated
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FIGURE 3.1 Turbulent diffusion of tracer particles in uniform flow. (From NOAA, 2005a.)

1Dimensional units are shown in brackets throughout.
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with a length scale, L, that is a measure of the averaging volume used to estimate the
advective velocity, V, and the diffusion coefficient, D. The main distinction between
advection and diffusion or dispersion is that advection is associated with a net movement
of the center of mass of a tracer, whereas diffusion and dispersion are associated with
spreading about the center of mass.

Consider the finite control volume shown in Figure 3.2, where this control volume is
contained within the fluid transporting the tracer. In accordance with the law of conserva-
tion of mass, the net flux [M/T] of tracer mass into the control volume is equal to the rate
of change of tracer mass [M/T] within the control volume. The law of conservation of mass
can be put in the form

�
∂
∂
t
� �

V
c dV ��

S
q ⋅ n dA ��

V
Sm dV (3.6)

where V is the volume of the control volume, c is the tracer concentration, S is the surface
area of the control volume, q is the flux vector (Equation 3.5), n is the unit outward nor-
mal to the control volume, and Sm is the mass flux per unit volume originating within the
control volume. Equation 3.6 can be simplified using the divergence theorem, which
relates a surface integral to a volume integral by the relation

�
S

q · n dA ��
V

∇ · q dV (3.7)

Combining Equations 3.6 and 3.7 leads to the result

�
∂
∂
t
��

V
c dV ��

V
∇ · q dV ��

V
Sm dV (3.8)
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FIGURE 3.2 Control volume in a fluid transporting a tracer. (From Chin, David A., Water-Resources
Engineering. Copyright © 2000. Reprinted by permission of Pearson Education, Inc., Upper Saddle
River, NJ.)
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Since the control volume is fixed in space and time, the derivative of the volume integral
with respect to time is equal to the volume integral of the derivative with respect to time,
and Equation 3.8 can be written in the form

�
V ��

∂
∂
c
t
� �∇ · q �Sm� dV � 0 (3.9)

This equation requires that the integral of the quantity in parentheses must be zero for any
arbitrary control volume, and this can only be true if the integrand itself is zero. Following
this logic, Equation 3.9 requires that

�
∂
∂
c
t
� �∇ · q � Sm � 0 (3.10)

This equation can be combined with the expression for the mass flux given by Equation
3.5 and written in the expanded form

` �
∂
∂
c
t
� �∇ · (Vc � D ∇c) � Sm (3.11)

which simplifies to

�
∂
∂
c
t
� �V · ∇c � c(∇ · V) � D ∇2c � Sm (3.12)

This equation applies to all tracers in all fluids. In the case of incompressible fluids, which
is typical of the water environment, conservation of fluid mass requires that

∇ · V � 0 (3.13)

and combining Equations 3.12 and 3.13 yields the following diffusion equation for incom-
pressible fluids with isotropic dispersion:

(3.14)

In cases where there are no external sources or sinks of tracer mass (a conservative
tracer), Sm is zero and Equation 3.14 becomes

(3.15)

If the dispersion coefficient, D, is anisotropic, the principal components of the dispersion
coefficient can be written as Di, and the diffusion equation becomes

(3.16)�
∂
∂
c
t
� ��

3

i�1
Vi

�
∂
∂
x
c

i

� ��
3

i�1
Di

�
∂
∂
x

2c

i
2

� � Sm

�
∂
∂
c
t
� �V · ∇c � D ∇2c

�
∂
∂
c
t
� �V · ∇c � D ∇2c � Sm
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where xi are the principal directions of the dispersion coefficient tensor. Equation 3.16 is the
most commonly used relationship describing the mixing of contaminants in aquatic envi-
ronments, and it is known as either the advection–dispersion or the advection–diffusion
equation, with the former term being more appropriate in most cases.

3.2 PROPERTIES OF THE DIFFUSION EQUATION

In cases where the tracer mass is neither created nor destroyed, such as occurs in chemi-
cal and biochemical reactions, the contaminant is called conservative, and Sm � 0 in
Equation 3.16. In this case, the transport of the contaminant is described by

�
∂
∂
c
t
� ��

3

i�1
Vi

�
∂
∂
x
c

i

� ��
3

i�1
Di

�
∂
∂
x

2c

i
2

� (3.17)

Consider now a change of variables from xi and t to x�i and t, where the new variables x�i
are defined by

x�i � xi � Vit (3.18)

where Vi is a constant mean velocity in the xi-direction, and the x�i -coordinate measures
locations relative to the mean position of the tracer particles, given by Vit. The derivatives
in the (xi, t) space are related to the derivatives in the (x�i, t) space by the following rela-
tions derived from the chain rule,

�
∂
∂
(
x
·

i

)
� ��

3

j�1
�
∂
∂
(
x
·
�j

)
� �

∂
∂
x
x
�

i

j
� (3.19)

and

�
∂
∂
(·
t
)

� ��
3

j�1
�
∂
∂
(
x
·
�j

)
� �

∂
∂
x
t
�j

� � �
∂
∂
(·
t
)

� (3.20)

where (·) represents any scalar function of x and t. Combining Equations 3.18 to 3.20
yields

�
∂
∂
(
x
·

i

)
� � �

∂
∂
(
x
·
�i

)
� (3.21)

and

�
∂
∂
(·
t
)

� � ��
3

j�1
Vj�

∂
∂
(
x
·
�j

)
� � �

∂
∂
(·
t
)

� (3.22)

Substituting Equations 3.21 and 3.22 into the advection–diffusion equation, Equation 3.17,
yields the transformed equation in (x�i, t)-space,

�
∂
∂
c
t
� ��

3

i�1
Di

�
∂
∂
x

2

′i
c
2

� (3.23)
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which is more commonly written in the Cartesian form

(3.24)

Equation 3.24 occurs widely in engineering applications and is generally referred to as the
diffusion equation. This equation has been studied in detail throughout the mathematical
literature, particularly in the context of heat conduction, and analytical solutions for a wide
variety of initial and boundary conditions are available in many textbooks. Using these
solutions together with the transformation given by Equation 3.18 provides many useful
results to describe the mixing process when the mean flow is steady and spatially uniform.

3.2.1 Fundamental Solution in One Dimension

Consider the case where the tracer is distributed uniformly in the y and z directions and
diffusion occurs only in the x-direction. The diffusion equation is then given by

�
∂
∂
c
t
� � Dx �

∂
∂

2

x
c
2

� (3.25)

If a tracer of mass M is introduced instantaneously at x � 0 at time t � 0 (well mixed over
y and z), and tracer concentrations are always equal to zero at x � �∞, the initial and
boundary conditions are given by

c(x, 0) � �
M
A

� δ (x) (3.26)

and

c(�∞, t) � 0 (3.27)

where A is the area in the yz plane over which the contaminant is well mixed, and δ(x) is
the Dirac delta function, which is defined by

δ (x) �{∞, x � 0
and ��∞

�∞
δ (x) dx � 1 (3.28)

0, x � 0

A graph of the Dirac delta function, centered at x0 (where x0� 0 in Equation 3.28), is illus-
trated in Figure 3.3. The solution to Equation 3.25 subject to initial and boundary condi-
tions given by Equations 3.26 and 3.27 can be obtained using the Fourier transform,
f(k, t), defined as

f(k, t) � �
�

1
2�π�
� �∞

�∞
c(x, t)eikx dx (3.29)

and the inverse Fourier transform defined as

c(x, t) � �
�

1
2�π�
� �∞

�∞
f(k, t)e�ikx dk (3.30)

�
∂
∂
c
t
� �Dx �

∂
∂
x

2

�

c
2

� � Dy �
∂
∂
y

2

�

c
2

� � Dz �∂
∂
z

2

�

c
2

�
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In applying the Fourier transform to solve Equation 3.25, it is useful to note that integra-
tion by parts yields the identity

�
�

1
2�π�
� �∞

�∞
�
∂
∂

2

x
c
2

�eikx dx � � �
�

k
2�

2

π�
� �∞

�∞
c(x, t)eikx dx � �k2f (k, t) (3.31)

Multiplying Equation 3.25 by

�
�
ei

2�

kx

π�
�

and integrating yields the homogeneous ordinary differential equation

�
d
d
f
t
� � k2Dx f � 0 (3.32)

and the initial condition derived from Equation 3.26 is

f (k, 0) � �
A�

M
2�π�

� (3.33)

The solution to Equation 3.32 subject to the initial condition given by Equation 3.33 can
easily be shown to be

f (k, t) � �
A�

M
2�π�
� e�k2Dxt (3.34)

This is the solution of the diffusion equation, Equation 3.25, in the Fourier-transformed
(k, t)-space, and therefore the solution in the (x, t)-space, c(x, t), can be obtained by
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substituting Equation 3.34 into the inverse Fourier transform relation, Equation 3.30,
to yield

(3.35)

This result indicates that the concentration distribution resulting from the instantaneous
introduction of a mass M is in the form of a Gaussian distribution with a variance growing
with time, as illustrated by a plot of Equation 3.35 given in Figure 3.4. To verify that the
concentration distribution given by Equation 3.35 is Gaussian, consider the equation for a
Gaussian distribution given by

f(x) � �
σ�

M0

2�π�
� exp �� �

1
2

� ��x �

σ
µ

��
2

� (3.36)

where µ is the mean of the distribution, σ is the standard deviation, and M0 is the total area
under the curve. Note that a normal distribution is the same as a Gaussian distribution, except
that the area under the curve, M0, is equal to unity. Comparing the fundamental solution of
the diffusion equation, Equation 3.35, to the Gaussian distribution, Equation 3.36, it is clear
that the fundamental solution is Gaussian with the mean and standard deviation given by

µ � 0 (3.37)

σ � �2�D�xt� (3.38)

This result demonstrates that a mass of contaminant released instantaneously into a stagnant
fluid will attain a concentration distribution that is Gaussian, with a maximum concentration
remaining at the location the mass was released, and the standard deviation of the distribu-
tion grows in proportion to the square root of the elapsed time since the release.

c(x, t) � �
A�

M
4�π�D�xt�
�exp ���

4D
x2

xt
��
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The one-dimensional advection–diffusion equation in a moving fluid is given by

�
∂
∂
c
t
� � V �

∂
∂
c
x
� � Dx �

∂
∂x

2c
2

� (3.39)

where V is the fluid velocity in the x-direction. Equation 3.39 transforms to

�
∂
∂
c
t
� � Dx �

∂
∂
x

2

�

c
2

� (3.40)

in the x�–t domain, where x� � x � Vt. The initial and boundary conditions corresponding
to an instantaneous release at x � 0 and t � 0 with boundaries infinitely far away from the
release location are

c(x�, 0) � �
M
A

� δ (x�) (3.41)

and

c(�∞, t) � 0 (3.42)

where A is the area in the yz plane over which the contaminant is well mixed. The solution
to Equation 3.40 is the same as the fundamental solution for a stationary fluid and is there-
fore given by

c(x�, t) � �
A�

M
4�π�D�xt�
� exp ���

4
x
D
�2

xt
�� (3.43)

which in the x–t domain is given by

(3.44)

The concentration distribution described by Equation 3.44 and illustrated in Figure 3.5
describes the mixing of a tracer released instantaneously into a flowing fluid, where the tracer
undergoes one-dimensional diffusion. If the fluid is stagnant, V � 0 and the resulting con-
centration distribution is symmetrical around x � 0 and is described by Equation 3.35.

Example 3.1 One hundred kilograms of a contaminant is spilled into a small river and
instantaneously mixes across the entire cross section of the river. The cross section of the
river is approximately trapezoidal in shape, with a bottom width of 5 m, side slopes of 2:1

c(x, t) � �
A�

M
4�π�D�xt�
� exp ���

(x
4
�

D
V

xt
t)2

��
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FIGURE 3.5 Solution to a one-dimensional advection–diffusion equation. (From Chin, David A.,
Water-Resources Engineering. Copyright © 2000. Reprinted by permission of Pearson Education, Inc.,
Upper Saddle River, NJ.)
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(H:V), and a depth of flow of 3 m. The discharge in the river is estimated as 30 m3/s, and
the dispersion coefficient for mixing along the river is estimated as 10 m2/s. Estimate (a)
when the maximum contaminant concentration will be observed at a park recreation area
10 km downstream of the spill, and (b) the maximum concentration expected at the park.
(c) If a safe level of this contaminant in recreational waters is 10 µg/L, how long after the
spill can the park expect to resume normal operations?

SOLUTION (a) From the data given, M � 100 kg, Dx � 10 m2/s, and the flow rate, Q, in
the river is 30 m3/s. The cross-sectional area, A, of the river is given by

A � by � my2

where b � 5 m, y � 3 m, and m � 2; hence,

A � 5(3) � 2(3)2 � 33 m2

and

V � �
Q
A

� ��
3
3
0
3
� � 0.909 m/s

The distance, xm, of the maximum concentration from the spill location at any time, t, is
given by

xm � Vt

Therefore, for xm � 10 km � 10,000 m,

t � �
x
V
m� � �

1
0
0
.
,
9
0
0
0
9
0

� �11,000 s � 3.06 h

Hence, the park can expect to see the peak contaminant concentration 3.06 h after the spill
occurs.

(b) The maximum contaminant concentration at any time (t) and location (x) is given
by Equation 3.44 for x � Vt as

c(x, t) � �
A�

M
4�π�D�xt�
� � � 2.58 � 10�3 kg/m3 � 2.58 mg/L

Hence, the maximum contaminant concentration observed at the recreation area is expected
to be 2.58 mg/L.

(c) When the concentration at the recreation area is 10 µg/L � 10�5 kg/m3, Equation
3.44 requires that

c(x, t) ��
A�

M
4�π�D�xt�
� exp ���

(x
4
�

D
V

xt
t)2

��
10�5 ��

33�
1
4�
0
π�
0
(1�0�)t�
� exp ���

(10,00
4
0
(
�

10
0
)t
.909t)2

��

100
���
33�4�π�(1�0�)(�1�1�,0�0�0�)�
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which yields t � 9400 s and 12,850 s. Clearly, the concentration is above 10 µg/L from
t � 9400 to 12,850 s, and the park water is expected to be safe when t 	 12,850 s � 3.57 h
after the spill.

In general, water-quality measurements would be required to ensure the safety of the
water at the recreational area prior to resuming normal operations.

3.2.2 Principle of Superposition

The principle of superposition states that if a homogeneous differential equation is linear
and there are several solutions that satisfy the equation, the sum of the solutions also
satisfies the equation, and this sum is called the total solution of the linear differential
equation. Additionally, if the boundary and initial conditions of the individual solutions are
also linear, the boundary and initial conditions of the total solution are equal to the sum of
the boundary and initial conditions of the individual solutions. To illustrate the principle
of superposition, consider that c1 and c2 are separate solutions to the one-dimensional
diffusion equation; therefore,

�
∂
∂
c
t
1� � Dx�

∂
∂

2

x
c
2
1� (3.45)

and

�
∂
∂
c
t
2� � Dx�

∂
∂

2

x
c
2
2� (3.46)

Adding these equations yields

�
∂
∂
c
t
1� � �

∂
∂
c
t
2� � Dx�

∂
∂

2

x
c
2
1� �Dx�

∂
∂

2

x
c
2
2� (3.47)

and invoking the linearity property leads to

�
∂(c1

∂
�

t
c2)� � Dx�

∂ 2(c
∂

1

x
�
2

c2)� (3.48)

which demonstrates that the sum of the solutions to the diffusion equation (i.e., c1 � c2) is
also a solution to the diffusion equation. To demonstrate the effect of linearity on the
boundary conditions of the total solution, suppose that the boundary conditions on c1 and
c2 are

c1(∞, t) � 0 (3.49)

c2(∞, t) � 0 (3.50)

Then clearly the boundary condition of c1 � c2 is

(c1 � c2)(∞, t) � 0 (3.51)
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Similarly, if the initial conditions corresponding to instantaneous releases of masses M1

and M2 at x � x1 and x � x2 are

c1(x, 0) � �
M
A

1�δ (x � x1) (3.52)

c2(x, 0) � �
M
A

2�δ (x � x2) (3.53)

the initial condition of c1 � c2 is

(c1 � c2)(x, 0) � �
M
A

1�δ (x � x1) � �
M
A

2�δ (x � x2) (3.54)

This result demonstrates that the principle of superposition can be used to determine the
contaminant distribution resulting from two simultaneous mass inputs at two different
locations, based on the contaminant distribution resulting from mass releases at single
locations. Several additional applications of the principle of superposition are given in the
following sections.

Distributed Source Consider the initial spatial distribution of a contaminant given in
Figure 3.6, where the initial one-dimensional concentration distribution is given by

c(x, 0) � f (x) (3.55)

This initial concentration distribution is equivalent to an infinite number of adjacent
instantaneous sources of mass f (x)A dx located along the x-axis between xL and xR, where
A is the cross-sectional area over which the contaminant is well mixed. For each of these
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Initial condition: c (x,0) = f (x)

f (x)

f (ξ)

ξ

d ξ xR xxL

FIGURE 3.6 Initial concentration distribution.
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incremental sources located a distance ξ away from the origin, the fundamental solution
of the one-dimensional diffusion equation is applicable, and the resulting concentration
distribution is given by

c (x, t) � �
�
f(ξ

4�
)
π�

d
D�
ξ
xt�

� exp ���
(x

4
�

Dx

ξ
t
)2

�� (3.56)

Using the principle of superposition to sum the solutions for all the incremental sources,
results in the total solution

(3.57)

A frequently encountered initial concentration distribution is the step function shown in
Figure 3.7, which is described by

c (x, 0) � f (x) � 	 (3.58)

and substituting this initial condition into Equation 3.57 yields

c(x, t) ��0

�∞
�
�

c
4�

0

π�
d
D�
ξ

x t�
� exp ���

(x
4
�

Dx

ξ
t
)2

�� (3.59)

Changing variables from x to u, where

u � �
�
x �

4�D�
ξ
xt�

� (3.60)

c0 x 
 0
0 x 	 0

c(x, t) ��
xL

xR

�
�
f(

4�
ξ
π�
) d

D�
ξ
x t�

� exp ���
(x

4
�

Dx

ξ
t
)2

��
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Initial condition
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FIGURE 3.7 Step-function initial condition.
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Equation 3.59 becomes

c(x, t) � �
�
c0

π�
� �∞

x/�4�D�xt�
e�u2 du (3.61)

This integral cannot be evaluated analytically, but is similar to a special function in math-
ematics called the error function, erf(z), which is defined as

erf(z) � �
�

2
π�

� �z

0
e�ξ2

dξ (3.62)

and values of this function are tabulated in Appendix E.1. It is useful to note the property

erf(�z) � �erf(z) (3.63)

and the limits

erf(0) � 0 and erf(∞) � 1 (3.64)

Comparing the solution of the diffusion equation, Equation 3.61, with the definition of the
error function, Equation 3.62, leads to

c(x, t) � �
�
c0

π�
� ��

∞

0
e�u2 du �� x/�4�D�xt�

0
e�u2 du�

� �
�
c0

π�
� ��

�
2
π�

� � �
�

2
π�

� erf ���4�
x
D�xt�
��� (3.65)

� �
c
2
0� �1 � erf ���4�

x
D�xt�
���

A further simplification of Equation 3.65 comes from the definition of the complementary
error function, erfc(z), where

erfc(z) �1 � erf(z) (3.66)

The solution given by Equation 3.65 can therefore be written in the form

(3.67)

and the concentration distribution, c(x, t), is illustrated in Figure 3.8. The corresponding
solution for a fluid moving with a velocity V is given by

(3.68)

This concentration distribution is identical to that illustrated in Figure 3.8, with the excep-
tion that the origin moves with the fluid at a velocity V.

c(x, t) � �
c
2
0� erfc ���

x �

4�D�
V

x

t
t�

��

c(x, t) � �
c
2
0� erfc ���4�

x
D�xt�
��
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Example 3.2 A long drainage canal is gated at the downstream end and is designed to
retain the runoff from an agricultural area. The runoff into the canal is expected to infiltrate
into the ground water. After a severe storm, the concentration of a toxic pesticide in the
channel rises to 5 mg/L and is distributed uniformly throughout the channel. Because of
the threat of flooding, the gate at the downstream end of the canal is opened and water in
the canal flows downstream at a velocity of 20 cm/s. (a) If the longitudinal dispersion
coefficient in the canal is 5 m2/s, give an expression for the concentration as a function of
time at a location 400 m downstream of the gate. (b) How long after the gate is opened will
the concentration at the downstream location be equal to 1 mg/L?

SOLUTION (a) From the data given, c0 � 5 mg/L � 0.005 kg/m3, V � 20 cm/s � 0.20 m/s,
and Dx � 5 m2/s. At x � 400 m, Equation 3.68 gives the concentration as a function of time as

c(x, t) � �
c
2
0� erfc ���

x �

4�D�
V

x

t
t�

��
c(400, t) � �

0.0
2
05
� erfc ��40

�
0 �

4�(
0
5�
.
)
2
t�
0t

�� � 0.0025 erfc ��8.94 �

�
0
t�
.0447t
��

(b) When the concentration 400 m downstream of the gate is equal to 1 mg/L �
0.001 kg/m3,

0.001 � 0.0025 erfc ��8.94 �

�
0
t�
.0447t
��

which leads to

erfc ��8.94 �

�
0
t�
.0447t
�� � 0.4
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x
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Initial condition

t = t1
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c0t = 0
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FIGURE 3.8 Diffusion from a step-function initial condition.
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or

erf ��8.94 �

�
0
t�
.0447t
��� 0.6

Using the error function tabulated in Appendix E.1,

�
8.94 �

�
0
t�
.0447t
� � 0.595

which leads to

t � 80.5 s

Therefore, the concentration 400 m downstream of the gate will reach 1 mg/L approxi-
mately 81 s after the gate is opened.

Transient Source Suppose that a contaminant source is located along the x-axis, and
the source injects the contaminant with a time-varying mass flux, m

.
(t), uniformly over a

cross-sectional area A in a stagnant fluid. This scenario is equivalent to a mass of m
.
(t) dt

being released during every consecutive time interval dt. The concentration distribution,
dc(x, t), resulting from an instantaneous mass of m

.
(τ) dτ released from x � 0 at time τ is

given by

dc(x, t) ��
A�

m
4�

.

π�
(τ
D�
)

x

d
(�
τ
t��τ)�

� exp ���
4Dx(

x
t

2

� τ)
�� (3.69)

and superimposing all of the resulting concentration distributions yields

c(x, t) ��
0

t

�
A�

m
4�

.

π�
(τ
D�
)

x

d
(�
τ
t��τ)�

� exp ���
4Dx(

x
t

2

� τ)
�� (3.70)

This equation describes the concentration distribution resulting from a transient source
at x � 0. In the case of a spatially distributed transient source with mass flux m· (x, t),
the principle of superposition indicates that the resulting concentration distribution is
given by

(3.71)

where xL and xR are the upper and lower bounds of the tracer source location.

Impermeable Boundaries In the superposition examples cited so far, the boundary
conditions have required that the tracer concentration approaches zero as x approaches
infinity. Therefore, the superimposed concentration distributions all have boundary condi-
tions in which the tracer concentration approaches zero as x approaches infinity. In cases
where impermeable boundaries exist in relatively close proximity to the tracer source, the
diffusion equation must satisfy boundary conditions that require zero mass flux across the

c(x, t) ��
0

t �
xL

xR

�
A�

m
.

(
4�
�

π�
,τ
D�
) d

x (�
�

t ��
dτ

τ)�
� exp �� �

4D
(x

x

�

(t �

�)2

τ)
��
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impermeable boundary. This scenario is illustrated in Figure 3.9. Since mass flux, M
.

x, is
governed by the Fickian-type diffusion equation

M
.

x � �Dx�
∂
∂

c
x
� (3.72)

an impermeable boundary requires that the concentration gradient, ∂c/∂x, be equal to zero at
the boundary. Referring to Figure 3.9, if the tracer source is located at x � 0 and the imper-
meable boundary is located at x � L, then if an identical source is superimposed at x � 2L,
the resulting (superimposed) concentration distribution has the following properties within
the domain x ∈(�∞, L]: (1) satisfies the diffusion equation (via linearity); (2) satisfies the ini-
tial condition of an instantaneous mass release at x � 0; and (3) ∂c/∂x � 0 at x � L, due to the
symmetry of the superimposed solutions around x � L. These results demonstrate that the
symmetrical placement of an image source produces a solution that satisfies the diffusion
equation as well as the required initial and boundary conditions. Applying this result to the
case of an instantaneous source of mass, M, located at a distance L from an impermeable
boundary, indicates that the resulting concentration distribution is given by

(3.73)

Example 3.3 One kilogram of a contaminant is spilled into an open channel at a location
50 m from the end of the channel. The channel has a rectangular cross section 10 m wide and
2 m deep, and the dispersion coefficient along the channel is estimated as 10 m2/s. (a) Assuming
that the contaminant is initially well mixed across the channel, express the concentration as a
function of time at the end of the channel. (b) How long will it take for the contaminant con-
centrations 25 m upstream (in the direction of the channel end) to be 10% higher than the con-
centration 25 m downstream of the spill (in the direction away from the channel end)?

SOLUTION (a) The concentration distribution is given by

c (x, t) � �
A�

M
4�π�D�xt�
� �exp �� �

4D
x2

xt
�� � exp ���

(x
4
�

D
2

x

L
t

)2

���

c(x, t) � �
A�

M
4�π�D�x t�
� �exp �� �

4D
x2

xt
�� � exp �� �

(x
4
�

D
2

x

L
t

)2

���
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without
boundary, c1
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without
boundary, c2

FIGURE 3.9 Impermeable boundary condition.
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where the x-coordinate is measured from the spill location in the direction of the end of the
channel. From the data given, M � 1 kg, A � 10 m � 2 m � 20 m2, Dx � 10 m2/s, L � 50 m,
and x � 50 m (at end of channel). The concentration as a function of time at the end of the
channel is therefore given by

c(50, t) ��
20�4�

1
π�(1�0�)t�
� �exp �� �

4(
5
1
0
0

2

)t
�� � exp ���

[50
4
�

(1
2
0
(
)
5
t
0)]2

���
which reduces to

c(50, t) ��
0.0

�
08

t�
92

� exp �� �
62

t
.5
��

(b) The concentration 25 m upstream from the spill (x � 25 m) is given by

c(25, t) ��
20�4�

1
π�(1�0�)t�
� �exp �� �

4(
2
1
5
0

2

)t
�� � exp ���

[25
4
�

(1
2
0
(
)
5
t
0)]2

���
� �

0.0
�
04

t�
46

� �exp �� �
15

t
.6
�� � exp �� �

14
t
1

���
and the concentration 25 m downstream from the spill (x � �25 m) is given by

c(�25, t) ��
20�4�

1
π�(1�0�)t�
� �exp �� �

4(
2
1
5
0

2

)t
�� � exp ���

[�25
4
�

(10
2
)
(
t
50)]2

���
� �

0.0
�
04

t�
46

� �exp �� �
15

t
.6
�� � exp �� �

39
t
1

���
When c(25, t) is 10% higher than c(�25, t), then

�
c
c
(�
(2

2
5
5
,
,
t)
t)

� �1.1

or

�1.1

Solving this equation for t yields t � 55 s. Therefore, after 55 s the concentrations 25 m
upstream and downstream of the spill differ by 10%.

3.2.3 Solutions in Higher Dimensions

Solutions to the one-dimensional diffusion equation shown so far have been intended to
demonstrate some useful analytical procedures for obtaining solutions to relatively compli-
cated problems. Many of these solutions are obtained by superimposing the fundamental
solution of the one-dimensional diffusion equation. These analytical procedures are also
applicable in higher dimensions, as illustrated in the following sections.

exp(�15.6/t) � exp (�141/t)
����
exp (�15.6/t) � exp (�391/t)
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Two-Dimensional Diffusion The fundamental diffusion problem in two dimensions
is given by

(3.74)

with initial and boundary conditions

c (x, y, 0) � �
M
L

� δ (x, y) (3.75)

c (�∞, �∞, t) � 0 (3.76)

where M is the mass of contaminant injected, L is the length over which the mass is uni-
formly distributed in the z-direction, and δ (x, y) is the two-dimensional Dirac delta func-
tion defined by

δ (x, y) � 	 and �
�∞

�∞�
�∞

�∞
δ (x) dx dy � 1 (3.77)

The solution to the fundamental two-dimensional diffusion problem is given by (Carslaw
and Jaeger, 1959)

(3.78)

The principle of superposition can be applied to the fundamental two-dimensional solution
of the diffusion equation to yield the concentration distribution, c(x, y, t), resulting from an
initial mass distribution, g(x, y), as

(3.79)

where the contaminant source is located in the region x ∈ [x1, x2], y ∈[y1, y2]. An example of
diffusion from a two-dimensional rectangular source is shown in Figure 3.10, where taking
Dx � Dy leads to a symmetrical diffusion pattern. Superposition in time can also be applied to
yield the concentration distribution, c(x, y, t), resulting from a continuous mass input m

.
(t) as

(3.80)

where the transient source is located at x � 0, y � 0. In the case of a distributed transient
source, m

.
(x, y, t), the resulting concentration distribution, c(x, y, t), is given by

(3.81)c(x, y, t) ��
0

t �
x1

x2�
y1

y2

�
m
4

· (
π
ξ
(
,
t �

η,
τ
t
)
)
L
d
�
ξ d

D�
η

x

d
D�
t

y�
� exp���

4D
(x

x

�

(t �

ξ)
τ
2

)
� ��

4
(
D
y

y

�

(t �

η)
τ
2

)
��

c(x, y, t) ��
0

t

�
4π(t �

m
τ

.
(
)
τ
L
)
�
dτ

D�xD�y�
� exp ���

4Dx(
x
t

2

� τ)
� ��

4Dy(
y
t

2

� τ)
��

c(x, y, t) ��
x1

x2�
y1

y2

�
4
g
π
(ξ
tL
, η

�
) d

D�
ξ
x

d
D�
η

y�
� exp ���

(x
4
�

Dx

ξ
t
)2

� ��
(y

4
�

D
η
yt

)2

��

c(x, y, t) ��
4π tL�

M
D�xD�y�
� exp �� �

4D
x2

xt
� � �

4D
y2

yt
��

∞, x � 0, y � 0
0, otherwise

�
∂
∂
c
t
�� Dx�∂

∂
x

2c
2

� �Dy�
∂
∂

2

y
c
2

�
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Example 3.4 One kilogram of a contaminant is spilled at a point in a 4-m-deep reservoir
and is instantaneously mixed over the entire depth. (a) If the diffusion coefficients in the
N-S and E-W directions are 5 and 10 m2/s, respectively, calculate the concentration as a
function of time at locations 100 m north and 100 m east of the spill. (b) What is the con-
centration at the spill location after 5 min?

SOLUTION (a) The concentration distribution is given by

c(x, y, t) ��
4π tL�

M
D�xD�y�
� exp �� �

4D
x2

x t
� � �

4D
y2

y t
��

From the data given, M � 1 kg, L � 4 m, Dx � 5 m2/s (N-S), and Dy � 10 m2/s (E-W). At
100 m north of the spill, x � 0 m, y � 100 m, and the concentration as a function of time is
given by

c(0, 100, t) ��
4π t(4)�

1
5�(�1�0�)�

� exp �� �
4
1
(
0
5
0
)

2

t
�� ��

0.00
t
281
� exp �� �

50
t
0

�� kg/m3

At 100 m east of the spill, x � 100 m, y � 0 m, and the concentration as a function of time
is given by

c(100, 0, t) ��
4π t(4)�

1
5�(�1�0�)�

� exp �� �
4
1
(
0
1
0
0

2

)t
�� � �

0.00
t
281
� exp �� �

25
t
0

�� kg/m3
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FIGURE 3.10 Two-dimensional diffusion from a finite source.
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(b) At the spill location, x � 0 m and y � 0 m, and the concentration as a function of time
is given by

c (0, 0, t) ��
4π t(4)�

1
5�(�1�0�)�

� ��
0.00

t
281
�

At t � 5 min � 300 s,

c (0, 0, 300) ��
0.0

3
0
0
2
0
81

� � 9.37 � 10�6 kg/m3 � 9.37 µg/L

Therefore, the concentration at the spill location after 5 min is 9.37 µg/L.

Example 3.5 A vertical diffuser discharges industrial wastewater at a rate of 5 m3/s uni-
formly over a 5-m-deep reservoir. If the wastewater contains 50 mg/L of a toxic contami-
nant for 24 h, calculate the concentration of the contaminant as a function of time during
this 24-h period at a distance of 100 m from the outfall. Assume that the diffusion
coefficient in the reservoir is equal to 10 m2/s.

SOLUTION The concentration as a function of time is given by

c (x, y, t) ��
0

t

�
4π (t�

m
.

τ
(
)
τ
L
)
�
dτ

D�xD�y�
� exp ���

4Dx(
x
t

2

� τ)
� ��

4Dy(
y
t

2

� τ)
��

In this case, the two-dimensional contaminant mass flux, m
.
, is

m
.

� Qc � 5(50 � 10�3) � 0. 25 kg/s

Since L � 5 m, Dx � Dy � 10 m2/s, and at 100 m from the outfall x2 � y2 � 1002 m2, the con-
centration 100 m from the outfall, c100(t), is given by

c100(t) ��
0

t

�
4π (t �

0
τ
.2
)(
5
5)(10)
� exp ���

4(10
1
)
0
(
0
t �

2

τ)
��dτ

� 0.000398 �
0

t

�
t �

1
τ
� exp �� �

t
2
�

50
τ

�� dτ (3.82)

This equation can be integrated numerically to yield the magnitude of the concentration
100 m from the outfall as a function of time. It is interesting to note that Equation 3.82 can
also be expressed in terms of the well function, W(u), commonly used in ground-water
applications, and tabulated values or approximations to W(u) can be used to aid integration.

Three-Dimensional Diffusion The fundamental diffusion problem in three dimen-
sions is given by

(3.83)�
∂
∂

c
t

� � Dx �
∂
∂

x

2c
2

� � Dy �
∂
∂

y

2c
2

� � Dz �
∂
∂

2

z
c
2

�
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with initial and boundary conditions

c (x, y, z, 0) � Mδ (x, y, z) (3.84)

c (�∞, �∞, �∞, t) � 0 (3.85)

where δ (x, y, z) is the three-dimensional Dirac delta function defined by

δ(x, y, z) � 	 and �
�∞

�∞�
�∞

�∞�
�∞

�∞
δ (x) dx dy dz � 1 (3.86)

The solution to the fundamental three-dimensional diffusion problem is given by (Carslaw
and Jaeger, 1959)

(3.87)

The principle of superposition can be applied to the fundamental three-dimensional solu-
tion of the diffusion equation to yield the concentration distribution, c(x, y, z, t), resulting
from an initial mass distribution (per unit volume), g(x, y, z), as

(3.88)

where the contaminant source is located in the region x ∈ [x1, x2], y ∈ [y1, y2], z ∈ [z1, z2].
Superposition in time can also be applied to yield the concentration distribution, c(x, y, z, t),
resulting from a continuous mass input m

.
(t) as

c(x, y, z, t) ��
x1

x2�
y1

y2�
z1

z2

�
g
(4
(ξ
π
,
t)
η
3/

,
2

ζ
�
) d
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∞, x � 0, y � 0, z � 0
0, otherwise
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c (x, y, z, t) ��
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m
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(3.89)

where the transient source is located at x � 0, y � 0, z � 0. In the case of a distributed transient
source, m

.
(x, y, z, t), the resulting concentration distribution, c(x, y, z, t), is given by

(3.90)

Example 3.6 One kilogram of a toxic contaminant is released deep into the ocean and
spreads in all three coordinate directions. The N-S, E-W, and vertical diffusion coefficients
are 10, 15, and 0.1 m2/s, respectively. (a) Find the concentration at a point 100 m north,

c(x, y, z, t) ��t
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[
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100 m east, and 10 m above the release point as a function of time. (b) What is the con-
centration at the release point after 24 h?

SOLUTION (a) The concentration as a function of time is given by

c(x, y, z, t) ��
(4πt)3/2�

M
D�xD�y D�z�
� exp �� �

4D
x2

xt
� � �

4D
y 2

y t
�� �

4D
z2

zt
��

In this case, M � 1 kg, Dx � 10 m2/s, Dy � 15 m2/s, Dz � 0.1 m2/s, and therefore the con-
centration as a function of time at x � 100 m, y � 100 m, z � 10 m, is given by

c (100, 100, 10, t) � exp ���
4
1
(1
0
0
0
)

2

t
� ��

4
1
(1
0
5
0
)

2
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2

)t
��

��
0.0

t
0
3/

5
2

80
� exp �� �

66
t
7

�� kg/m3

(b) The concentration, c0, at the release point, x � 0, y � 0, z � 0, is given by

c0 � ��
0.0

t
0
3/

5
2

80
� kg/m3

and at t � 24 h � 86,400 s the concentration at the release point, c0, is given by

c0� �
8
0
6
.0
,4
0
0
5
0
8

3

0
/2

� �2.29 � 10�10 kg/m3 � 2.29 � 10�4 µg/L

Concentrations at this level would not be detectable, and the contaminant has dissipated,
for all practical purposes.

Example 3.7 Ten kilograms of a contaminant in the form of a 1 m � 2 m � 2 m par-
allepiped is released into the deep ocean. The N-S, E-W, and vertical diffusion
coefficients are 10, 5, and 0.05 m2/s, respectively. Find the concentration as a function of
time at a location 50 m north, 50 m east, and 10 m above the centroid of the initial mass
release.

SOLUTION The concentration distribution is given by

c(x, y, z, t) ��
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��
where the initial concentration distribution, g(ξ, η, ζ ), is given by

g(ξ,η,ζ ) �	�(1)(
1
2
0
)(

k
2
g
) m3

�� 2.5 kg/m3, � 0.5 
 ξ 
 0.5, �1.0 
 η 
 1.0, �1.0 
 ζ 
 1.0

0, otherwise

1
�����

(4πt)3/2 �1�0�(1�5�)(�0�.1�)�

1
�����
(4πt)3/2 � 1�0�(�1�5�)(�0�.1�)�
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In this case, Dx � 10 m2/s, Dy � 5 m2/s, and Dz � 0.05 m2/s, and at x � 50 m, y � 50 m,
z � 10 m, the concentration as a function of time is given by

c(50, 50, 10, t) �

��0.5
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This integral can be evaluated numerically to determine the values of c(50, 50,10, t) for
specified values of t.

3.2.4 Moment Property of the Diffusion Equation

Consider the Cartesian form of the diffusion equation given by Equation 3.24. Multiplying
this equation by x�2 and integrating over x� between �∞ yields

�∞

�∞
�
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∂
c
t
�x�2 dx�� Dx�∞

�∞
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∂
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2

�
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2

′
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x�2 �

∂
∂
z

2

�

c
2

� dx� (3.91)

To evaluate these integrals, assume that the tracer concentrations are equal to zero at
x�� �∞, which means that

�
∂
∂
x
c
�i

� � 0 at x�i ��∞ (3.92)

and

c � 0 at x�i ��∞ (3.93)

Applying these conditions to Equation 3.91 and integrating by parts yields
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��∞
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x�2c dx� (3.94)

Integrating Equation 3.94 with respect to y� from �∞ to �∞, applying Equations 3.92 and
3.93, and simplifying yields
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x�2c dx�dy� (3.95)

Integrating Equation 3.95 with respect to z� from �∞ to �∞, applying Equations 3.92 and
3.93, and simplifying yields

�
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�∞
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x�2c dx�dy�dz�� 2Dx�∞
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�∞

�∞
�∞

�∞
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2.5
���
(4πt)3/2 �1�0�(5�)(�0�.0�5�)��
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The integral term on the right-hand side of Equation 3.96 is equal to the total mass, M, of
the tracer, where

M ��∞

�∞
�∞

�∞
�∞

�∞
c dx�dy�dz� (3.97)

and for conservative tracers M is a constant for the duration of the diffusion process.
Equation 3.96 can therefore be written in the form

�
d
d
t
� ��

M
1
��∞

�∞
�∞

�∞
�∞

�∞
x�2c dx�dy�dz��� 2Dx (3.98)

where the partial derivative with respect to time has been replaced by the total derivative
with respect to time, since the quantity being differentiated depends only on time.2 The
variance of the concentration distribution along the x�-axis, σ 2

x�, is given by

σ 2
x�� �

M
1
��∞

�∞
�∞

�∞
�∞

�∞
x�2c dx�dy�dz� (3.99)

and the integrated diffusion equation, Equation 3.98, can therefore be written in the form

�
dσ

dt

2
x�� � 2Dx (3.100)

or

(3.101)

This rather remarkable result indicates that in a uniform flow field the diffusion coefficient,
Dx, is equal to one-half the rate of growth of variance, σ 2

x�, regardless of the initial condi-
tions. Similar results are obtained for Dy and Dz by multiplying the original diffusion equa-
tion by y�2 and z�2 prior to integration, yielding

(3.102)

and

(3.103)

The practical utility of these equations, which relate the diffusion coefficients to the
variances of the tracer-concentration distributions, is that the variances can be meas-
ured using tracer studies, and then the diffusion coefficients are equal to one-half of the
rate of growth of the respective variances. These measured (and validated) diffusion
coefficients can then be used in the analysis and design of systems to control contami-
nant transport.
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2The spatial dimensions have been removed by integration.
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Example 3.8 A 10-kg slug of Rhodamine WT dye is released into the ocean, and the con-
centration distribution of the dye is measured every 3 h for the 12-h duration of daylight
when the dye can be seen. The horizontal variances of the dye cloud as a function of time
is given in Table 3.1. Estimate the horizontal diffusion coefficients.

SOLUTION In accordance with Equations 3.101 and 3.102, the diffusion coefficients
can be approximated by

Dx� 
 �
1
2� �

�

�



t

2
x�� and Dy� 
 �

1
2

� �
�

�



t

2
y�

�

Therefore, between t � 0 and t � 3 h,
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� �
3
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0
)

7

3
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1
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4

� � 1.4 � 103 cm2/s
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Dy � 
 �
1
2

� �
2.

(
7
3

�

�

1
0
0
)3

7�

60
1
0
04

� � 1.2 � 103 cm2/s

These diffusion coefficients can be taken as the approximate values at t � (0 � 3)/2 � 1.5 h.
Repeating this analysis for subsequent time intervals, the diffusion coefficients as a func-
tion of time are given in Table 3.2. Note that the diffusion coefficients are clearly not steady
and are increasing with time. As the plume expands, it experiences a wider variation of
ocean currents; hence, mixing occurs at a more rapid rate with increasing time.

3.2.5 Nondimensional Form

Consider the general advection–diffusion equation given by

�
∂
∂
c
t
���

3

i�1
Vi �

∂
∂
x
c

i

� ��
3

i�1
Di �

∂
∂

2

x
c
2
i

� � Sm (3.104)
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TABLE 3.1 Data for Example 3.8

Time, t (h) σ x�
2 (cm2) σ y�

2 (cm2)

0 104 104

3 3.0 � 107 2.7 � 107

6 1.4 � 108 1.3 � 108

9 3.7 � 108 3.3 � 108

12 7.2 � 108 6.5 � 108

TABLE 3.2 Results for Example 3.8

Time, t (h) Dx� (cm2/s) Dy� (cm2/s)

1.5 1.4 � 103 1.2 � 103

4.5 5.1 � 103 4.8 � 103

7.5 1.1 � 104 9.3 � 104

10.5 1.6 � 104 1.5 � 104
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where Vi are the components of the ambient velocity and Sm is the source flux of tracer per
unit volume [M/L3T]. A reference concentration, C, such as the background concentration
of the contaminant, can usually be defined, along with a reference velocity, V, and a refer-
ence length, L, which characterizes the dimension of the space in which the contaminant
is moving. The concentration, c, coordinates, xi, time, t, and velocity components, Vi, can
be normalized relative to these reference variables to yield the following nondimensional
variables:

c* � �
C
c
� (3.105)

x*i � �
x
L

i� (3.106)

t* � �
L/

t
V
� (3.107)

V*i � �
V
V

i� (3.108)

Substituting Equations 3.105 to 3.108 into Equation 3.104, taking Sm � 0 (for a conserva-
tive substance), and simplifying yields

�
∂
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c
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� ��
3
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*
*i

� ��
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D
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∂
∂

2

x
c

i*
*
2

� (3.109)

The utility of this nondimensional representation is that all the terms involving nondimen-
sional variables are on the order of one, since each of the nondimensional variables have
been normalized by a reference quantity that is characteristic of the ambient environment.
Consequently, the only terms whose magnitudes are not fixed are the diffusion terms,
whose magnitudes are on the order of Di /VL. This nondimensional quantity represents the
ratio of diffusive transport to advective transport and is called the Peclet number, denoted
by Pe. Therefore, defining the Peclet number by

Pei � �
V
D
L
i� (3.110)

Equation 3.109 can be written as

(3.111)

According to Equation 3.111, whenever the component Peclet numbers, Pei, are small, the
diffusion process can be neglected, and the contaminant transport is dominated by advec-
tion. Conversely, for large Peclet numbers, diffusion is the dominant process. The impor-
tant result here is that the Peclet number is particularly useful as an indicator of the
dominant transport process, which must be represented accurately in order to properly
describe the transport of a contaminant in a particular environment.

In cases where the contaminant of interest is not conservative, the source term, Sm, in
the advection–diffusion equation (Equation 3.104) is nonzero. In the special case where

�
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∂
c
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� ��
3
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∂
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*
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the nonconservative contaminant exhibits first-order decay, the source term, Sm, can be
expressed as

Sm � �kc (3.112)

and the nondimensional advection–diffusion equation can be written in the form

(3.113)

where

k* � �
k
V
L
� (3.114)

The variable k* is the ratio of the relative magnitudes of the reaction rate and the advec-
tion rate and is sometimes called the Damkohler number (Ramaswami et al., 2005) and
denoted by “Da,” where

Da � �
k
V
L
� (3.115)

The Damkohler number is sometimes used to contrast the relative magnitudes of the reac-
tion rate and diffusion rate, in which case

Dai � �
k
D
L

i

2

� (3.116)

where Di is the i-component of the diffusion coefficient. For either definition of the
Damkohler number, if Da �� 1, chemical reactions can be neglected.

3.3 TRANSPORT OF SUSPENDED PARTICLES

The advection–dispersion equation, Equation 3.16, is appropriate for describing the fate
and transport of dissolved contaminants that are advected with the same velocity as the
ambient water. In the case of suspended particles, the settling of the particles is influenced
by the size, shape, and density of the particles in addition to the ambient flow velocity. The
process by which suspended particles settle to the bottom of water bodies is called sedi-
mentation, and the settling velocity, vs, of suspended particles with diameters less than or
equal to 0.1 mm (�100 µm) can be estimated by the Stokes equation, which is given by
(Yang, 1996)

(3.117)

where α is a dimensionless form factor that measures the effect of particle shape (α � 1
for spherical particles), ρs is the density of the suspended particle, ρw is the density of the

vs � α�
(ρs /ρ
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ambient water, g is gravity, φ is the particle diameter, and νw is the kinematic viscosity of
the ambient water. The form factor, α, sometimes called the sphericity, is defined as the
ratio of the surface area of a sphere having the same volume as the particle to the surface
area of the particle. Particles in natural waters have complex shapes, typically α � 1. The
settling velocity given by Stokes’ equation (Equation 3.117) is called Stokes’ velocity.
Settling velocities that are of interest in natural waters are given in Table 3.3 (Wetzel, 1975;
Burns and Rosa, 1980; Chapra, 1997). As a general rule, settling is unimportant for parti-
cles smaller than about 1 µm in diameter. Particles in water must be larger than about
10 µm in diameter to settle through distances of several centimeters in time scales of an
hour or less, and particles in this class are sometimes called settleable solids (Nazaroff and
Alvarez-Cohen, 2001). In cases where the ambient water moves with a horizontal veloc-
ity, V, suspended particles tend to move horizontally at the velocity, V, and vertically at the
settling velocity.

Suspended solids in natural waters have two primary sources: surface runoff from
drainage basins and as products of photosynthesis. The suspended-solids concentration in
natural waters typically range from below 1 mg/L in clear waters to over 100 mg/L in
highly turbid waters. An example of a highly turbid stream resulting from surface runoff
is shown in Figure 3.11. Suspended solids derived from photosynthetic processes tend to
be higher in organic matter and less dense than suspended solids derived from surface
runoff. Caution should be used in applying the Stokes equation to calculate the settling
velocity of living particles, since some phytoplankton, such as blue-green algae, can
become buoyant due to the development of internal gas vacuoles.

Many contaminants sorb strongly onto suspended particles, so that prediction of the fate
and transport of suspended sediments is essential for describing the fate and transport of
these contaminants in natural waters. Heavy metals and hydrophobic organic compounds,
such as PCBs, are two classes of contaminants that sorb strongly onto suspended sedi-
ments.

TRANSPORT OF SUSPENDED PARTICLES 119

TABLE 3.3 Typical Settling Velocities in Natural Waters

Diameter Settling Velocity
Particle Type (µm) (m/day)

Phytoplankton
Cyclotella meneghiniana 2 0.08 (0.24)a

Thalassiosira nana 4.3–5.2 0.1–0.28
Scenedesmus quadricauda 8.4 0.27 (0.89)
Asterionella formosa 25 0.2 (1.48)
Thalassiosira rotula 19–34 0.39–0.21
Coscinodiscus lineatus 50 1.9 (6.8)
Melosira agassizii 54.8 0.67 (1.87)
Rhizosolenia robusta 84 1.1 (4.7)

Particulate organic carbon 1–10 0.2
10–64 1.5
	64 2.3

Clay 2–4 0.3–1
Silt 10–20 3–30

Source:
aNumbers in parentheses are for the stationary phase of microbial growth.
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Example 3.9 Analysis of water from a lake indicates a suspended-solids concentration
of 50 mg/L. The suspended particles are estimated to have an approximately spherical
shape with an average diameter of 4 µm and a density of 2650 kg/m3. (a) If the water tem-
perature is 20�C, estimate the settling velocity of the suspended particles. (b) If the sus-
pended particles are mostly clay, compare your estimate of the settling velocity with the
data in Table 3.3. (c) If there is 1 g of heavy-metal ion per kilogram of suspended parti-
cles, determine the rate at which heavy metals are being removed from the lake by sedi-
mentation.

SOLUTION (a) From the data given, α � 1 (spherical particles), ρs � 2650 kg/m3, ρw �
998 kg/m3 at 20�C, φ � 4 µm � 4 � 10�6 m, and νw � 1.00 � 10�6 m2/s. Substituting into
the Stokes equation (Equation 3.117) gives

vs � α�
(ρs /ρ

1
w

8ν
�

w

1)gφ 2

�� (1) 1

� 1.44 � 10�5 m/s � 1.25 m/day

(b) This result is consistent with the settling velocities for clay-sized particles shown in
Table 3.3, which indicates that a 4-µm clay particle will have a settling velocity on the
order of 1 m/day.

(c) Since the concentration, c, of suspended particles is 50 mg/L � 0.05 kg/m3, the rate
at which sediment is accumulating on the bottom of the lake is given by

removal rate of suspended particles � vsc � 1.25(0.05) � 0.0625 kg/day · m2

(2650/998�1)(9.81)(4 � 10�6)2

����
18(1.00 � 10�6)
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FIGURE 3.11 Turbid runoff in a stream. (From Town of Chapel Hill, 2005.)
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Since heavy metals are attached to the sediment at the rate of 1 g/kg, the removal rate of
heavy metals is given by

removal rate of heavy metals � 1(0.0625) � 0.0625 g/day · m2

SUMMARY

The transport of dissolved contaminants in water bodies is caused by spatial and temporal
variations in the the velocity field. Mixing is associated with small-scale variations and is
characterized by the Fickian diffusion equation, while advection is associated with larg-
scale velocity variations. The length scale that delineates mixing from advection is the size
of the contaminant cloud. The collective effects of mixing and advection are represented
by the advection–diffusion equation, which is also known as the advection–dispersion
equation (ADE). The latter term is usually more appropriate. Fate effects such as sorption
onto solid media and biochemical decay are represented as a source term in the ADE. The
fundamental solution to the ADE is for the case of an instantaneous release of a mass of
conservative substance into an infinitely large medium. Many other solutions to the ADE
can be expressed in terms of the fundamental solution in either one, two, or three dimen-
sions by invoking the principle of superposition. A useful property of the ADE is the
moment property, which guarantees that for conservative tracers, each component of the
dispersion coefficient is equal to one-half of the rate of change of the component variance
of the concentration distribution. This property is particularly useful in estimating the dis-
persion coefficient using conservative tracers. Expressing the ADE in terms of nondimen-
sional variables indicates that the Peclet number is a useful measure of the magnitude of
the dispersive flux relative to the advective flux. Dispersion can be neglected in cases
where the Peclet number is small. The ADE is applicable only to dissolved contaminants,
and the transport of suspended solids is typically predicted using Stokes law.

PROBLEMS

3.1. Show that ∇ · V � 0 for incompressible fluids, where V is the velocity field in the fluid.

3.2. Fifty kilograms of toxic material is spilled uniformly across a canal. The canal is
trapezoidal with a bottom width of 3 m, side slopes of 2.5:1 (H:V), and a depth of flow
of 1.7 m. The discharge in the canal is 16 m3/s, and the longitudinal dispersion
coefficient is 7 m2/s.

(a) How soon after the spill will the peak concentration be observed 12 km down-
stream of the spill, and what is the maximum concentration expected at that loca-
tion?

(b) If a safe level of this contaminant in recreational waters is 15 µg/L, for approxi-
mately how long will the water at the downstream location be unsafe?

(c) What length of canal is contaminated 2 h after the spill?

3.3. Water stored in a reservoir behind a gate contains a toxic contaminant at a concentration
of 1 mg/L. If the gate is opened and water flows downstream at a velocity of 30 cm/s and 
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with a longitudinal dispersion coefficient of 10 m2/s, how long after the gate is opened
will the concentration of the contaminant 1 km downstream be equal to 10 µg/L?

3.4. Two kilograms of a contaminant is spilled into an open channel at a location 20 m
from the end of the channel. The channel has a rectangular cross section 8 m wide
and 2 m deep, and the diffusion coefficient along the channel is estimated as 5 m2/s.

(a) Assuming that the contaminant is initially well mixed across the channel,
express the concentration as a function of time at the end of the channel.

(b) How long will it take for the contaminant concentrations 10 m upstream (in the
direction of the channel end) to be 20% higher than the concentration 10 m
downstream of the spill (in the direction away from the channel end)?

3.5. Two kilograms of a contaminant is spilled at a point in a 3-m-deep reservoir. The
contaminant is spilled at x � 0, y � 0, and is instantaneously mixed over the entire
depth (in the z-direction).

(a) If the diffusion coefficients in the x (E-W) and y (N-S) directions are 10 and
20 m2/s, respectively, calculate the concentration as a function of time at a point
50 m north and 50 m east of the spill.

(b) What is the concentration at the spill location after 1 min?

3.6. A vertical diffuser discharges wastewater at a rate of 3 m3/s uniformly over a 4-m-
deep reservoir. If the wastewater contains 100 mg/L of a conservative tracer for 20 h,
calculate the concentration of the contaminant as a function of time during this 20-
h period at a distance of 150 m from the outfall. Assume that the diffusion coefficient
in the reservoir is equal to 15 m2/s.

3.7. A bridge crosses a river 4.5 km upstream of a water-supply intake, and in recent
years, there have been several contaminant spills at the river crossing, primarily on
the side of the river opposite the water-supply intake. The river is 30 m wide, 3 m
deep, has an average flow of 13.5 m3/s, the longitudinal dispersion coefficient in the
river is estimated to be 1.27 m2/s, and the transverse coefficient is 0.0127 m2/s. What
mass of contaminant spilled at the bridge (on the opposite side to the intake) would
lead to a contaminant concentration at the intake equal to 1 mg/L?

3.8. Five kilograms of a toxic contaminant is released deep into the ocean and spreads in
all three coordinate directions.

(a) If the N-S, E-W, and vertical diffusion coefficients are 15, 20, and 0.5 m2/s,
respectively, find the concentration at a point 50 m north, 50 m east, and 5 m
above the release point as a function of time.

(b) What is the concentration at the release point after 12 h? Assume no reactions
and no advection.

3.9. Eight kilograms of a contaminant in the form of a 1 m � 1 m � 1 m parallepiped is
released into the deep ocean. If the N-S, E-W, and vertical diffusion coefficients are
15, 10, and 0.1 m2/s, respectively, find the concentration as a function of time at a
location 25 m north, 25 m east, and 5 m above the centroid of the initial mass release.

3.10. A submarine releases 100 kg of waste at a location 25 m below the surface of the
ocean. If the ambient current is 30 cm/s to the north and the components of the
diffusion coefficient are 12, 5, and 1 m2/s in the N-S, E-W, and vertical directions,
determine the maximum concentration as a function of time and the concentration
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at the release location after 1 h. Utilize the principle of superposition to account for
the presence of the ocean surface. Explain how you would account for the solubil-
ity of the waste in your calculations.

3.11. The suspended solids in a 200 m � 200 m lake is measured to be 45 mg/L, and the
average settling velocity is estimated as 0.1 m/day.

(a) Estimate the rate at which sediment mass is accumulating on the bottom of the
lake. 

(b) If the suspended-solids concentration remains fairly steady and the water leav-
ing the lake does not have a significant suspended sediment content, at what rate
is sediment mass entering the lake?

3.12. The phytoplankton Coscinodiscus lineatus has a typical diameter of 50 µm and an
estimated density of 1600 kg/m3. Assuming that the phytoplankton is approximately
spherical and the water temperature is 20�C, estimate the settling velocity using the
Stokes equation. Compare your result with the settling velocity given in Table 3.3,
and provide possible reasons for any discrepancy.

3.13. A stormwater outfall discharges runoff into a pristine river (with negligible dissolved
solids) such that the suspended-solids concentration of the combined water just
downstream of the outfall is 100 mg/L. The settling velocity of the sediment is esti-
mated to be 2 m/day, the flow velocity in the river is 0.4 m/s, and the river is 10 m
wide and 2 m deep.

(a) How far downstream from the outfall will it be before the suspended sediment
all settles out?

(b) Estimate the rate at which sediment is accumulating downstream of the outfall.

3.14. Consider the (common) case in which an outfall discharges treated domestic waste-
water at a rate of 80 L/s with a suspended-solids concentration of 30 mg/L into a
river. The suspended solids are composed of predominantly silt particles, and the
river has a trapezoidal shape with a flow depth of 4 m, a bottom width of 6 m, and
side slopes of 2:1 (H:V). The mean velocity in the river is 3 cm/s.

(a) Estimate the distance from the outfall within which most of the suspended par-
ticles are deposited on the bottom.

(b) Estimate the rate at which sediment is accumulating on the bottom within 500 m
of the outfall.
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CHAPTER 4

RIVERS AND STREAMS

4.1 INTRODUCTION

Streams are natural drainage channels that collect surface-water runoff and ground-water
seepage from the surrounding area. Hydrologists classify the hierarchy of streams accord-
ing to the number of tributaries upstream using a classification system originally proposed
by Horton (1945) and later refined by Strahler (1957). First-order streams are the initial,
smallest tributaries; the stream located just below where two first-order streams combine
is a second-order stream; the stream located below the confluence of two second-order
streams is a third-order stream; and so on. In most cases, streams are called rivers when
they become seventh-order streams or higher (DeBarry, 2004). Alternative definitions of a
river vary from a fifth- to a ninth-order stream (Ramaswami et al., 2005). The Amazon
River, which is the largest river in the world, is a twelfth-order stream.

Rivers and streams have long been the primary sources of drinking water to support
human populations, and the water quality of rivers and streams has been studied more
extensively and longer than any other bodies of water (Shifrin, 2005). Threats to the water
quality in streams and rivers commonly originate from end-of-pipe discharges, such as illus-
trated in Figure 4.1. The four most prevalent water-quality problems affecting rivers and
streams in the United States are siltation, nutrients, pathogens, and oxygen-depleting sub-
stances (USEPA, 1996c). Siltation refers to the accumulation of small soil particles (silt) on
the bottom of the river, causing suffocation of fish eggs and destruction of aquatic insect
habitats, and damaging the food web that supports fish and other wildlife. Siltation can
occur as a result of agriculture, urban runoff, construction, and forest operations. Nutrient
pollution generally refers to elevated quantities of nitrogen and phosphorus in the water.
Excessive nutrients cause increased plant and algae growth, resulting in reduced oxygen
levels and depleted populations of fish and other desirable aquatic species. Municipal and
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industrial wastewater discharges and runoff from agricultural lands, forestry operations, and
urban areas are major nutrient sources. Pathogen contamination of surface waters can cause
human-health problems ranging from simple skin rash to acute gastroenteritis. Common
sources of pathogens include inadequately treated municipal wastewater, agricultural and
urban runoff, and wildlife fecal material. The discharge of oxygen-demanding material into
rivers and streams causes a depletion of dissolved oxygen downstream of the discharge
location. Oxygen depletion can cause problems for aquatic life and have a severe impact on
the natural biota of a river or stream. Sources of oxygen-demanding substances include
municipal and industrial wastewater as well as agricultural and urban runoff.

Treated sewage effluent, industrial wastewaters, and stormwater runoff are discharged
routinely into inland streams, and in most cases the wastewater discharges do not meet the
ambient water-quality standards of the stream. In such cases, regulatory mixing zones are
usually permitted in the vicinity of the discharge location. Within these mixing zones, dilu-
tion processes reduce the contaminant concentrations to levels that meet the ambient
water-quality criteria. The spatial extent of the mixing zone is usually restricted in size. In
Florida, for example, mixing zones in streams are restricted to 800 m in length or 10% of
the total length of the stream, whichever is less (Florida DEP, 1995). Wastes can be dis-
charged into streams either through multiport diffusers, which distribute the effluent over
a finite portion of the stream width, or through single-port outfalls that discharge the
effluent at a “point” in the stream.
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FIGURE 4.1 Contaminant discharge into the Alpenrhein River, Germany. (From Socolofsky and
Jirka, 2005.)
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Consider the case of a single-port discharge into a stream, such as from an open-ended
pipe. The initial mixing of the pollutant is determined by the momentum and buoyancy of
the discharge. As the discharge is diluted, the momentum and buoyancy of the discharge
are dissipated, and further mixing of the discharge plume is dominated by ambient veloc-
ity variations in the stream. As the pollutant cloud extends over the depth and width of the
stream, parts of the cloud expand into areas with significantly different longitudinal mean
velocities; the pollutant cloud is “stretched” apart in the longitudinal direction in addition
to diffusing in all three coordinate directions. This stretching of the cloud is due primarily
to vertical and transverse variations in the longitudinal mean velocity. The process of
stretching is commonly referred to as shear dispersion or simply, dispersion. Contaminant
discharges from point sources spread in the vertical and transverse directions by turbulent
diffusion until the pollutant is well mixed across the stream cross section, at which time
almost all of the mixing will be caused by longitudinal shear dispersion. Field results have
shown that in most cases transverse variations in the mean velocity (across the channel)
have a much greater effect on shear dispersion than vertical variations in the mean veloc-
ity. Typical flow velocities in rivers and streams range from 0.1 to 1.5 m/s, corresponding
to channel slopes of 0.02 to 1%.

4.2 TRANSPORT PROCESSES

In most cases, contaminants are introduced into rivers over a particular subarea of the river
cross section, For example, pipe discharges are typically over a small area along the side
of the river, whereas submerged multiport diffuser discharges are over a larger portion of
the river cross section. In these cases, two distinct zones are identified: the initial zone
where the contaminant mixes across the cross section of the channel, and the well-mixed
zone, where the contaminant is well-mixed across the cross section and further mixing is
associated with longitudinal dispersion in the flow direction.

4.2.1 Initial Mixing

The turbulent velocity fluctuations in the vertical and transverse directions in rivers are on
the same order of magnitude as the shear velocity, u*, which is defined by

u* ���
τ
ρ

0�� (4.1)

where τ0 is the mean shear stress on the (wetted) perimeter of the stream and ρ is the density
of the fluid. The boundary shear stress, τ0, can be expressed in terms of the Darcy–Weisbach
friction factor, f, and the mean (longitudinal) flow velocity, V, by (Chin, 2006)

τ0 � �
8
f
�ρV 2 (4.2)

Combining Equations 4.1 and 4.2 leads to the following expression for the shear velocity:

(4.3)u* ���
8
f
��V
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The friction factor, f, can generally be estimated from the channel roughness, hydraulic
radius, and Reynolds number using the Colebrook equation, which for open channels can
be approximated by (Chin, 2006)

�
�
1

f�
� � �2 log10 ��

1
k
2

s

R
� � �

R
2
e
.
�
5

f�
�� (4.4)

where ks is the roughness height in the channel, R is the hydraulic radius, defined as the
flow area divided by the wetted perimeter, and Re is the Reynolds number, defined by

Re � �
4V

ν
R

� (4.5)

where ν is the kinematic viscosity of the fluid in the channel, usually water. Equation 4.4
should be used with caution in estimating the friction factor, f, in mountain streams, where
the presence of transient storage zones (pools), stagnant zones due to bed irregularity, and
the existence of hyporheic zones in the gravel bed all require special consideration (Meier
and Reichert, 2005). The hyporheic zone is the area below the streambed between the
rocks and cobbles. For mountain streams, the friction factor can be estimated using a
method suggested by Bathurst (1985).

Based on a theoretical analysis of turbulent mixing, Elder (1959) showed that the aver-
age value of the vertical turbulent diffusion coefficient, εv, in a wide open channel can be
estimated by the relation

(4.6)

where d is the depth of flow in the channel. The theoretical expression for the vertical tur-
bulent diffusion coefficient, εv, given by Equation 4.6 has been confirmed experimentally
in a laboratory flume by Jobson and Sayre (1970). The coefficient in Equation 4.6
(� 0.067) is sometimes given as 0.1 (Martin and McCutcheon, 1998). Vertical mixing can
be enhanced locally by secondary currents (notably at sharp bends) and by obstacles in the
flow (such as bridge piers), although neither of these mechanisms has been quantified ade-
quately (Rutherford, 1994).

Experimental results in straight rectangular channels indicate that the transverse turbu-
lent diffusion coefficient, εt, can be estimated by the relation

(4.7)

where the coefficient of 0.15 can be taken to have an error bound of �50% (Fischer et al.,
1979). Experimental results yielded εt � 0.08du* to 0.24du* (Lau and Krishnappan, 1977).
Bends, sidewall irregularities such as the deflection bars shown in Figure 4.2, and varia-
tions in channel shape found in natural streams all serve to increase the transverse turbu-
lent diffusion coefficient over that given by Equation 4.7. A more typical estimate of the
transverse diffusion coefficient in natural streams is

(4.8)εt � 0.6du* (natural streams)

εt � 0.15du* (straight uniform channels)

εv � 0.067du*
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where the coefficient of 0.6 can be taken to have an error bound of �50% and is some-
times approximated as 1 (Martin and McCutcheon, 1998). Experimental studies continue
to provide data on which more precise methods of estimating transverse turbulent
diffusion coefficients are being developed (e.g., Boxall and Guymer, 2003). Bends in nat-
ural streams cause secondary (transverse) currents that can increase the transverse turbu-
lent diffusion coefficient considerably beyond that given by Equation 4.8. For example,
Yotsukura and Sayre (1976) estimated εt as 3.4du* in a stretch of the Missouri River con-
taining 90� and 180� bends. If a reliable estimate of εt is needed in any particular case, it
is recommended that field experiments be conducted to measure it directly (Roberts and
Webster, 2002).

Many mixing-zone analyses assume instantaneous cross-sectional mixing and then
calculate longitudinal variations in cross-sectionally averaged concentrations down-
stream from the discharge location. Considering a stream of characteristic depth d
and width w, the time scale, Td, for mixing over the depth of the channel can be esti-
mated by

Td � �
d
εv

2

� (4.9)

and the distance, Ld, downstream from the discharge point to where complete mixing over
the depth occurs is given by

Ld � VTd � �
V
ε
d

v

2

� (4.10)

Similarly, the time scale, Tw, for mixing over the width, w, can be estimated by

Tw� �
w
εt

2

� (4.11)
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FIGURE 4.2 Deflection bars on the Little Blue River, Kansas. (From NRCS, 2005b.)
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and the corresponding downstream length scale, Lw, to where the tracer is well mixed over
the width can be estimated by

Lw � VTw � �
V
ε
w

t

2

� (4.12)

Combining Equations 4.10 and 4.12 leads to

�
L
L

w

d
�� ��

w
d

��
2

�
ε
ε

v

t
� (4.13)

According to Equations 4.6 and 4.8, it can reasonably be expected that in natural streams
εt � 10εv, in which case Equation 4.13 can be approximated by

(4.14)

Since channel widths in natural streams are usually much greater than channel depths, typ-
ically width/depth � 20 (Koussis and Rodríguez-Mirasol, 1998), for single-port discharges
the downstream distance to where the tracer becomes well mixed across the stream can be
expected to be at least an order of magnitude greater than the distance to where the tracer
becomes well mixed over the depth. Therefore, mixing over the depth occurs well in
advance of mixing over the width. An aerial view of mixing across a river is given in
Figure 4.3. The length scale to where the tracer can be expected to be well mixed over the
width is given by Equation 4.12. Fischer and colleagues (1979) used field measurements
to estimate the actual distance, L�w, for a single-port discharge located on the side of a chan-
nel to mix completely across a stream as

(4.15)L�w � 0.4 �
V
ε
w

t

2

�

�
L
L

w

d
�� 0.1��

w
d

��
2
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In estimating the coefficient in Equation 4.15, Fischer and colleagues defined complete
mixing as the condition in which the tracer concentration is within 5% of its mean every-
where in the cross section. Equation 4.15 can be applied at any discharge location in a
stream, where w is taken as the width over which the contaminant is to be mixed to achieve
complete cross-sectional mixing. For example, if a multiport outfall of length L is placed
in the center of a stream of width W, full cross-sectional mixing occurs when the contam-
inant mixes over a width, w � (W � L)/2, and the downstream distance, L�w, to complete
cross-sectional mixing is given by

L�w � 0.1�
V(W

ε
�

t

L)2

� (4.16)

Clearly, cross-sectional mixing can be accelerated by using multiport diffusers rather than
single-port outlets.

Example 4.1 A municipality discharges wastewater from the side of a stream that is 10 m
wide and 2 m deep. The average flow velocity in the stream is 1.5 m/s, and the friction factor
is estimated to be 0.03 (calculated using the Colebrook equation). (a) Estimate the time for
the wastewater to become well mixed over the channel cross section. (b) How far downstream
from the discharge location can the effluent be considered well mixed across the stream?

SOLUTION (a) From the data given, f � 0.03 and V � 1.5 m/s. Therefore, the shear
velocity, u*, is given by Equation 4.3 as

u* ���
8
f
��V ���

0�.
8
0�3
��(1.5) � 0.092 m/s

Since d � 2 m, the vertical and transverse diffusion coefficients are

εv � 0.067du* � 0.067(2)(0.092) � 0.012 m2/s

εt � 0.6du*� 0.6(2)(0.092) � 0.11 m2/s

The time scale for vertical mixing, Td, is given by

Td � �
d
εν

2

�� �
0.

2
0

2

12
� � 333 s � 5.6 min

and the time scale for transverse mixing, Tw, is given by

Tw � �
w
εt

2

�� �
0
1
.
0
1

2

1
� � 909 s � 15 min

The discharge is well mixed over the channel cross section when it is well mixed over both
the depth and the width, which in this case occurs after about 15 min.

(b) In a time interval of 15 min (� 909 s), the discharged effluent travels a distance, VTw,
given by

VTw � 1.5(909) � 1364 m
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The Fischer et al. (1979) relation given by Equation 4.15 indicates that the actual down-
stream distance required for complete cross-sectional mixing is 0.4VTw � 0.4(1364) �
546 m.

Example 4.2 Estimate the distance downstream to where the wastewater described in
Example 4.1 is well mixed across the stream if (a) the wastewater is discharged from the
center of the stream, and (b) the wastewater is discharged through a 5-m-long multiport
diffuser placed in the middle of the stream.

SOLUTION From the previous analysis: εv � 0.012 m2/s, εt � 0.11 m2/s, and the time
scale, Ts, for transverse mixing over a distance s is given by

Ts � �
s
ε

2

t

�

In Example 4.1 the wastewater was discharged from the side of the channel, so the mixing
width, s, was the width of the channel, w.

(a) If the wastewater is discharged from the center of the stream, the mixing width, s,
for the wastewater to become well mixed over the channel cross section is given by

s � �
w
2

�� �
1
2
0
�� 5 m

and the corresponding time scale, Ts, is given by

Ts � �
0
5
.1

2

1
� � 227 s � 3.8 min

Since the flow velocity, V, is 1.5 m/s, the downstream distance, L, for the wastewater to
become well mixed is

L � 0.4VTs � 0.4(1.5)(227) � 136 m

(b) If the wastewater is discharged from a 5-m-long diffuser centered in the stream, the
mixing width, s, for the wastewater to become well mixed over the channel cross section
is given by

s � �
w �

2
5

� ��
10

2
� 5
� � 2.5 m

and the corresponding time scale, Ts, is given by

Ts � �
0
2
.
.
1
5
1

2

� � 56.8 s � 0.95 min

Since the flow velocity, V, is 1.5 m/s, the downstream distance, L, for the wastewater to
become well mixed is

L � 0.4VTs � 0.4(1.5)(56.8) � 34 m
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The results of this example illustrate that a 5-m-long outfall diffuser located at the center
of the stream will cause the wastewater to mix much more rapidly over the stream cross
section than a point discharge at the center of the stream.

The previous examples have illustrated why discharges from multiport outfalls gener-
ally achieve complete cross-sectional mixing more rapidly than single-port discharges.
Also, at any given distance from the outfall, discharges from multiport outfalls are mixed
over a larger portion of the channel width than discharges from single-port outfalls, result-
ing in multiport outfalls achieving greater dilutions. Consider the case where the mass flux
of contaminant from an outfall (single port or multiport) is given by M

.
and the contami-

nant is mixed over a width, w, in a river; then conservation of mass requires that

M
.

� cmVwd (4.17)

where cm is the mean concentration of the mixture, V is the mean velocity in the mixed por-
tion of the river, and d is the mean depth in the mixed portion of the river. Rearranging
Equation 4.17 gives the mean concentration, cm, of the mixture by

(4.18)

where Am is the area over which the contaminant is mixed (� wd).

Example 4.3 An industrial wastewater outfall discharges effluent at a rate of 3 m3/s into
a river. The chromium concentration in the wastewater is 10 mg/L, the average velocity in
the river is 0.5 m/s, and the average depth of the river is 3 m. Tracer tests in the river indi-
cate that when the wastewater is discharged through a single port in the middle of the river,
100 m downstream of the outfall the plume will be mixed over a width of 4 m; if a 4-m-long
multiport outfall is used, the plume will be well mixed over a width of 8 m. Compare the
dilution achieved by the single-port and multiport outfall at a location 100 m downstream
of the discharge.

SOLUTION From the data given, Qo � 3 m3/s, c0 � 10 mg/L � 0.01 kg/m3, and the mass
flux, M

.
, of chromium released at the outfall is given by

M
.
� Qoc0 � 3(0.01) � 0.03 kg/s

For the single-port discharge, the plume is mixed over an area, Am, of 4 m 	 3 m � 12 m2.
Since V � 0.5 m/s, the average concentration of the mixed river water 100 m downstream
of the outfall is given by Equation 4.18 as

cm � �
A

.
M

mV
� ��

12
0
(
.0
0
3
.5)
� � 0.005 kg/m3 � 5 mg/L

For the multiport discharge, the plume is mixed over an area, Am, of 8 m 	 3 m � 24 m2,
and the average concentration of the mixed river water is given by

cm � �
A

.
M

mV
� ��

24
0
(
.0
0
3
.5)
� � 0.0025 kg/m3 � 2.5 mg/L

cm � �
A

.
M

mV
�

132 RIVERS AND STREAMS

c04.qxd  4/7/06  1:41 PM  Page 132



Therefore, at a location 100 m downstream of the discharge, the multiport outfall gives a
dilution of 10/2.5 � 4, compared with a dilution of 10/5 � 2 for the single-port outfall.

One-dimensional stream models frequently assume that the discharged contaminant is
uniformly mixed over the stream cross section in the vicinity of the discharge location.
Analyses described previously demonstrate how this assertion can be assessed quantita-
tively. The assumption of complete cross-sectional mixing in the vicinity of a discharge
location is justified in cases where outfall diffusers span the width of the stream and/or the
discharge rate of contaminated water into the stream is comparable to the stream dis-
charge. For single-port discharges on the sides of wide streams, where the discharge rate
of contaminated water is small compared with the river discharge, considerable distances
may be necessary for complete mixing across a river.

Consider the idealized waste discharge shown in Figure 4.4, where the river flow rate
upstream of the wastewater outfall is Qr, with a contaminant concentration, cr, and the
wastewater discharge rate is Qw, with a contaminant concentration cw. Assuming that the river
flow and wastewater discharge are completely mixed in the mixing zone shown in Figure 4.4,
conservation of contaminant mass requires that

Qrcr � Qwcw � (Qr � Qw)c0 (4.19)

where c0 is the concentration of the wastewater/river mixture downstream of the mixing
zone. Rearranging Equation 4.19 gives the following expression for the concentration of
the diluted wastewater after it is completely mixed with the ambient river water:

(4.20)

In addition to estimating the concentrations of pollutants in mixed waters, Equation 4.20
can also be used to estimate contaminant concentrations downstream of the confluence of
two or more streams, an example of which is shown in Figure 4.5. This spectacular picture
shows the joining of three different rivers. The Danube, with very high particulate con-
centration, on the left joins with the two rivers on the right. The larger of the two rivers

c0 ��
Qr

Q
cr

r

�

�

Q
Q

w

w

cw�
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Qr + Qw, c0
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FIGURE 4.4 Initial mixing of stream discharges. (From Chin, David A., Water-Resources
Engineering. Copyright © 2000. Reprinted by permission of Pearson Education, Inc., Upper Saddle
River, NJ.)
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carries a higher particulate load; thus, the darkest (cleanest) smallest river is also visible.
Notice how sharp the boundaries are separating the various river flows.

In the case of mixing waters having different temperatures, a heat balance rather than a
mass balance must be done. The heat content (also called enthalpy), H, of a mass of a sub-
stance is given by

H � mcpT (4.21)

where m is the mass of substance (kg), cp is the specific heat at constant pressure (J/kg · K),
and T is the temperature (K). The specific heat, cp, of natural waters varies only slightly
with temperature, and for natural waters, a value of 4190 J/kg · K is a satisfactory approx-
imation (Davis and Masten, 2004). Equating the heat content of the mixed water to the sum
of the heat contents of the river and waste discharge, and assuming that the density and
specific heat remains constant, gives

QrρrcpTr � QwρwcpTw � (Qw � Qr)ρmcpTm (4.22)

where ρr, ρw, and ρm are the densities of the river, waste discharge, and mixed waters,
respectively (assumed to all be equal), and Tr, Tw, and Tm are the temperatures of the river,
waste discharge, and mixed waters, respectively. Simplifying Equation 4.22 yields

(4.23)

This equation is commonly used to determine the temperature of water mixtures where the
densities and specific heats of the individual components of the mixture are approximately
equal to the density and specific heat of the mixture.

T0 ��
Qr

Q
Tr

r

�

�

Q
Q

w

w

Tw�
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FIGURE 4.5 Confluence of three rivers. (From Universität Karlsruhe, 2005.)
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In models that use the one-dimensional (along-stream) advection–dispersion equa-
tion to describe the mixing of contaminants in rivers, an initial concentration c0 is
usually assumed to occur at the wastewater discharge location. It is clear from Equation
4.20 that for a given wastewater discharge, lower river flows will result in higher con-
centrations of the diluted wastewater. In analyzing the fate and transport of municipal
and industrial waste discharges into rivers, the 7-day average low flow with a return
period of 10 years is usually used as the design flow in the river (Thomann and Mueller,
1987). Such flows are typically written using the notation aQb, where a is the number
of days used in the average and b is the return period in years of the minimum a-day
average low flow. Therefore, 7Q10 is the 7-day average low flow with a return period of
10 years.

Example 4.4 The dissolved-oxygen concentration in a river upstream of a municipal
wastewater outfall is 10 mg/L. (a) If the 7Q10 river flow upstream of the outfall is 50 m3/s,
and the outfall discharges 2 m3/s of wastewater with a dissolved-oxygen concentration of
1 mg/L, estimate the dissolved-oxygen concentration in the river after complete mixing.
(b) If the upstream river temperature is 10�C and the wastewater temperature is 20�C, esti-
mate the temperature of the mixed river water.

SOLUTION (a) From the data given, Qr � 50 m3/s, cr � 10 mg/L, Qw � 2 m3/s,
cw � 1 mg/L, and the concentration of dissolved oxygen in the mixed river water is given
by Equation 4.20 as

c0 ��
Qr

Q
cr

r

�

�

Q
Q

w

w

cw� ��
50(1

5
0
0
)
�

�

2
2(1)

� � 9.7 mg/L

(b) Since Tr � 10�C and Tw � 20�C, the temperature, T0, of the mixture is given by
Equation 4.23 as

T0 ��
QrT

Q
r

r

�

�Q
Q

w

wTw
� ��

50(1
5
0
0
) �

�

2
2
(20)

� � 10.4�C

Therefore, in this case, the wastewater discharge has a relatively small effect on the dis-
solved oxygen and temperature of the river.

4.2.2 Longitudinal Dispersion

Longitudinal mixing in streams is caused primarily by shear dispersion, which results from
the “stretching effect” of both vertical and transverse variations in the longitudinal com-
ponent of the stream velocity. The longitudinal dispersion coefficient is used to parame-
terize the longitudinal mixing of a tracer that is well mixed across a stream, in which
case the advection and dispersion of the tracer is described by the one-dimensional
advection–dispersion equation

(4.24)�
∂
∂
c
t
�� V�

∂
∂
c
x
�� �

∂
∂
x
��KL�

∂
∂
c
x
�� � Sm
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where c is the cross-sectionally averaged tracer concentration, V is the mean velocity in the
stream, KL is the longitudinal dispersion coefficient, x is the coordinate measured along the
stream, and Sm is the net influx of tracer mass per unit volume of water per unit time. If
the tracer is conservative, Sm � 0. If the tracer undergoes first-order decay,

Sm � �kc (4.25)

where k is a first-order rate constant or decay factor. Combining Equations 4.24 and 4.25
gives the following equation for one-dimensional (longitudinal) advection and dispersion
of a substance that undergoes first-order decay:

(4.26)

Fischer and colleagues (1979) have demonstrated that the longitudinal dispersion
coefficient is proportional to the square of the distance over which a velocity shear flow
profile extends. Since natural streams typically have widths that are at least 10 times the
depth, the longitudinal dispersion coefficient associated with transverse variations in the
mean velocity can be expected to be on the order of 100 times larger than the longitudinal
dispersion coefficient associated with vertical variations in the mean velocity.
Consequently, vertical variations in the mean velocity are usually neglected in deriving
expressions relating the longitudinal dispersion coefficient to the velocity distribution in
natural streams. Several empirical and semiempirical formulas have been developed to
estimate the longitudinal dispersion coefficient, KL, in open-channel flow. The expressions
proposed by Fischer and colleagues (1979), Liu (1977), Koussis and Rodríguez-Mirasol
(1998), Iwasa and Aya (1991), Seo and Cheong (1998), and Deng et al. (2001) are listed
in Table 4.1, where d� is the mean depth of the stream, u* is the shear velocity given by
Equation 4.3, and w is the top width of the stream. In applying the equations in Table 4.1
it is important to keep in mind that these equations apply to wide streams (w 

 d�), where
longitudinal dispersion is dominated by transverse variations in the mean velocity and the
dispersion caused by vertical variations in mean velocity is relatively small. If only verti-
cal variations in the mean velocity are considered and the velocity distribution is assumed
to be logarithmic, the longitudinal dispersion coefficient is given by (Elder, 1959)

�
d�
K
u

L

*
� � 5.93 (4.27)

Therefore, for the equations given in Table 4.1 to be applicable, the calculated values of
KL/d

–
u∗ must be greater than 5.93; otherwise, vertical variations in velocity dominate the

dispersion process and Equation 4.27 should be used to estimate the KL. Fischer et al.
(1979) reported that values of KL/d

–
u* typically found in rivers are on the order of 20. It

is important to note that the formulas for longitudinal dispersion coefficients given in
Table 4.1 do not include parameters that measure the sinuosity, sudden contractions,
expansions, and dead zones of water that are characteristic of natural streams, and these
characteristics tend to increase the dispersion coefficient relative to straight open chan-
nels. Since data from both natural streams and straight open channels were used in deriv-
ing the formulas in Table 4.1, these formulas yield a range of values, with lower limits

�
∂
∂
c
t

�� V�
∂
∂
x
c
�� �

∂
∂
x
� �KL�

∂
∂
c
x
�� � kc
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characteristic of straight open channels and higher values characteristic of sinuous nat-
ural streams.

In a sensitivity analysis performed by Deng et al. (2001), it was shown that the esti-
mated dispersion coefficient is most sensitive to the mean velocity, V, with the top width,
w, average depth, d�, and shear velocity, u*, in decreasing order of sensitivity. The relative
sensitivity of V is about twice that of w, which is roughly twice that of d�. Typical values
of KL are on the order of 0.05 to 0.3 m2/s for small streams (Genereux, 1991) to greater
than 1000 m2/s for large rivers (Wanner et al., 1989).

Example 4.5 Stream depths and vertically-averaged velocities have been measured at
1-m intervals across a 10-m-wide stream; the results are tabulated in Table 4.2. If the fric-
tion factor of the flow is 0.03, estimate the longitudinal dispersion coefficient using the
expressions in Table 4.1.
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TABLE 4.1 Estimates of the Longitudinal Dispersion Coefficient in Rivers

Formula Reference

�
d�
K
u

L

*
� � 0.011��

d
w

�
��2��

u
V

*
��2

Fischer et al. (1979)

�
d�
K
u

L

*
� � 0.18��

d
w

�
��

2

��
u
V

*
��0.5

Liu (1977)

�
d�
K
u

L

*
� � 0.6��

d
w

�
��

2

Koussis and Rodríguez-Mirasol 
(1998)

�
d�
K
u

L

*
� � 2.0��

d
w

�
��1.5

Iwasa and Aya (1991)

�
d�
K
u

L

*
� � 5.915��

d
w

�
��0.620��

u
V

*
��1.428

Seo and Cheong (1998)

�
d�
K
u

L

*
� � 0.01875�0.145 � �

35
1
20
� �

u
V

*
� ��

d
w

�
��1.38	�1��

d
w

�
��5/3��

u
V

*
��2

Deng et al. (2001)

TABLE 4.2 Data for Example 4.5

Distance  Distance 
from Side, Depth, d Velocity, v from Side, Depth, d Velocity, v
y (m) (m) (m/s) y (m) (m) (m/s)

0 0.0 0.0 6 2.4 1.6
1 0.20 0.30 7 1.5 1.0
2 0.90 0.60 8 0.75 0.50
3 1.2 0.80 9 0.45 0.30
4 2.1 1.4 10 0.0 0.0
5 3.0 2.0
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SOLUTION The flow area, A, can be estimated by summing the trapezoidal areas
between the measurement locations, which yields

A � (0 � 0.2 � 0.9 � 1.2 � 2.1 � 3.0 � 2.4 � 1.5 � 0.75 � 0.45 � 0)(1) � 12.5 m2

The average velocity, V, can be estimated by

V � �
A
1

�

10

i�1
viAi

where vi and Ai are the velocity and area increments measured across the channel.
Therefore,

V � �
12

1
.5
�[(0.3)(0.2 	 1) � (0.6)(0.9 	 1) � (0.8)(1.2 	 1) � (1.4)(2.1 	 1)

� (2.0)(3.0 	 1) � (1.6)(2.4 	 1) � (1.0)(1.5 	 1) � (0.5)(0.75 	 1)

� (0.3)(0.45 	1)]

� 1.3 m/s

Since f � 0.03 and V � 1.3 m/s, the shear velocity, u*, is given by Equation 4.3 as

u∗ ���
8
f
��V ���

0�.
8
0�3
�� (1.3) � 0.080 m/s

and the average depth, d
–
, is given by

d�� �
w
A

�� �
1
1
2
0
.5
� � 1.25 m

Substituting d�� 1.25 m, u* � 0.080 m/s, w � 10 m, and V � 1.3 m/s into the formulas in
Table 4.1 yields the results shown in Table 4.3. These results indicate that if the channel
reach is relatively straight and uniform, the longitudinal dispersion coefficient is expected
to be on the order of 10 m2/s, while if the channel reach is sinuous with contractions,
expansions, and dead zones, the dispersion coefficient is expected to be on the order of
100 m2/s.
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TABLE 4.3 Results for Example 4.5

Method KL ( m2/s)

Fischer et al. (1979) 19
Liu (1977) 5
Koussis and Rodríguez-Mirasol (1998) 4
Iwasa and Aya (1991) 5
Seo and Cheong (1998) 115
Deng et al. (2001) 63
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4.3 SPILLS

Spills of contaminants in rivers are typically associated with major accidents on transporta-
tion routes across or adjacent to rivers, although other mechanisms, such as illicit dumping
and spikes in continuous wastewater discharges, are also possible. Spills are characterized
by the introduction of a large mass of contaminant in a very short period of time.

4.3.1 Governing Equation

The governing equation for the longitudinal dispersion of contaminants that are well mixed
over the cross sections of rivers and streams and undergo first-order decay is given by
Equation 4.26. The solution of Equation 4.26 for the case in which a mass, M, of contam-
inant is instantaneously mixed over the cross section of the stream at time t � 0 is given by

(4.28)

where c is the contaminant concentration in the stream, x is the distance downstream of the
spill, t is the time since the spill, A is the cross-sectional area of the stream, V is the aver-
age velocity in the stream, and k is the first-order decay factor. The concentration distribu-
tion described by Equation 4.28 is illustrated in Figure 4.6.

In many cases we are concerned with the maximum concentration at a distance x down-
stream of an instantaneous spill. This maximum concentration can be derived by taking the
logarithm of both sides of Equation 4.28 and setting the partial derivative of the result with
respect to t equal to zero. In the case of a conservative contaminant (k � 0), the time, t0, of
peak concentration at location x is given by (Hunt, 1999)

�
V
x
t0� � � �

V
K

x
L�����

V
K�x

L���
2

���1� (4.29)

In most cases, x 

 KL /V and Equation 4.29 gives

(4.30)

Example 4.6 Ten kilograms of a conservative contaminant (k � 0) are spilled in a stream
that is 15 m wide, 3 m deep (on average), and has an average velocity of 35 cm/s. If the

t0 � �
V
x

�

c(x, t) ��
A�

M
4�
e
π�
�k

K�

t

Lt�
� exp ���

(x
4
�

K
V

Lt
t)2

�	
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x
V t0

c(
x

,t
)

FIGURE 4.6 Concentration distribution resulting from an instantaneous spill. (From Chin, David A.,
Water-Resources Engineering. Copyright © 2000. Reprinted by permission of Pearson Education, Inc.,
Upper Saddle River, NJ.)
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contaminant is rapidly mixed over the cross section of the stream. (a) Derive an expression
for the contaminant concentration as a function of time 500 m downstream of the spill. (b)
If a peak concentration of 4 mg/L is observed 500 m downstream of the spill, estimate the
longitudinal dispersion coefficient in the stream. (c) Using the result in part (b), what
would be the maximum contaminant concentration 1 km downstream of the spill? (d) If the
detection limit of the contaminant is 1 µg/L, how long after release will the contaminant
be detected 1 km downstream of the release point?

SOLUTION (a) Since the width of the stream, w, is 15 m and the average depth, d�, is
3 m, the cross-sectional area, A, of the stream is given by

A � wd��15(3) � 45 m2

The concentration distribution resulting from an instantaneous spill of a conservative con-
taminant (k � 0) is given by Equation 4.28 as

c(x, t) ���
A�4�

M
π�K�Lt�
� exp ���

(x
4
�

K
V

Lt
t)2

�	
In this case, V � 35 cm/s � 0.35 m/s, M � 10 kg, and x � 500 m; hence, the concentration
as a function of time 500 m downstream of the spill site is given by

c(500, t) ��
45 �

1
4�
0
π�K�Lt�
� exp ���

(500
4
�

K
0

Lt
.35t)2

�	
��

0
�
.0

K�
62

L

7
t�

� exp ����
(500

4
�

K
0

Lt
.35t)2

�	 kg/m3

(b) The maximum concentration at any x occurs (approximately) at a time t0 given by

t0 � �
V
x

�

In this case x � 500 m and V � 0.35 m/s, which gives

t0 � �
0
5
.
0
3
0
5

� � 1430 s

The (maximum) concentration, c0, at time t0 is given by

c0 ��
A�4�

M
π�K�Lt�0�
� ��

0
�
.0

K�
6

L

2
t�
7

0�
� kg/m3

When c0 � 4 mg/L � 0.004 kg/m3 and t0 � 1430 s, then

0.004 ��
�

0
K�
.

L

0
(�
6
1�
2
4�
7
3�0�)�

�

which gives

KL � 0.172 m2/s
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This gives KL/V � 0.172/0.35 � 0.49 m, and therefore all locations of interest in this prob-
lem (x � 500 m, 1000 m) satisfy the relation x 

 KL/V, and therefore the assumption that
the maximum concentration occurs at t0� x/V is valid.

(c) The maximum concentration 1 km downstream from the release point occurs at time
t1, where

t1 � �
x
V

1�

In this case, x1 � 1000 m and V � 0.35 m/s and therefore

t1 � �
1
0
0
.3
0
5
0

� � 2860 s

The maximum concentration, c1, occurring 1 km downstream from the release point is
given by

c1 ��
0
�
.0

K�
6

L

2
t�
7

1�
� ��

�0�.
0
1�
.
7�
0
2�
6
(
2
2�
7
8�6�0�)�

� � 0.00283 kg/m3 � 2.83 mg/L

(d) The concentration 1 km downstream of the release point as a function of time is
given by

c(1000, t) ��
0
�
.0

K�
62

L

7
t�

� exp ���
(1000

4
�

KL

0
t
.35t)2

�	 kg/m3

When c(1000, t) � 1 µg/L � 10�6 kg/m3 and KL � 0.172 m2/s,

10�6 ��
�
0.

0�
0
.
6
1�
2
7�
7
2�t�

� exp ���
(10

4
0
(
0
0
�

.17
0
2
.3
)t
5t)2

�	
which gives t � 2520 s. This time is relatively close to the time that the maximum concen-
tration occurs (2860 s, for a difference of 340 s � 5.7 min). It should be noted that there are
two times when the concentration at x � 1000 m is equal to 1 µg/L: once before and once
after the arrival of the peak concentration.

The dispersion problem consists primarily of predicting downstream contaminant con-
centrations resulting from a known or assumed spill. In some cases, the (inverse) problem
might consist of determining the spill characteristics that resulted in measured downstream
concentrations. This practical problem is mathematically ill-posed and does not have a
unique solution. However, techniques are currently being developed to address this prob-
lem using geostatistics (Boano et al., 2005).

Field Measurement of KL Field studies are the most accurate method for determin-
ing the longitudinal dispersion coefficients in rivers. These studies typically involve releas-
ing a conservative tracer, such as rhodamine WT dye or lithium, into a river and measuring
the concentration distribution as a function of time at several downstream locations along
the river. A typical rhodamine dye plume is shown as the dark area in the middle of the
stream in Figure 4.7. According to the moment property of the advection–diffusion equa-
tion presented in Section 3.2.4, the dispersion coefficient is related to the variance of the
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concentration distribution by Equations 3.101 to 3.103. In the context of the one-dimensional
dispersion equation that is applicable to rivers, the moment property is given by Equation
3.101, which can be written as

(4.31)

where KL is the longitudinal dispersion coefficient and σ 2
x is the variance of the concentra-

tion distribution in the streamwise, x, direction. Equation 4.31 is useful in determining KL

from field tests in which a slug of tracer is introduced instantaneously into a stream and
the concentration as a function of time is measured at two downstream locations, x1 and
x2. If V is the mean flow velocity in the channel, then at any location, x, in the channel, the
travel time, t, of the tracer can be estimated by the relation

t � �
V
x

� (4.32)

where Equation 4.32 assumes that transport due to dispersion is negligible compared to
advective transport, which corresponds to flows that have high Peclet numbers. Equation
4.32 requires that the variance of the temporal distribution of concentration, σ 2

t, be related
to the spatial variance of the concentration distribution, σ 2

x, by

σ 2
t � �

V
1

2
�σ 2

x (4.33)

Combining the finite-difference form of Equation 4.31 with Equations 4.32 and 4.33 gives

KL � �
1
2

� �
σ 2

x(t2

t
)

2�

�

t
σ
1

2
x(t1)�� �

1
2

� �
V
x

2

2

σ
/V

2
t2

�

�

x
V

1

2

/
σ
V

2
t1� (4.34)

KL � �
1
2

� �
d
d
σ
t

2
x�
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FIGURE 4.7 Rhodamine dye in a river. (From Fondriest Environmental, 2005.)
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which simplifies to the following useful expression for KL:

(4.35)

where σ 2
t1 and σ 2

t2 are the temporal variances of the concentration distributions measured
at distances x1 and x2 downstream of the spill, respectively. Equation 4.35 is useful in esti-
mating the longitudinal dispersion coefficient in open channels based on measurements of
concentration versus time at two locations along the channel.

Example 4.7 A dye study is conducted to estimate the longitudinal dispersion
coefficient in a river. The dye is released instantaneously from a bridge across the entire
width of the river, and the dye concentrations as a function of time at locations 400 and
700 m downstream of the bridge are shown in Table 4.4. Estimate the longitudinal dis-
persion coefficient in the river and verify that mass is conserved between the upstream
and downstream locations.

SOLUTION The longitudinal dispersion coefficient is given by Equation 4.35 as

KL � �
V
2

3

� �
σ
x

2
t2

2

�

�

σ
x1

2
t1�

where x1 � 400 m and x2 � 700 m. The mean velocity, V, and the temporal variances at x1

and x2, σ 2
t2 and σ 2

t1, must be estimated from the measured data. The mean velocity, V, can
be estimated by

V ��
x
t�

2

2

�

�

x
t�1

1�

KL � �
V
2

3

� �
σ
x

2
t2

2

�

�

σ
x1

2
t1�
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TABLE 4.4 Data for Example 4.7

Concentration Concentration Concentration Concentration 
Time at x � 400 m at x � 700 m Time at x � 400 m at x � 700 m
(min) (mg/L) (mg/L) (min) (mg/L) (mg/L)

0 0 0 14 0.11 2.3
1 0 0 15 0.03 3.3
2 0 0 16 0 5.9
3 0.10 0 17 0 8.4
4 0.17 0 18 0 6.1
5 0.39 0 19 0 3.5
6 1.4 0 20 0 2.1
7 2.9 0 21 0 1.3
8 7.1 0 22 0 0.65
9 10.5 0.01 23 0 0.21

10 7.3 0.06 24 0 0.09
11 3.6 0.14 25 0 0.04
12 1.8 0.69 26 0 0
13 0.53 1.1 27 0 0
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where t�1 and t�2 are the mean travel times to x1 and x2, respectively. Hence,

t�1 ��
�

27
i�

1

1
c1i
� 


27

i�1
tic1i

where ti and c1i are the measurement times and concentrations at x � 400 m. Since



27

i�1
c1i � 35.9 mg/L

and



27

i�1
tic1i � 326 mg · min�L

therefore

t�1 � �
35

1
.9
� (326) � 9.1 min

At x � 700 m,

t�2 ��
�

27
i�

1

1 c2i

� 

27

i �1
tic2i

where ti and c2i are the measurement times and concentrations at x � 700 m. Since



27

i�1
c2i � 35.9mg/L

and



27

i�1
tic2i � 612 mg · min/L

therefore

t�2 � �
35

1
.9
� (612) � 17.0 min

The mean velocity in the river is therefore given by

V ��
x
t�
2

2

�

�

x
t�1

1� ��
1
7
7
0
.
0
0
�

�

4
9
0
.1
0

� � 38.0 m/min � 0.63 m/s

The variance of the concentration distribution at x � 400 m, σ 2
t1, is given by

σ 2
t1 ��

�
27
i �

1

1 c1i

� 

27

i � 1
(ti � t�1)

2c1i

where



27

i�1
(ti � t�1)

2c1i � 95.4 mg·min2/L
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Hence,

σ 2
t1� �

35
1
.9
� (95.4) � 2.66 min2 � 9580 s2

The variance of the concentration distribution at x � 700 m, σ 2
t2, is given by

σ 2
t2 ��

�
27
i �

1

1 c2i

� 

27

i � 1
(ti � t�2)

2c2i

where



27

i � 1
(ti � t�2)

2c2i � 175 mg · min2/L

Hence,

σ 2
t2� �

35
1
.9
� (175) � 4.87 min2 � 17,500 s2

Substituting into Equation 4.35 to determine the longitudinal dispersion coefficient, KL,
gives

KL � �
V
2

3

� �
σ
x

2
t2

2

�

�

σ
x1

2
t1���

(0.6
2
3)3

��
17

7
,5
0
0
0
0
�

�

4
9
0
5
0
80

� � 3.30 m2/s

Conservation of mass requires that the areas under the concentration versus time curves
at the upstream and downstream measurement locations are equal. The foregoing calcula-
tions show that the areas under the concentration versus time curves at the upstream and
downstream locations (∆t �27

i�1c1i and ∆t�27
i�1c2i, respectively) are both equal to 35.9 mg · min/L

(where ∆t � 1 min); hence, mass is conserved.

4.3.2 Fate of Volatile Organic Compounds in Streams

Contaminant spills in rivers and streams frequently consist of volatile organic compounds
(VOCs). These spills can be either directly into the river, or in a drainage area that is sub-
sequently washed off into the river. An example of an oil spill is a river, contained by a
boom, is shown in Figure 4.8. The fate and transport of VOCs in rivers and streams are
affected by several processes, including advection, dispersion, volatization, microbial
degradation, sorption, hydrolysis, aquatic photolysis, chemical reaction, and bioconcen-
tration. In most cases, volatization and dispersion are the dominant processes affecting the
concentrations of VOCs in streams (Rathbun, 1998).

Dispersion is parameterized by the longitudinal dispersion coefficient, KL, which can be
calculated using any of the formulas listed in Table 4.1. Volatization is the movement of a
substance from the bulk water phase across the water–air interface into the air, and can be
described by the first-order relation

�
d
d
c
t

�� kv(ce � c) (4.36)
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where c is the concentration of the VOC in water [M/L3], t is time [T], kv is the volatiza-
tion coefficient [T�1], and ce is the concentration of the VOC in the water [M/L3] if the
water were in equilibrium with the partial pressure of the VOC in the air. In most cases,
VOC concentrations in the air above streams are negligible and therefore ce is also negli-
gible. Under these circumstances, Equation 4.36 becomes

�
d
d
c
t

�� � kvc (4.37)

which indicates that volatization of VOCs in streams can be accounted for by a first-order
decay process with a decay factor equal to kv. Therefore, downstream concentrations
resulting from the spill of a mass M of VOC in a river can be estimated using Equation
4.28, which can be written as

(4.38)

where A is the cross-sectional area of the river, KL is the longitudinal dispersion coefficient,
x is the distance downstream from the spill, and V is the mean velocity in the river. It is
important to keep in mind that Equation 4.38 assumes that the spilled mass, M, is initially
well mixed across the river. Using the two-film model proposed by Lewis and Whitman
(1924) and further explored by Rathbun (1998), the volatization coefficient, kv, can be esti-
mated using the semiempirical relation

(4.39)

where kv is in day�1, dd� is the mean depth of the stream (m), k2 is the reaeration coefficient
for oxygen in water (day�1), Φ and Ψ are constants that depend on the particular VOC

kv � �
d
1
�
� ��k

1

2d�
� � �

H
R
Ψ
T
k3

��
�1

c(x, t) ��
A�

Me
4�

�

π�
k

��
vt

Lt�
� exp ���

(x
4
�

K
V

Lt
t)2

�	
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FIGURE 4.8 Spill of diesel fuel. (From U.S. Materials Management Service, 2005.)
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(dimensionless), R is the ideal gas constant (J/K · mol), T is the temperature (K), H is the
Henry’s law constant of the VOC (Pa · m3/mol), and k3 is the mass-transfer coefficient for
evaporation of water from a stream (m/day). The reaeration coefficient for oxygen in water,
k2, can be estimated using empirical equations such as those listed in Table 4.8; Φ, Ψ, and
H for several VOCs are listed in Table 4.5. The ideal gas constant, R, is 8.31 J/K · mol, and
the mass-transfer coefficient, k3, can be estimated using the empirical equation (Rathbun
and Tai, 1983)

k3 � (416 � 156Vw) exp[0.00934(T � 26.1) (4.40)

where k3 is in m/day, Vw is the wind speed over the stream (m/s), and T is the temperature
(�C). It should be noted that Henry’s law is given by

pe � Hce (4.41)

where pe is the equilibrium partial pressure of the substance in the gas phase (Pa) and ce

is the equilibrium concentration of the substance in the water (mol/m3). The values of
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TABLE 4.5 Parameters Used to Estimate Volatization Coefficient, kv

Henry’s Law 
Constant, Ha

Compound Φ Ψ (Pa � m3/mol) Ab Bb

Benzene 0.638 0.590 507 17.06 3194
Chlorobenzene 0.601 0.499 311 15.00 2689
Chloroethane 0.694 0.645 1030 15.80 2580
Trichloromethane (chloroform) 0.645 0.485 310 22.94 5030
1,1-Dichloroethane 0.643 0.529 465 17.01 3137
1,2-Dichloroethane 0.643 0.529 112 10.16 1522
Ethylbenzene 0.569 0.512 559 23.45 4994
Methyl tert-butyl ether (MTBE) 0.583 0.558 64.3c 30.06d 7721d

Dichloromethane (methylene chloride) 0.697 0.568 229 20.01 4268
Naphthalene 0.560 0.470 56.0c — —
Tetrachloroethene 0.585 0.417 1390 22.18 4368
Methylbenzene (toluene) 0.599 0.547 529 16.66 3024
1,1,1-Trichloroethane 0.605 0.461 1380 18.88 3399
Trichloroethene (TCE) 0.617 0.464 818 19.38 3702
Chloroethene (vinyl chloride) 0.709 0.510 2200 17.67 2931
1,2-Dimethylbenzene (o-xylene) 0.569 0.512 409 17.07 3220
1,4-Dimethylbenzene (p-xylene) 0.569 0.512 555 15.00 2689

Source: Rathbun (1998).
aAll values are at 20�C, except where indicated.
bAll values are for temperatures in the range 10 to 30�C and were derived from Ashworth et al. (1988), except
where indicated.
cAt 25�C.
dFor temperatures in the range 20 to 50�C, derived from Robbins et al. (1993).
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the Henry’s law constant, H, given in Table 4.5 are mostly at a temperature of 20�C,
and the variation of H (Pa · m3/mol) with temperature can be described by the empirical
equation

ln H � A � �
B
T

� (4.42)

where H is in Pa · m3/mol, T is the temperature in K, and values of A and B for several
VOCs are listed in Table 4.5. Additional values of A and B for many other VOCs may be
found in Rathbun (1998).

Example 4.8 A stream has a mean velocity of 20 cm/s, an average width of 10 m, and an
average depth of 1 m. The water and air temperatures are both 24�C, and the average wind
speed is 3 m/s. (a) If the longitudinal dispersion coefficient in the river is 1.4 m2/s, estimate
the maximum concentration 5 km downstream of a location where 10 kg of TCE has been
spilled into the stream. (b) Would your result change significantly if volatization is neg-
lected?

SOLUTION (a) First, calculate the volatization coefficient, kv, of TCE using Equation
4.39, where

kv � �
d
1
�
� ��k

1

2d�
� � �

H
R
Ψ
T
k3

��
� 1

From the data given, d�� 1 m, T � 24�C � 297.15 K, and it is known that R � 8.31 J/K · mol.
From Table 4.5, Φ � 0.617, Ψ � 0.464, A � 19.38, and B � 3702. Using Equation 4.42, the
Henry’s law constant, H, at 297.15 K is given by

ln H � A � �
T
B

�� 19.38 ��
2
3
9
7
7
0
.1
2
5

� � 6.922

which gives H � 1014 Pa · m3/mol. From the data given, V � 0.2 m/s and d�� 1 m; therefore,
both the O’Connor and Dobbins (1958) and Owens et al. (1964) formulas in Table 4.8 are
appropriate for calculating k2 at 20�C. According to the O’Connor and Dobbins formula,

k2 � 3.93 �
d
V
�

0

1

.

.

5

5
� � 3.93 ��01

.2
1.

0

5

.5

�� � 1.76 day�1

and according to the Owens et al. formula,

k2 � 5.32 �
d
V
�

0

1

.

.

6

8

7

5
� � 5.32 ��01

.2
1.

0

8

.

5

67

�� � 1.81 day�1

Taking the smaller value of k2 to be conservative gives k2 � 1.76 day�1 at 20�C. At 24�C,
k2 is estimated (using Equation 4.46) as

k2T
� k220

(1.024T�20) � 1.76(1.024)24�20 � 1.94 day�1
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The mass transfer coefficient, k3, at T � 24�C and for a wind speed, Vw, of 3 m/s is given
by Equation 4.40 as

k3 � (416 � 156Vw)exp[0.00934(T � 26.1)]
� (416 � 156 	 3)exp[0.00934(24 � 26.1)] � 867 m/day

Substituting the values of d�, Φ, k2, R, T, H, Ψ, and k3 into Equation 4.39 gives

kv � �
1
d�

� ��k
1

2d�
� � �

H
R
�

T
k3

��
�1

� �
1
1

� ��0.617(1
1
.94)(1)
� ��

10
8
1
.
4
3
(
1
0
(
.
2
4
9
6
7
4
.
)
1
(8
5
6
)
7)

�	
�1

� 1.19 day�1

The maximum concentration at a distance x downstream of the spill location is derived
from Equation 4.38 by taking t � x/V which yields

cmax(x) ��
A�

M
4�
e
π�

�

K�

kvx

L

/

x�

V

/V�
�

From the data given, M � 10 kg, x � 5 km � 5000 m, V � 0.2 m/s � 17,280 m/day, A �
w d�� 10(1) � 10 m2, and KL � 1.4 m2/s � 120,960 m2/day. Hence, at a location 5 km
downstream of the spill, the maximum concentration is given by

cmax(5000) � � 0.00107 kg/m3 � 1.07 mg/L

(b) If volatization is neglected, kv � 0 and

cmax(5000) � � 0.00151 kg/m3 � 1.51 mg/L

Therefore, volatization decreases the maximum concentration by 0.44 mg/L or 29%.
Hence volatization is a significant process.

It should be noted that the solubility of TCE is in the range 1000 to 1100 mg/L
(Appendix B). In parts of the stream where the TCE concentrations equal or exceed the
solubility, TCE is likely to exist in the nonaqueous (pure) phase, and probably below the
water surface since the density of the pure substance (1460 kg/m3) is significantly greater
than that of water (998 kg/m3).

4.4 CONTINUOUS DISCHARGES

Continuous discharges of contaminant-laden wastewater into rivers typically occur from
domestic wastewater treatment plants and industrial plants. This is illustrated in Figure 4.9,
which shows the West Linn sewage treatment plant discharging effluent into the Willamette
River (Oregon) via a multiport diffuser. The continuous discharge into rivers and streams
of wastewaters with high biochemical oxygen demand (BOD) depletes the dissolved

10
����
10�4�π�(1�2�0�,9�6�0�)(�5�0�0�0�)/�1�7�,2�8�0�

10e�1.19(5000/17,280)

����
10�4�π�(1�2�0�,9�6�0�)(�5�0�0�0�)/�1�7�,2�8�0�
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oxygen in the ambient water and can sometimes cause severe stress on aquatic life. The
oxygen demand exerted by the wastewater is partially met by oxygen transfer from the
atmosphere at the surface of the stream, a process that is commonly referred to as aera-
tion. The concentration of dissolved oxygen in natural waters is a primary indicator of
overall water quality and the viability of aquatic habitat.

4.4.1 Oxygen Demand of Wastewater

The oxygen demand of wastewaters is typically measured by the BOD, and the associated rate
of (de)oxygenation, S1 [M/L3T], is commonly described by a first-order reaction of the form

S1 � �k1L (4.43)

where k1 is a reaction-rate constant [T�1], and L is the BOD remaining [M/L3]. The reaction-
rate constant, k1, depends primarily on the nature of the waste, the ability of the indigenous
organisms to use the waste, and the temperature; typical values of k1 at 20�C are shown in
Table 4.6. For temperatures other than 20�C, the values of k1 given in Table 4.6 must be
adjusted, and the following adjustment is generally used:

(4.44)

where T is the temperature of the stream, k1T
and k120

are the values of k1 at temperatures T
and 20�C, respectively, and θ is a dimensionless temperature coefficient. There are varia-
tions in the value for θ used in practice, with Thomann and Mueller (1987) recommend-
ing θ � 1.04, Tchobanoglous and Schroeder (1985) and Novotny (2003) recommending
1.047, and Schroepfer et al. (1964) recommending θ � 1.135 for typical domestic waste-
water at temperatures between 4 and 20�C, and θ � 1.056 for temperatures between 20 and
30�C. The latter values are widely accepted in practice (Mihelcic, 1999), and the fact that
θ 
 1 in Equation 4.44 means that BOD reactions occur more rapidly at higher temperatures.

k1T
� k120

θ T�20
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FIGURE 4.9 Discharge of treated domestic wastewater into a river. (From Citizens for Safe Water,
2005.)
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Temperature conditions selected for waste assimilative capacity evaluation should corre-
spond to the average temperature of the warmest month of the year (Novotny, 2003). The
reaction-rate constant, k1, sometimes called the in-stream deoxygenation rate, is inversely
proportional to the level of treatment provided prior to effluent release into the river or
stream, as indicated in Table 4.6. The lower rate constants for treated sewage compared
with raw sewage result from the fact that easily degradable organics are more completely
removed than less readily degradable organics during wastewater treatment. Lung (2001)
reported that when the Metropolitan Wastewater Treatment Plant in St. Paul, Minnesota,
discharged primary effluent into the Upper Mississippi River, the in-stream value of k1 was
0.35 day�1, when the plant was upgraded to secondary treatment, k1 decreased to 0.25
day�1, and further upgrading all the way up to installing a nitrification process dropped the
value of k1 to 0.073 day�1.

4.4.2 Reaeration

The rate at which oxygen is transferred from the atmosphere into a stream, defined as the
reaeration rate, S2 [M/L3T], is commonly described by an equation of the form

S2 � k2 (cs � c) (4.45)

where k2 is the reaeration constant [T�1], cs is the dissolved-oxygen saturation concentra-
tion [M/L3], and c is the actual concentration of dissolved oxygen in the stream. Typical
values of k2 at 20�C are given in Table 4.7, which indicates that reaeration coefficients
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TABLE 4.6 Typical Deoxygenation Rate Coefficients

Ranges of k1 at 20�C
Type of Water (day�1)

Untreated wastewater 0.35–0.7
Treated wastewater 0.10–0.35
Polluted river 0.10–0.25
Unpolluted river � 0.05

Source: Data from Thomann and Mueller, (1987), Kiely (1997),
Davis and Masten (2004).

TABLE 4.7 Typical Reaeration Constants

Ranges of k2 at 20�C
Water Body (day�1)

Small ponds and backwaters 0.10–0.23
Sluggish streams and large lakes 0.23–0.35
Large streams of low velocity 0.35–0.46
Large streams of normal velocity 0.46–0.69
Swift streams 0.69–1.15
Rapids and waterfalls 
 1.15

Source: Tchobanoglous and Schroeder (1985).
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typically vary from 0.1 day�1 for small ponds to greater than 1.15 for rapids and water-
falls. In small rivers, rapids play a major role in maintaining high dissolved-oxygen levels
and eliminating rapids by dredging or damming a river can have a severe effect on dis-
solved oxygen. Several of the most popular empirical formulas for estimating k2 at 20�C
are given in Table 4.8, where the units of k2 are day�1, the average stream velocity, V, is in
m/s, the average stream depth, d�, is in meters, and the average channel slope, S0, is dimen-
sionless. For temperatures other than 20�C, use

k2T
� k220

θ T � 20 (4.46)

where T is the temperature of the stream, k2T
and k220

are the values of k2 at temperatures T
and 20�C respectively, and θ is the temperature coefficient, which is commonly taken to be
in the range 1.024 to 1.025. Other, less popular empirical formulas for estimating k2 may
be found in Flores (1998). In practice, the empirical formula proposed by O’Connor and
Dobbins (1958) has the widest applicability and provides reasonable estimates of k2 at
20�C in most cases. Churchill and colleagues’ (1962) formula applies to depths similar to
those of the O’Connor and Dobbins model, but for faster streams. Owens and colleagues’
(1964) formula is used for shallower streams; in small streams, the formula proposed by
Tsivoglou and Wallace (1972) compares best with observed values (Thomann and Mueller,
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TABLE 4.8 Empirical Formulas for Estimating Reaeration Constant, k2, at 20�C

Formula Field Conditions Reference

k2 � 3.93 �
d
V

�

0

1

.

.

5

5
� 0.3 m � d�� 9 m, O’Connor and Dobbins (1958)

0.15 m/s � V � 0.50 m/s

k2 � 5.23 �
d�

V
1.67
� 0.6 m � d�� 3 m, Churchill et al. (1962)

0.55 m/s � V � 1.50 m/s

k2 � 5.32 �
V
d�1

0

.

.

8

6

5

7

� 0.1 m � d�� 3 m, Owens et al. (1964)
0.03 m/s � V � 1.50 m/s

k2 � 3.1	 104VS0 0.3 m � d�� 0.9 m, Tsivoglou and Wallace (1972)
0.03 m3/s � Q� 0.3 m3/s

k2 � 517(VS)0.524 Q�0.242 Pool and riffle streams, Melching and Flores (1999)
Q � 0.556 m3/s

k2 � 596(VS)0.528 Q�0.136 Pool and riffle streams, Melching and Flores (1999)
Q 
 0.556 m3/s

k2 � 88(VS)0.313 D�0.353 Channel-control streams, Melching and Flores (1999)
Q � 0.556 m3/s

k2 � 142(VS)0.333 D�0.66 Channel-control streams, Melching and Flores (1999)
	 W�0.243 Q 
 0.556 m3/s
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1987). The last four empirical formulas in Table 4.8 are the most recent and are based on
the most comprehensive data set. According to their authors they are the most accurate,
with standard errors in the range 44 to 61%, compared to standard errors of 65 to 115% in
the other methods (Bennett and Rathbun, 1972). The formulas listed in Table 4.8 all give
values of k2 that approach zero as the depth of the stream increases, implying that reaera-
tion becomes negligible for deep bodies of water. This is certainly not the case, since when
water motion is less significant, wind becomes the dominating factor in reaeration. The
reaeration constant typically has a minimum value in the range

k2min
� �

0
d�
.6
� to �

1
d�
.0
� (4.47)

If the calculated value of k2 falls below the range of minimum values given in Equation
4.47, k2 � 0.6/d� should be used.

Example 4.9 A river with riffles and pools has a width of 20 m, a mean depth of 5 m, a
slope of 0.00003, and an estimated flow rate of 47 m3/s. (a) Estimate the reaeration con-
stant using the applicable equation(s) in Table 4.8. (b) If the temperature of the river is
20�C and the dissolved-oxygen concentration is 5 mg/L, estimate the reaeration rate.
(c) Determine the mass of oxygen added per day per meter along the river.

SOLUTION (a) From the data given, d� � 5 m, w � 20 m, S � 0.00003, Q � 47 m3/s, and
the average velocity, V, is given by

V � �
w
Q
d�
� � �

20
4
(
7
5)

� � 0.47 m/s

The O’Connor and Dobbins (1958) formula and the Melching and Flores (1999) empiri-
cal equation are the only applicable relations in Table 4.8. According to the O’Connor and
Dobbins (1958) model,

k2 � 3.93 �
V
d�1

0

.

.

5

5

� � 3.93��(0(
.
5
4
)
7
1

)
.5

0.5

�	 � 0.24 day�1

According to the Melching and Flores (1999) empirical equation,

k2 � 596(VS)0.528 Q�0.136 � 596(0.47 	 0.00003)0.528 (47)�0.136 � 0.97 day�1

According to Table 4.7, the reaeration rate calculated using the O’Connor and Dobbins
(1958) formula is typical of sluggish streams and large lakes, whereas the reaeration rate
calculated using the Melching and Flores (1999) empirical equation is typical of swift
streams. Given that the stream velocity is fairly swift (47 cm/s), the value of k 2 � 0.97 day�1

given by the Melching and Flores (1999) empirical equation is more characteristic of the
actual conditions. The calculated values of k2 (0.24 day�1, 0.97 day�1) exceed the range of
minimum values of k2 given by Equation 4.47 as 0.6/5 � 1.0/5 or 0.12 � 0.2 day�1.

(b) The reaeration rate, S2, is given by Equation 4.45 as

S2 � k2 (cs � c)
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where c � 5 mg/L, and the saturation concentration, cs, at 20�C is given in Table 2.3 as
9.1 mg/L. Therefore, the reaeration rate, S2, is given by

S2 � 0.97(9.1 � 5) � 3.98 mg/L · day � 3980 mg/m3 · day

(c) The volume of river water per meter is given by

volume of river water � wd�(1) � 20(5)(1) � 100 m3

Hence, the mass of oxygen added per day per meter along the river is 3980(100) �
398,000 mg/day · m � 398 g/day · m.

Great care should be taken in estimating k2 since this is typically the dominant param-
eter affecting the reliability of simulated dissolved oxygen concentrations in streams
(Brown and Barnwell, 1987; Melching and Yoon, 1997). The most accurate estimates of k2

are obtained from field measurements using the gas tracer method, and such measurements
are strongly recommended in cases where allowable-discharge estimates have significant
economic and environmental consequences.

4.4.3 Streeter–Phelps Model

The total flux of oxygen into river water, Sm [M/L3T], can be estimated by adding the (de)oxy-
genation rate due to biodegradation, S1, to the oxygen flux due to reaeration, S2, to yield

Sm � �k1L � k2(cs � c ) (4.48)

The concentration distribution of oxygen in rivers can be described by combining the advec-
tion–dispersion equation (Equation 4.24) with the source flux given by Equation 4.48 to yield

�
∂
∂
c
t

�� V�
∂
∂
x
c
�� �

∂
∂
x
� �KL�

∂
∂
c
x
�� �k1L � k2(cs � c) (4.49)

where the flow area, A, in the river is assumed to be constant. Assuming steady-state con-
ditions (∂c/∂t � 0) and that the dispersive flux of oxygen is much less than oxygen fluxes
due to reaeration and deoxygenation, Equation 4.49 becomes

V�
∂
∂
x
c
� ��k1L � k2(cs � c) (4.50)

Instead of dealing with the oxygen concentration, c, it is convenient to deal with the oxy-
gen deficit, D, defined by

D � cs � c (4.51)

Combining Equations 4.50 and 4.51 and replacing the partial derivative by the total deriv-
ative (since c is only a function of x) yields the following differential equation that
describes the oxygen deficit in the river:

�
d
d
D
x
� � �

k
V

1� L � �
k
V

2� D (4.52)
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The BOD remaining at any time, t, since release will follow the first-order reaction

�
d
d
L
t

� ��k1L (4.53)

which can be solved independently of Equation 4.52 to yield

L � L0 exp(�k1t) (4.54)

where L0 is the BOD remaining at time t � 0. The time since release, t, is related to the dis-
tance traveled by

t � �
V
x

� (4.55)

and hence the remaining BOD, L, at a distance x downstream of the wastewater discharge
is obtained by combining Equations 4.54 and 4.55 to give

L � L0 exp ��k1�
V
x

�� (4.56)

The differential equation describing the oxygen deficit in a river is therefore given by the
combination of Equations 4.52 and 4.56, and the simultaneous solution of these equations
with the boundary condition that D � D0 at x � 0 is given by

(4.57)

This equation was originally derived by Streeter and Phelps (1925) and later summarized
by Phelps (1944) for studies of pollution in the Ohio River. Equation 4.57 is commonly
referred to as the Streeter–Phelps equation, and a plot of the Streeter–Phelps equation is
commonly referred to as the Streeter–Phelps oxygen-sag curve. The reason for using the
term sag curve is apparent from a plot of the oxygen deficit, D(x), as a function of distance,
x, from the source as illustrated in Figure 4.10. According to the Streeter–Phelps equation
(Equation 4.57), oxygen consumption for biodegradation begins immediately after the
waste is discharged, at x � 0, with the oxygen deficit in the stream increasing from its ini-
tial value of D0. Since reaeration is proportional to the oxygen deficit, the reaeration rate
increases as the oxygen deficit increases, and at some point the reaeration rate becomes

D(x) ��
k2

k
�
1L0

k1
� �exp �� �

k
V
1x�� � exp �� �

k
V
2x��	 � D0 exp �� �

k
V
2x��
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FIGURE 4.10 Streeter–Phelps oxygen-sag curve. (From Chin, David A., Water-Resources
Engineering. Copyright © 2000. Reprinted by permission of Pearson Education, Inc., Upper Saddle
River, NJ.)
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equal to the rate of oxygen consumption. This point is called the critical point, xc, and
beyond the critical point the reaeration rate exceeds the rate of oxygen consumption,
resulting in a gradual decline in the oxygen deficit. The critical point, xc, can be derived
from Equation 4.57 by taking dD/dx � 0, which leads to

(4.58)

and the corresponding critical oxygen deficit, Dc, is given by

(4.59)

The location of the critical point and the oxygen concentration at that point are of greatest
interest because this is where dissolved-oxygen conditions are the worst. If the value of xc

calculated using Equation 4.58 is less than or equal to zero, the minimum oxygen deficit
occurs at the discharge location. This is a typical occurrence when well-treated domestic
sewage is discharged into small rivers (Lung and Sobeck, 1999). It is important to keep in
mind that the calculated oxygen deficit, D, using Equation 4.57 can (mathematically)
exceed the saturation concentration of dissolved oxygen, even though this is physically
impossible. If the oxygen deficit calculated from Equation 4.57 is greater than the satura-
tion concentration of dissolved oxygen, this means that all the oxygen was depleted at
some earlier time and the actual dissolved oxygen at the selected location is zero.

Example 4.10 A multiport outfall discharges wastewater into a slow-moving river that has a
mean velocity of 3 cm/s. After initial mixing, the dissolved-oxygen concentration in the river is
9.5 mg/L and the temperature is 15�C. If the ultimate BOD of the mixed river water is 30 mg/L,
the rate constant for BOD at 20�C is 0.6 day�1, and the reaeration rate constant at 20�C is 0.8
day�1, estimate the minimum dissolved oxygen and the critical location in the river.

SOLUTION At T � 15�C, the saturation concentration of oxygen is 10.1 mg/L (Table
2.3), and hence the initial oxygen deficit, D0, is 10.1 � 9.5 � 0.6 mg/L. The BOD rate con-
stant at 15�C, k115

, is given by

k115
� k120

(1.04T�20) � 0.6(1.04)15�20 � 0.48 day�1

The reaeration rate constant at 15�C, k215
, is given by

k215
� k220

(1.024T�20) � 0.8(1.024)15�20 � 0.72 day�1

Since L0 � 30 mg/L and V � 3 cm/s � 2592 m/day, Equation 4.58 gives the location, xc, of
the critical oxygen deficit as

xc ��
k2 �

V
k1

� ln ��
k
k

2

1
� �1 ��

D0(k
k

2

1L
�

0

k1)��	
��

0.72
25

�

92
0.48
� ln ��

0
0
.
.
7
4
2
8

� �1 ��
0.6(

0
0
.
.
4
7
8
2
(
�

30
0
)
.48)

��	
� 4270 m

Dc � �
k
k

1

2
� L0 exp �� �

k1

V
xc��

xc ��
k2 �

V
k1

� ln ��
k
k

2

1
� �1 ��

D0(
k
k

1

2

L
�

0

k1)��	
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and Equation 4.59 gives the critical oxygen deficit, Dc, as

Dc � �
k
k

1

2
�L0 exp �� �

k1

V
xc��

� �
0
0
.
.
4
7
8
2

� (30) exp ���
0.4

2
8
5
(4
9
2
2
70)

�� � 9.0 mg/L

Hence the minimum dissolved oxygen level in the stream is 10.1 � 9.0 � 1.1 mg/L. This
level of dissolved oxygen will be devastating to the aquatic ecosystem.

When using the Streeter–Phelps dissolved-oxygen sag curve to determine the ade-
quacy of wastewater treatment prior to discharge, it is important to use the river condi-
tions that will result in the least dissolved oxygen concentration. Usually, these
conditions occur in the late summer when river flows are low and temperatures are high.
A frequently used criterion is the 10-year 7-day low flow, which is equal to the condi-
tions in which the 7-day average low flow has a return period of 10 years. This is typi-
cally called the 7Q10 flow.

The Streeter–Phelps model, Equation 4.57, assumes that the river is mixed completely
and uniformly in the transverse directions (i.e., over the width and the depth), and the lon-
gitudinal dispersive flux (of dissolved oxygen) is negligible compared with the advective
flux. The relative importance of advection to dispersion is measured by the Peclet number,
Pe, which can be defined as

Pe � �
V
K

L

L

� (4.60)

where V is the stream velocity, L is the characteristic length scale, and KL is the longitudi-
nal dispersion coefficient. For a nonconservative substance with a rate constant k, the
appropriate length scale is L � V/k and the Peclet number given by Equation 4.60 can be
expressed as

Pe � �
k
V
K

2

L

� (4.61)

The assumption that longitudinal dispersion can be neglected is justified when Pe 
 10,
and dispersion cannot be neglected when Pe � 1. For intermediate values of Pe, both
advection and dispersion must be taken into account. Most riverine flows are advection
dominated (Rubin and Atkinson, 2001).

4.4.4 Other Considerations

Aside from assuming complete transverse mixing and neglecting longitudinal disper-
sion, several additional assumptions are implicit in the Streeter–Phelps model, the most
important of which are (1) that mixing occurs rapidly over the cross section of the chan-
nel, and (2) that biochemical oxygen demand and reaeration are the only significant
oxygen sources and sinks. If mixing does not occur rapidly, as measured by the length
scale for cross-sectional mixing (Equation 4.15), significant oxygen depletion may occur
prior to cross-sectional mixing, and Equation 4.20 will not give an accurate measure
of the initial concentration for the one-dimensional oxygen-sag model. Under these
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circumstances, a more detailed two- or three-dimensional numerical model of cross-sec-
tional mixing is necessary.

Nitrification In streams and rivers with travel times greater than about 5 days, the ulti-
mate BOD, L0, in the Streeter–Phelps equation (Equation 4.57) must include both car-
bonaceous and nitrogenous demand. In these cases it is sometimes assumed that L0 can be
calculated as (Vesilind and Morgan, 2004)

L0 � a(CBOD5) � b(TKN) (4.62)

where CBOD5 is the 5-day carbonaceous BOD, TKN is the total Kjeldahl nitrogen ( � organic
nitrogen � ammonia) in mg/L, and a and b are constants. Typical values for a and b are 1.2
and 4.0, respectively. In some cases, the contribution of nitrogenous BOD to the ultimate
BOD is taken as 4.33 TKN rather than 4.0 TKN (Krenkel and Novotny, 1980; Novotny, 2003).

Instead of taking L0 given by Equation 4.62 and using it in the Streeter–Phelps equation
to calculate the oxygen deficit, it is sometimes recognized that the decay coefficient of
nitrogenous BOD is different from the decay coefficient of carbonaceous BOD, k1, in
which case the dissolved oxygen deficit can be expressed in the form

(4.63)

where DSF(x) is the oxygen deficit predicted by the Streeter–Phelps equation (Equation
4.57), and ∆DN(x) is the additional oxygen deficit caused by nitrification and is given by
(Novotny, 2003)

(4.64)

where kN is the first-order nitrification rate (day�1), and L0N is the initial nitrogenous BOD,
which can be taken as

L0N � 4.33 	 TKN (4.65)

The magnitude of the nitrification reaction rate constant, kN, has been reported to range
from 0.1 to 15.8 day�1 (Ruane and Krenkel, 1975). Temperature affects nitrification differ-
ently than other processes, and the thermal factor for nitrification, θ, is around 1.1.

Example 4.11 Treated domestic wastewater is discharged into a river with an average
stream velocity of 30 cm/s and an estimated reaeration coefficient of 0.5 day�1. The TKN
of a wastewater discharge is 0.8 mg/L and the nitrification rate constant is estimated to be
0.6 day�1. (a) Estimate the oxygen deficit due to nitrification 15 km downstream of the
wastewater discharge. (b) If the theoretical oxygen deficit neglecting nitrification is
6.2 mg/L, what is the percent error incurred by neglecting nitrification?

SOLUTION (a) From the data given, V � 30 cm/s � 0.30 m/s � 25,920 m/day, k2 � 0.5
day�1, TKN � 0.8 mg/L, and kN � 0.6 day�1. The ultimate nitrogenous BOD, L0N, is given by
Equation 4.65 as

L0N � 4.33 	 TKN � 4.33 	 0.8 � 3.5 mg/L

�DN(x) ��
k

k

2

N

�

L 0

k
N

N
� �exp ���

k
V
Nx
�� � exp ���

k
V
2x��	

D(x) � DSF(x) � ∆DN(x)
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Substituting into Equation 4.64 yields the oxygen deficit due to nitrification at x � 15 km �
15,000 m as

∆DN ��
k

k

2

N

�

L0

k
N

N
� �exp �� �

k
V
Nx
�� � exp �� �

k
V
2x��	

��
0
0
.
.
5
6
�

(3.
0
5
.
)
6

� �exp���
0.6

2
(
5
1
,
5
9
,
2
0
0
00)

�� � exp���
0.5

2
(
5
1
,
5
9
,
2
0
0
00)

��	
� 0.9 mg/L

(b) The incremental oxygen deficit due to nitrification is 0.9 mg/L. Since the theoreti-
cal oxygen deficit obtained by neglecting nitrification is 6.2 mg/L, the actual oxygen
deficit is 6.2 mg/L � 0.9 mg/L � 7.1 mg/L, and the error incurred by neglecting
nitrification is given by

error � �
7
0
.
.
1
9
� 	 100 � 13%

An error of 13% incurred by neglecting nitrification is quite significant, and this result
indicates that nitrification is a significant process and should not be neglected.

A significantly increased oxygen demand associated with nitrification emphasizes the
need for wastewater treatment plants to stimulate complete nitrification (conversion of
nitrogen to NO3) or denitrification (conversion to N2 gas) prior to wastewater discharge.

Photosynthesis, Respiration, and Benthic Oxygen Demand The Streeter–Phelps
analysis assumes that the oxygen demand on a stream is caused by the BOD of the waste-
water discharge and that this oxygen demand is supplied by the dissolved oxygen in the
stream that is in turn resupplied by atmospheric aeration. Besides biochemical oxygen
demand and reaeration, other sources and sinks of oxygen that are distributed along rivers
include photosynthesis, respiration of photosynthetic organisms, benthic oxygen demand,
and BOD from distributed (diffuse) sources along the river.

Photosynthesis by phytoplankton, particularly algae, contributes oxygen to the water
during (bright) daylight hours, and respiration removes oxygen at night and on very cloudy
days. The process of photosynthesis can be represented by the reaction

CO2 � H2O � ∆ → C(H2O) � O2 (4.66)

where ∆ is the energy derived from the sun, and C(H2O) is a general representation of
organic carbon; for example, glucose is C6H12O6 or 6C(H2O). The process of respiration
can be represented by the (reverse) reaction

C(H2O) � O2 → CO2 � H2O � ∆ (4.67)

Microbial ecologists refer to the respiration described in Equation 4.67 as aerobic res-
piration because oxygen is utilized as the electron acceptor. When oxygen is absent,
anaerobic respiration takes place, utilizing a variety of other compounds as electron
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acceptors. Since the amount of photosynthetic and respiration activity depends on the
amount and intensity of sunlight, there is a diurnal (daily) and seasonal variation in
dissolved oxygen amounts contributed by photosynthesis and respiration. In fact, the
diurnal variation can sometimes be so extreme that the stream is supersaturated with
oxygen during the afternoon and severely depleted of oxygen just before dawn. Oxygen
produced by photosynthesis above saturation during bright sunshine is released to the
atmosphere and is lost from the water. Photosynthesis and respiration are a major source
and sink of oxygen (respectively), particularly in slow-moving streams and lakes, and
can be expected to be significant for algal concentrations in excess of 10 g/m3 (dry
mass).

Quantification of oxygen fluxes associated with photosynthesis and respiration is
difficult, and is generally dependent on such variables as temperature, nutrient concentra-
tion, sunlight, turbidity, and whether the plants are floating (phytoplankton) or on the bot-
tom (macrophytes, periphyton). Reported photosynthetic oxygen production rates, Sp*
(averaged over 24 h) range from 0.3 to 3 g/m2 · day for moderately productive surface
waters up to 10 g/m2 · day for surface waters that have a significant biomass of aquatic
plants (Thomann and Mueller, 1987). Reported respiration rates, Sr*, have approximately
the same range as photosynthetic oxygen production rates. Empirical equations that have
been proposed for estimating photosynthetic oxygen production and respiration rates are
(Di Toro, 1975)

Sp � 0.25Chla (4.68)

and

Sr � 0.025Chla (4.69)

where Sp and Sr are the average daily oxygen production and respiration rates, respectively,
in mg/L · day, and Chla is the chlorophyll a concentration in µg/L. As an approximation,
the ratio of algal biomass (dry weight) to algal chlorophyll a is 100:1. Aside from using
Equations 4.68 and 4.69 to estimate the photosynthetic production and respiration rates
from chlorophyll a concentrations, production and respiration rates can be measured
directly using the light- and dark-bottle method described in Standard Methods (APHA,
1992) or the delta method described in Di Toro (1975).

Benthic oxygen demand or sediment oxygen demand (SOD) results primarily from the
deposition of suspended organics and native benthic organisms in the vicinity of waste-
water discharges and can be a major sink of dissolved oxygen in heavily polluted rivers
and streams. Most benthic sludge undergoes anaerobic decomposition, which is a rela-
tively slow process; however, aerobic decomposition can occur at the interface between the
sludge and the flowing water. The products of anaerobic decomposition are CO2, CH4, and
H2S, and if gas production is especially high, floating of bottom sludge may result, lead-
ing to an aesthetic problem as well as depletion of dissolved oxygen. Benthic oxygen
demand, Sb* [M/L2T], is typically taken as a constant in most applications (Thomann,
1972), and the benthic flux of oxygen, Sb [M/L3T], used in the advection–dispersion equa-
tion is derived from Sb* using the relation

Sb � �
Sb

∗
�

As
� � �

S
d�
b
∗
� (4.70)
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where As is the surface area of the bottom of the stream, ∀ is the volume of the stream
section containing a benthic surface area, As, and d� is the average depth of flow.
Photosynthetic and respiration rates Sp and Sr are derived from S p∗ and Sr

∗ using rela-
tions similar to Equation 4.70. In many water-quality modeling studies, Sb* values are
obtained through calibration. Typical values of Sb* at 20�C are given in Table 4.9,
and calculated values of Sb at 20�C can be converted to other temperatures using the
relation

SbT
� Sb20

(1.065)T�20 (4.71)

where SbT
and Sb20

are the values of Sb at temperature T and 20�C, respectively. At temper-
atures below 10�C, Sb declines faster than indicated by Equation 4.71, and in the range 5
to 0�C, Sb approaches zero (Chapra, 1997). The constant 1.065 in Equation 4.71 is some-
times taken to be in the range 1.05 to 1.06, not a specific value such as 1.065 (Novotny,
2003). There has been some debate about whether Sb should be taken as a constant at a
given temperature, since it is almost certainly a function of the organic content of the sed-
iments and the oxygen concentration in the overlying water, both of which vary with dis-
tance from the source.

The SOD includes oxygen demand from the following processes:

• Biological respiration and oxygen consumption of all living organisms residing in the
upper aerobic benthic zone

• Chemical oxidation of reduced substances in the sediments, such as reduced iron,
manganese, and sulfides after they come to oxygen-containing water

• Biochemical oxidation of methane and ammonia (simultaneous nitrification–
denitrification) that evolve from the lower anaerobic sediments

Most of the SOD is attributed to biochemical oxidation of evolving methane from the
lower anaerobic sediment in the upper oxygenated interstitial sediment layer. Generally, if
the stream velocity is higher (
0.3 m/s), most of the fine sediments remain in suspension
and the bed is composed mostly of sand and gravel, which have a very low organic con-
tent, and the bed will exhibit very low SOD. As more data become available, a functional
approach to estimating the SOD will probably evolve as the preferred formulation; in the
meantime, however, a paucity of field data would support taking Sb to be a constant.
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TABLE 4.9 Typical Benthic Oxygen Demand Rates, Sb
*, at 20�C

Range Average Value 
Bottom Type (g/m2 · day) (g/m2 · day)

Filamentous bacteria (10 g/m2) — �7
Municipal sewage sludge near outfall �2 to �10 �4
Municipal sewage sludge downstream of outfall (aged) �1 to �2 �1.5
Estuarine mud �1 to �2 �1.5
Sandy bottom �0.2 to �1.0 �0.5
Mineral soils �0.05 to �0.1 �0.07

Source: Thomann (1972).
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Incorporating photosynthetic, respiratory, and benthic oxygen fluxes into the oxygen-
sag model yields the following modified form of Equation 4.50:

V �
∂
∂
c
x
�� � k1L � k2(cs � c) � (Sp � Sr � Sb) (4.72)

This equation yields a solution expressed in terms of the oxygen deficit, D (� cs � c),
given by

(4.73)

where DSF(x) is the oxygen deficit predicted by the Streeter–Phelps equation (Equation
4.57), which assumes that the BOD in the river originates from the wastewater discharge
and that the only source of oxygen is from atmospheric reaeration, and ∆DS(x) is the addi-
tional oxygen deficit caused by the net effect of photosynthesis, respiration, and benthic
oxygen demand and is given by (Thomann and Mueller, 1987)

(4.74)

Equations 4.73 and 4.74 leads to a critical point, xc, with maximum oxygen deficit given by

∆DS(x) � � (Sp � Sr � Sb)�1 � exp �� k2�
V
x

��	

D(x) � DSF(x) � ∆DS(x)
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xc ��
k2 �

V
k1

� ln ��
k
k

2

1
� � 	k2D0(k2 � k1) � (Sp � Sr � Sb)(k2 � k1)

�����
k1

2L0

and a corresponding critical oxygen deficit, Dc, given by

(4.76)

Example 4.12 An outfall discharges wastewater into a slow-moving river that has a mean
velocity of 3 cm/s and an average depth of 3 m. After initial mixing, the dissolved-oxygen
concentration in the river is 9.5 mg/L, the saturation concentration of oxygen is 10.1 mg/L,
the ultimate BOD of the mixed river water is 20 mg/L, the rate constant for BOD is
0.48 day�1, and the reaeration rate constant is 0.72 day�1. During the night, algal respira-
tion exerts an oxygen demand of 2 g/m2 · day, and sludge deposits downstream of the out-
fall exert a benthic oxygen demand of 4 g/m2 · day. Estimate the minimum dissolved
oxygen and the critical location in the river.

SOLUTION From the data given, the initial oxygen deficit, D0, is 10.1 � 9.5 � 0.6 mg/L,
k1 � 0.48 day�1, k2 � 0.72 day�1, Sr

∗ � �2 g/m2 · day, and Sb
∗ � �4 g/m2 · day Since the

average depth, d�, of the river is 3 m, the volumetric oxygen demand rates for respiration
and benthic consumption, Sr and Sb, respectively, are

Sr � �
S
d�
r
∗
�� � �

2
3

�� �0.667 g/m3 · day � �0.667 mg/L · day

Dc � �
k
k

1

2
�L0 exp �� k1�

x
V

c�� ��
Sp �

k
S

2

r � Sb
�

(4.75)
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and

Sb � �
S

d�
b
∗
�� � �

4
3

�� �1.33 g/m3 · day � �1.33 mg/L · day

Since L0 � 20 mg/L and V � 3 cm/s � 2592 m/day, Equation 4.75 gives the location, xc, of
the critical oxygen deficit as

xc ��
k2 �

V
k1

� ln��
k
k

2

1
� � 	

��
0.72

25
�

92
0.48
� ln ��

0
0
.
.
7
4
2
8

� � 	
� 4951 m

and Equation 4.76 gives the critical oxygen deficit, Dc, as

Dc � �
k
k

1

2
�L0 exp �� �

k1

V
xc�� ��

Sp�

k
S

2

r�Sb�

� �
0
0
.
.
4
7
8
2

� (20) exp ���
0.4

2
8
5
(4
9
9
2
51)

�� ��
�0.66

0
7
.7

�

2
1.33

�

� 8.1 mg/L

Hence the minimum dissolved oxygen level in the stream is 10.1 � 8.1 � 2.2 mg/L and
occurs 4951 m downstream of the outfall location.

Chapra and Di Toro (1991) considered the case of a stagnant water body in which res-
piration is the only oxygen sink and the oxygen-production (photosynthesis) rate is a func-
tion of the time of day, in which case the oxygen deficit, D, is given by

�
d
d
D
t
� � k2D � R � P(t) (4.77)

where D is the oxygen deficit, k2 is the reaeration coefficient, R is the (constant) respira-
tion rate, and P(t) is the primary production (photosynthesis) rate. Defining sunrise as t � 0
and the photoperiod (i.e., duration of sunlight) as f, the oxygen-production rate due to pho-
tosynthesis can be estimated by

P(t) � Pmmax�sin�
π
f
t

�, 0� (4.78)

where Pm is the maximum instantaneous production rate. Equation 4.78 implies that solar
noon is at t � f/2, and simple integration of Equation 4.78 over a 24-h period gives the daily
average production rate as

Pav � �
π
2
T
f
�Pm (4.79)

0.72(0.6)(0.72 � 0.48) � (�0.667 � 1.33)(0.72 � 0.48)
������

(0.48)2(20)

k2D0(k2 � k1) � (Sp � Sr � Sb)(k2 � k1)
������

k1
2L0
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where T � 24 h. Chapra and Di Toro (1991) developed piecewise-periodic analytical solutions
to Equations 4.77 and 4.78 by requiring that the dissolved-oxygen deficit at the beginning of
the day is equal to its value at the end of the day, and by also requiring that the solutions be
continuous at sunset. The analytical solution to Equations 4.77 and 4.78 for the photoperiod is

(4.80)

and for the dark period the solution is

(4.81)

where the parameter groups are

θ � tan�1�
k
π
2 f
� , γ � sinθ �1

1
�

�

e�

e

k

�

2

k

(T

2T

�f )

�, σ ��
�k2�2 ��

Pm

(π�/f�)2�
� (4.82)

These solutions satisfy the necessary periodic conditions that D1( f ) � D2( f ) and
D1(0) � D2(T), θ and γ are dimensionless, and σ has units of M/L3. A typical solution is
shown in Figure 4.11, along with the instantaneous production and dissolved-oxygen
profiles. Figure 4.11 shows that for the particular parameter set used (k2 � 7 day�1), the min-
imum and maximum dissolved-oxygen deficits both occur during the photoperiod, with the
maximum deficit occurring shortly after sunrise and the minimum deficit occurring between
solar noon and sunset. This is always true for this model, as can be demonstrated mathemat-
ically by differentiating Equations 4.80 and 4.81 with respect to t and seeking their extrema,
of which D1 has two and D2 has none. The utility of Equations 4.80 and 4.81 is that the
observed oxygen deficit as a function of time can be compared with these solutions, and the
model parameters k2, Pav, and R, can be extracted by the best fit between the data observed
and the theoretical variation of the of the dissolved-oxygen deficit. The time of day, tmin, at
which the dissolved-oxygen deficit is a minimum is obtained by setting the first derivative of
Equation 4.80 to zero, which yields the following requirement:

(4.83)

where φ is the time between solar noon and the time of minimum dissolved-oxygen deficit,
given by the relation

φ � tmin � �
2
f
� (4.84)

Equation 4.83 shows that k2 is expressed in terms of φ and f, which can both be estimated
from observations of the dissolved oxygen versus time, as is apparent from Figure 4.11. To
calculate the average production rate, Pav, using Equations 4.80 and 4.81, the following
relation can be derived (Chapra and Di Toro, 1991):

(4.85)�
P
∆
av

� ��
2�(k�2�

π
f
δ
)�2 ��π�2�
�

π cos�π��
2
1

�� �
φ
f
�� � θ	 � (k2 f )γe�k2(φ � f/2) � 0, φ 
 0

D2(t) � �
k
R

2

�� σ [sin(θ) �γe�k2 f]e�k2(t�f ), f � t � T

D1(t) � �
k
R

2

�� σ �sin��
π
f
t

�� θ� � γek2t	, 0 � t � f
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where ∆ is defined by the relation

∆ � D1(t)�t�tmax
�D1(t)�t�tmin

(4.86)

where tmax and tmin are derived by finding the extrema of D1 in Equation 4.80, which
require that

π cos��πt
f
min�� θ� � (k2 f )γe�k2tmin � 0, tmin 
 �

2
f
� (4.87)

π cos��πtm

f
ax� � θ� � (k2 f )γe�k2tmax � 0, tmax� �

2
f
� (4.88)

and δ (in Equation 4.85) is defined by the relation

δ � � �sin��πtm

f
ax� � θ� � γe�k2tmax	 � �sin��πt

f
min� � θ� � γe�k2tmin	 (4.89)
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FIGURE 4.11 Dissolved oxygen versus time for a time-varying production rate. (From McBride
and Chapra, 2005.)
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The respiration rate, R, can be estimated from k2 and Pav by integrating Equations 4.80 and
4.81, which yields

(4.90)

where D� is the diurnal average dissolved-oxygen deficit obtained from the dissolved-
oxygen measurements. A typical dissolved-oxygen sensor and measurement procedure is
shown in Figure 4.12. Utilization of Equations 4.83, 4.85, and 4.90 to estimate k2, Pav, and
R from dissolved-oxygen observations is called the delta method, and the development of
this method is attributed to Chapra and Di Toro (1991). It is important to keep in mind that
the delta method does not limit the lower bound of the dissolved oxygen, and parameters
that yield negative dissolved-oxygen values should be discounted. Furthermore, in cases
where observations indicate a minimum dissolved oxygen before sunrise and a maximum
dissolved oxygen before noon, application of the Chapra and Di Toro (1991) dissolved-
oxygen model is questionable.

Although modern programmable calculators can solve Equation 4.83 for k2 with mini-
mal effort, the following approximation was proposed by McBride and Chapra (2005) to
estimate k2 in lieu of using Equation 4.83,

k2 � 7.5 ��5.3
η
η

φ
� φ
��

0.85
where η � ��

1
f
4
��

0.75
(4.91)

R � Pav � k2D�
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FIGURE 4.12 (a) Dissolved-oxygen sensor; (b) measurement technique. [(a) From YSI, 2005; (b)
from USGS, 2005f.]
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where φ and f are in hours and k2 is in day�1. The discrepancy between the exact (Equation
4.83) and approximate (Equation 4.91) relations are most pronounced for f � 17 h and
k2 � 1 day�1. The average production rate, Pav, can be estimated using the following
approximate relation in lieu of Equation 4.85 (McBride and Chapra, 2005):

�
P
∆
av

� ��
η(33

1
�

6
k2

1.5)
� (4.92)

Utilization of Equations 4.91 and 4.92 to estimate k2 and Pav from dissolved-oxygen obser-
vations is called the approximate delta method, and development of this method is attrib-
uted to McBride and Chapra (1995). This method is mostly suited to streams with
moderate reaeration (k2 � 10 day�1) and moderate photoperiods ( f � 10 to 14 h).

Example 4.13 Measurements reported by Chapra and Di Toro (1991) taken on a slow-
moving section of the Grand River (Michigan) characterized by profuse growths of
aquatic plants showed that the diurnal dissolved-oxygen variations were characterized by:
φ � 3.93 h, ∆ � 8.4 mg/L, D�� �0.272 mg/L (i.e., average supersaturation), and f � 13 h
(0700 to 2000 h). (a) Determine the values of k2, Pav, and R corresponding to these data.
(b) Compare these values with those obtained using the approximate relations.

SOLUTION From the data given, f �13 h, T � 24 h, and Equation 4.82 gives

θ � tan�1�
k
π
2 f
�� tan�1�

13
π
k2

� (4.93)

γ � sinθ�1 �

1�

e
e

�

�

k2

k

(

2

T

T

�f )

� � sinθ �
1
1
�

�e
e
�

�

2

1

4

1

k

k

2

2

� (4.94)

Also, from the given data, φ � 3.93 h and Equation 4.83 give

π cos�π��
1
2

�� �
φ
f
�� � θ	 � (k2 f )γe�k2(φ�f/2) � 0

π cos�π ��
1
2

�� �
3
1
.9
3
3

�� � θ	 � (13k2)γe�k2(3.93�13/2) � 0 (4.95)

Simultaneous solution of Equations 4.93 to 4.95 yields

k2 � 0.114 h�1 � 2.7 day�1, θ � 1.13 rad, γ �1.24

The times tmin and tmax when the oxygen deficit is a minimum and maximum, respectively,
are given by Equations 4.87 and 4.88 as the solution to

π cos��
π

f
t*
� �θ� � (k2 f )γe�k2t* � 0

π cos��
π
1
t
3

∗
�� 1.13� � (0.114)(13)(1.24)e�0.114t* � 0 (4.96)
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where t* represents the multiple solutions to Equation 4.96, and tmin � t* when t* 
 f /2 and
tmax � t* when t* � f/2. Solutions to Equation 4.96 are t* � 10.4 h and 0.575 h; hence,
tmax � 0.575 h and tmin � 10.4 h. Substituting into Equation 4.89 yields

δ � � �sin ��πt
f
max� � θ� � γe�k2tmax	 � �sin ��πt

f
min� � θ� � γe�k2tmin	

� � �sin ��π 	

1
0
3
.575
� � 1.13� � 1.24e�0.114 	 0.575	

� �sin ��π 	

13
10.4
� � 1.13�� 1.24e�0.114 	 10.4	

� 1.04

Substituting ∆ � 8.4 mg/L, δ � 1.04, k2 � 0.114 h�1, and f � 13 h into Equation 4.85 gives

�
P
∆
av
���

2�(k�
π
2�f

δ
)�2��π�2�
�

�
8
P
.
a

4
v

� �

which yields

Pav � 17.9 mg/L

Substituting Pav � 17.9 mg/L, k2 � 0.114 h�1 � 2.7 day�1, and D�� �0.272 mg/L into
Equation 4.90 gives

R � Pav � k2D� � 17.9 � 2.7(�0.272) � 17.2 mg/L · day

In summary, theoretical analysis of the measured diurnal variation in dissolved oxygen
yields k2 � 2.7 day�1, Pav � 17.9 mg/L · day, and R � 17.2 mg/L · day. These parameter val-
ues can be used in the Streeter–Phelps model to assess the impact of a continuous waste
discharge into the river.

(b) As an (expedient) alternative to the delta method for calculating the values of k2, Pav,
and R, the approximate delta method may be used, since the preconditions f � 17 h and
k2 
 1 day�1 are met. Taking f � 13 h and φ � 3.93 h, Equation 4.91 gives

η � ��
1
f
4
��

0.75
� ��

1
1
3
4
��

0.75
� 0.946

k2 � 7.5��5.3
η
η

φ
� φ
��

0.85
� 7.5��5.3

0
(0
.9
.9
4
4
6
6
(3
)
.
�

93
3
)
.93

��
0.85

� 2.6 day�1

Taking ∆ � 8.4 mg/L, η � 0.946, and k2 � 2.6 day�1, Equation 4.92 yields

Pav ��
η (33

1
�
6

k2
1.5)

� ∆ ��
0.946(3

1
3
6
�2.61.5)
� (8.4) � 18.5 mg/L · day

π(1.04)
���
2�(0�.1�1�4�	�1�3�)2���π�2�
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Substituting Pav � 18.5 mg/L, k1� 2.6 day�1, and D�� �0.272 mg/L into Equation 4.90 gives

R � Pav � k2D� � 18.5 � 2.6(�0.272) � 17.8 mg/L · day

Comparing the parameter values obtained using the approximate delta method
with the parameter values obtained using the full delta method indicates a 0.04% dis-
crepancy in k2 (2.6 day�1 versus 2.7 day�1), a 3% discrepancy in Pav (18.5 mg/L versus
17.9 mg/L), and a 3% discrepancy in R (17.8 mg/L versus 17.2 mg/L). These results indi-
cate that the approximate delta method gives results that are close to those of the full
delta method.

The theoretical diurnal dissolved-oxygen curve is compared with the measurements in
Figure 4.13, where the solid curve is based on the model-theoretical relations and the
dashed curve is based on the approximate empirical relations (McBride and Chapra, 2005).

BOD Input Along the Channel In addition to the discharge of municipal wastewater
at discrete locations, a spatially distributed input of BOD is typically associated with
runoff from agricultural areas, stormwater discharges, and highway runoff. Additional in-
stream sources of distributed BOD include degradation products from sediment decompo-
sition that subsequently diffuse from the sediment into the overlying water. In cases where
there is a distributed BOD input, in addition to the discrete BOD input at a particular loca-
tion, and atmospheric reaeration is the only source of oxygen, the oxygen deficit in the
river is given by

(4.97)

where DSF(x) is the oxygen deficit predicted by the Streeter–Phelps equation (Equation
4.57), which assumes that the BOD in the river originates from a discrete discharge and
the only source of oxygen is from atmospheric reaeration, and ∆DBOD(x) is the additional

D(x) � DSF(x) � ∆DBOD(x)
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FIGURE 4.13 Dissolved oxygen versus time in the Grand River, Michigan. (From McBride and
Chapra, 2005.)
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oxygen deficit caused by the net distributed BOD and is given by (Thomann and
Mueller, 1987)

(4.98)

where k3 is the BOD decay coefficient (not including BOD removal by sedimentation of
particulate BOD) (day�1) and Lr is the ultimate BOD due to distributed sources (mg/L · day).
To understand the difference between k1 (the overall BOD removal coefficient, day�1) and
k3, it should be recognized that k1 is a composite of three processes: deoxygenation of BOD
in free-flowing water, effect of benthic slimes on BOD adsorption and removal, and sedi-
mentation of particulates. Hence, k1 can be disaggregated as

k1 � k1a � k1b � k1c (4.99)

where k1a is the deoxygenation rate constant for free-flowing water approximately equal-
ing the laboratory BOD bottle rate, k1b is the BOD removal by sedimentation, and k1c is the
effect of absorption of BOD by benthic slimes, which results in oxygen demand. The mag-
nitudes of k1a have been reported in the range 0.1 to 0.6 day�1, whereas the overall range
of k1 is typically between 0.1 and 5 day�1, depending on the hydraulic and biological char-
acter of the stream and biodegradability of the organic pollution. All the processes repre-
sented in Equation 4.99 may not occur simultaneously. The constant k3 used in Equation
4.98 is the BOD decay coefficient not including BOD removal by sedimentation of partic-
ulate BOD and is given by

k3 � k1a � k1c (4.100)

As a result of distributed BOD input, even in the absence of discrete wastewater dis-
charges, there is usually a deficit in dissolved oxygen in streams and rivers. Background
deficit concentrations are typically on the order of 0.5 to 2 mg/L and are typically assumed as
a factor of safety is assessing the assimilative capacity of streams and rivers (Schnoor, 1996).

Example 4.14 A wastewater treatment plant discharges effluent into a river that has a
mean velocity of 3 cm/s and a temperature of 20�C. After initial mixing across the river,
the dissolved-oxygen concentration of the mixed river water is 6 mg/L, the ultimate BOD
of this water is 20 mg/L, the laboratory rate constant for BOD decay in the river water is
estimated to be 0.5 day�1, and the reaeration constant is estimated to be 0.7 day�1. Lateral
distributed BOD sources extend 4 km downstream of the wastewater discharge, and these
distributed sources are estimated to have an average ultimate BOD of 3 mg/L. BOD
removal by sedimentation is estimated to increase the BOD decay rate by 20%, and
adsorption by benthic slimes decreases the BOD decay rate by 5%. Assess the impact of
the distributed BOD input on the oxygen concentration 4 km downstream of the waste-
water discharge.

SOLUTION At 20�C, the saturation concentration of dissolved oxygen is 9.1 mg/L(see Table
2.3), and from the data given, L0 � 20 mg/L, k1a�0.5 day�1, k1b � 0.20(0.5 day�1)� 0.1 day�1,

∆ DΒΟD(x) � �
k
k

3

1

L
k2

r� �1 � exp ���
k
V
2x��	 ��

(k2 �

k3L
k

r

1)k1
� �exp ���

k
V
1x�� � exp ���

k
V
2x��	
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k1c � 0.05(0.5 day�1) � 0.025 day�1, k2 � 0.7 day�1, V � 3 cm/s � 2592 m/day, x � 4 km �
4000 m, and D0 � 9.1 mg/L � 6 mg/L � 3.1 mg/L. The BOD decay rates to be used in the
analyses are

k1 � k1a � k1b � k1c � 0.5 day�1 � 0.1 day�1 � 0.025 day�1 � 0.575 day�1

k3 � k1a � k1c � 0.5 day�1 � 0.025 day�1 � 0.475 day�1

According to the Streeter–Phelps equation (Equation 4.57), in the absence of a distributed
input of BOD, the dissolved-oxygen deficit 4 km downstream of the wastewater discharge
is given by

DSF(x) ��
k2

k
�
1L0

k1

� �exp ���
k
V
1x�� � exp ���

k
V
2x�� 	 � D0 exp ���

k
V
2x��

DSF(4000) ��
0
0
.7
.5

�

75
0
(
.
2
5
0
7
)
5

� �exp ���
0.57

2
5
5
(
9
4
2
000)
��

� exp ���
0.7

2
(
5
4
9
0
2
00)

��	 � 3.1 exp ���
0.7

2
(
5
4
9
0
2
00)

��
� 7.7 mg/L

which corresponds to a dissolved-oxygen concentration of 9.1 mg/L � 7.7 mg/L �
1.4 mg/L. For a distributed source of BOD along the 4-km stretch of river, k3 � 0.475 day�1,
Lr � 3 mg/L, and Equation 4.98 gives the contribution of the distributed load to the
dissolved-oxygen deficit as

∆DBOD(x) � �
k
k

1

3

k
L

2

r� �1 � exp ���
k
V
2x��	 ��

(k2 �

k3L
k

r

1)k1

� �exp���
k
V
1x�� � exp ���

k
V
2x��	

∆DBOD(4000) ��
0
0
.5
.4
7
7
5
5
(0
(3
.7
)
)

� �1 � exp ���
0.7

2
(
5
4
9
0
2
00)

��	
� �exp ���

0.57
2
5
5
(
9
4
2
000)
��� exp ���

0.7
2
(
5
4
9
0
2
00)

��	
� 0.9 mg/L

Therefore, the distributed BOD load increases the dissolved-oxygen deficit by
0.9/7.7(100) � 12%. In the absence of the distributed BOD load, the dissolved-oxygen
concentration 4 km downstream of the wastewater discharge is 1.4 mg/L, and with a dis-
tributed BOD load the dissolved-oxygen concentration is 1.4 mg/L � 0.9 mg/L � 0.5 mg/L.
In either case, whether the distributed BOD load is present or not, the estimated dissolved-
oxygen level would be devastating to the indigenous aquatic life, which typically requires
about 5 mg/L of dissolved oxygen.

Sources and Sinks of Oxygen In cases where the river BOD originates from
both a wastewater source and distributed sources of BOD along the channel, where
the sources of oxygen are atmospheric reaeration and photosynthesis, and where the
sinks of oxygen are the demand of the discharged wastewater plus respiration and

0.475(3)
���
(0.7 � 0.575)(0.575)
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benthic oxygen demand along the channel, the oxygen deficit, D(x), along the channel
is given by

(4.101)

where ∆DS(x) is given by Equation 4.74, and ∆DBOD(x) is given by Equation 4.98. The
form of Equation 4.101 explicitly gives the contributions of distributed oxygen sources and
sinks on the oxygen deficit and provides a convenient form for assessing the relative
impact of the various oxygen sources and sinks on the dissolved oxygen in rivers.

Example 4.15 A wastewater treatment plant discharges effluent into a river that has a
mean velocity of 3 cm/s. Analysis of the waste discharge and distributed BOD input over
a 500-m river stretch indicates that the dissolved oxygen 500 m downstream of the waste
outfall is predicted to be 5 mg/L. In this analysis it is assumed that the reaeration constant
is equal to 0.7 day�1 and the average temperature of the stream is 20�C. Photosynthesis
within the river stretch is expected to generate 3 mg/L · day, plant respiration 1 mg/L · day,
and sediment oxygen demand 0.5 mg/L · day. Estimate the expected fluctuation in dis-
solved oxygen 500 m downstream of the outfall.

SOLUTION At 20�C the saturation concentration in the stream is 9.1 mg/L. From the
data given, DSF � ∆DBOD � 9.1 mg/L � 5 mg/L � 4.1 mg/L, k2 � 0.7 day�1, Sp � 3 mg/L · day,
Sr � 1 mg/L · day, and Sb � 0.5 mg/L · day. Since the average velocity in the river is 3 cm/s
(� 0.03 m/s), the time, T, to travel 500 m is given by

T � �
0
5
.
0
0
0
3

� � 16,667 s � 4.6 h

Since the travel time is less than the photoperiod, the most critical condition for dis-
solved oxygen 500 m downstream of the outfall is when the waste travels for 4.6 h in
darkness, photosynthesis is nonexistent, and both respiration and sediment oxygen
demand are exerted. In this case, the dissolved-oxygen deficit is given by Equations
4.101 and 4.74 as

D(x) � [DSF(x) � ∆DBOD(x)] � ∆DS(x) � [DSF(x) � ∆DBOD(x)]

� (Sr � Sb) �1 � exp ��k2�
V
x

��	
D(500) � 4.1 � (�1 � 0.5) 1 � exp ��0.7 ��

0
5
.
0
0
0
3

��	� � 5.6 mg/L

which corresponds to a dissolved-oxygen concentration of 9.1 mg/L � 5.6 mg/L� 3.5 mg/L.
When the 4.6 h travel time (over a distance of 500 m) occurs entirely during daylight

hours, respiration is nonexistent and both photosynthesis and sediment oxygen demand
occur. In this case, the dissolved-oxygen deficit is given by Equations 4.101 and 4.74 as

D(x) � [DSF(x) � ∆DBOD(x)] � ∆DS(x)

� [DSF(x) � ∆DBOD(x)] � (Sp � Sb) �1 � exp ��k2�
V
x

��	
D(500) � 4.1 � (3 � 0.5) 1 � exp ��0.7��

0
5
.
0
0
0
3

��	� � 1.6 mg/L

D(x) � DSF(x) � ∆DS(x) � ∆DBOD(x)
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which corresponds to a dissolved-oxygen concentration of 9.1 mg/L � 1.6 mg/L � 7.5 mg/L.
Therefore, the dissolved-oxygen concentration 500 m downstream of the waste discharge is
expected to fluctuate over the range 3.5 to 7.5 mg/L within 24 h. As you might expect, this
would cause significant stress to the indigenous aquatic life.

Dissolved Oxygen in Tidal Rivers and Estuaries The Streeter–Phelps model is
used widely in practice, and an understanding of the assumptions incorporated in the model
is essential for proper application. An important physical limitation of the Streeter–Phelps
model is the neglect of longitudinal dispersion that can be important in some cases, partic-
ularly in tidal rivers and estuaries, where longitudinal dispersion causes both upstream and
downstream effects on the dissolved oxygen. If longitudinal dispersion is considered, the
steady-state advection–dispersion equation for dissolved oxygen is given by the simultane-
ous solution of the equations

KL�
d
d

2

x
D
2

� � V�
d
d
D
x
� � k2D � k1L � 0 (4.102)

and

KL�
d
d

2

x
L
2

� � V�
d
d
L
x
�� k1L � 0 (4.103)

where KL is the longitudinal dispersion coefficient. Solving Equation 4.102 with the
boundary conditions

D � 0 at x � �∞, D � D0 at x � 0, D � 0 at x � �∞ (4.104)

and solving Equation 4.103 with the boundary conditions

L � 0 at x � �∞, L � L0 at x � 0, L � 0 at x � �∞ (4.105)

and combining the results gives the following expression for the oxygen deficit (Thomann
and Mueller, 1987; Schnoor, 1996):

(4.106)

where

m1 ��1����
4�k

V
1�K

2�L�� and m2 ��1����
4�k

V
2�K

2�L�� (4.107)

Values of m1 and m2 contain important dimensionless numbers that measure the relative
importance of dispersion and advection, where

�
k
V
1K

2
L�, �

k
V
2K

2
L� 
 20, dispersion predominates (4.108)

D(x) � �
L
k2

0k
�

1m
k1

1� �
m
1

1

�exp ��
2
V
K
x

L

� (1 � m1)� � �
m
1

2

� exp ��
2
V
K
x

L

� (1 � m2)	�, x � 0

�
L
k2

0k
�

1m
k1

1� �
m
1

1

�exp ��
2
V
K
x

L

� (1 � m1)� � �
m
1

2

� exp ��
2
V
K
x

L

� (1 � m2)	�, x � 0
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and

�
k
V
1K

2
L�, �

k
V
2K

2
L� � 0.05, advection predominates (4.109)

Equation 4.106 requires prior estimation of the aeration constant, k2, which can be done
using field measurements (gas tracer method) or any of the appropriate formulas in Table
4.8. However, the appropriate velocity to be used in these formulas must be selected
according to the following guidelines (Thomann and Mueller, 1987):

• When the net nontidal velocity, V0, is greater than the average tidal velocity, VT, use
the net nontidal velocity.

• When the average tidal velocity, VT, is greater than or equal to the net nontidal veloc-
ity, V0, use the average tidal velocity.

It should be noted that the average tidal velocity, VT, is given by

VT � �
T
2

��
0

T/2
v1 sin �

2
T
πt
�dt � �

π
2

� v1 (4.110)

for a sinusoidally varying tidal velocity with period T and amplitude v1.

Example 4.16 A tidal river has a mean velocity of 5 cm/s, a reaeration constant of
0.75 day�1, and a longitudinal dispersion coefficient of 120 m2/s. Wastewater is discharged
into the river, and after initial mixing the river has an ultimate BOD of 10 mg/L and a BOD
decay constant of 0.4 day�1. If the temperature of the river is 20�C, determine the oxygen
deficit 200 m downstream of the outfall. Assess whether consideration of longitudinal disper-
sion is important in predicting the effect of wastewater on dissolved oxygen levels in the river.

SOLUTION From the data given, V � 5 cm/s � 4320 m/day, k1 � 0.4 day�1, k2 � 0.75
day�1, KL � 120 m2/s � 1.04 	 107 m2/day, and L0 � 10 mg/L. Taking longitudinal disper-
sion into account, the dissolved-oxygen profile is given by Equation 4.106, where

m1 ��1����
4�k

V
1�K

2�L����1����4�(0�.4�(
)
4
(�1
3�
.
2
0�0
4�)

	
2�1�0�

7)
�� � 1.37

and

m2 ��1����
4�k

V
2�K

2�L�� ��1����� �1.63

Hence, Equation 4.106 gives the oxygen deficit 200 m downstream of the outfall as

D(200) ��
10

0
(
.
0
7
.
5
4
�

)(1
0
.
.
3
4
7)

� �1.
1
37
� exp ��2(

4
1
3
.0
2
4
0(

	

20
1
0
0
)
7)

� (1 � 1.37)	
� �

1.

1

63
� exp ��2(

4
1
3
.0
2
4
0(

	

20
1
0
0
)
7)

� (1 � 1.63)	�
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The dimensionless numbers given in Equations 4.108 and 4.109 are as follows:
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Comparing these with the limits given in Equations 4.108 and 4.109 indicates that both
advection and dispersion should be considered, but neither predominates.

Design criteria for wastewater discharges generally require that dissolved-oxygen lev-
els on the boundary of a mixing zone not fall below specified water-quality standards. In
these cases, the appropriate oxygen-deficit model can be used to estimate the allowable
BOD in the wastewater discharge.

4.5 RESTORATION AND MANAGEMENT

The primary water-quality-related problems encountered in rivers and streams include
(Novotny, 2003) (1) sedimentation and siltation of habitat; (2) low dissolved oxygen,
resulting in fish kills and stresses; (3) overuse of riparian areas; (4) stream channelization;
(5) drinking-water taste, odor, color, and organics problems; (6) toxic contamination of
sediments; and (7) poor fishing. Techniques that can be used in river and stream restora-
tion are divided into nonstructural and structural techniques. Nonstructural techniques are
broadly defined as any method that does not require physical alteration of a watercourse
or construction of a dam or other structure. Structural techniques range from “soft”
approaches, such as the use of tree trunks and branches to slow water velocity, to “hard”
engineering approaches, such as the use of gabion or riprap for bank stabilization.

4.5.1 Nonstructural Techniques

Nonstructural techniques for the restoration and management of rivers and streams typi-
cally include administrative or legislative policies and procedures that limit or regulate
some activity. The most common nonstructural techniques are as follows:

1. Flow regulation consists of reserving or reclaiming flow for in-stream uses such as
fishing, wildlife, and recreation.

2. Plantings create buffer zones that can be gradually reforested over time through
planting of trees, brush, herbaceous vegetation, and grass. Strips of forest along both banks
of a stream protect the stream from polluted runoff, and an example of a typical riparian
forest is shown in Figure 4.14. Practical guidance on riparian reforestation in urban water-
sheds can be found in Herson (1992). Important considerations in reforestation of stream
riparian zones include site assessment, soil preparation, species selection, planting tech-
niques, and long-term maintenance.

3. Pollution prevention techniques include regulating activities in the stream, riparian
zone, and surrounding watershed. For example, phasing construction to limit the amount
of disturbed area at any given time greatly reduces downstream suspended-sediment levels.
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FIGURE 4.14 Riparian forest. (From Stroud Water Research Center, 2005.)

FIGURE 4.15 Silt fence. (From State of North Carolina, 2005a.)
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The utilization of silt fences, such as shown in Figure 4.15, to protect rivers from dislodged
soil during construction is an effective pollution-prevention technique. Typically, silt fences
are installed alongside water bodies but may also be used effectively anywhere there is a
risk of erosion. Silt fences are temporary structures that can easily be knocked down or
washed away by large surges of water or material that result from heavy rainfall. Therefore,
they should be used as one tool available to prevent erosion and not considered as the only
solution. They may be removed once a site is permanently stabilized and the threat of accel-
erated erosion no longer exists. Streams that are affected by nutrient loads from lawn fertil-
ization can be improved by changing the type of fertilizer used or the frequency and timing
of fertilization. Nonstructural pollution abatement activities also include use of fencing
around streams and riparian zones, which is effective in excluding livestock and humans.

4. Propagation facilities are used to propagate aquatic species through incubation and
spawning and is a common approach where it is desirable to maintain fishing in an area
that otherwise would not have a sustainable sport-fish population. A fish hatchery on the
Columbia River is shown in Figure 4.16. Hatchery-raised fish may not always survive or
propagate in the wild; for example, salmon introduced into Lake Michigan have not been
reproducing and must be restocked continuously.

5. Land acquisition can protect a watercourse through maintenance of buffer zones
and prevention of potentially destructive land uses in the watershed. Land-acquisition
approaches can lead to the establishment of greenways, buffer strips, and parks. These can
be purchased by government or special foundations and trusts set up to provide such pro-
tection. For example, the state of Florida has created a fund by which riparian floodplain
lands along the main state rivers (e.g., St. Johns River) are being acquired and converted
to riparian wetlands and buffer zones. Similar programs exist in Wisconsin and Illinois.

6. Land-use regulation in the riparian zone and watershed is an effective legislative
approach to controlling pollution sources.

7. Biomanipulation is a fish-management technique that involves direct manipulation
of the fish community and other organisms that serve as prey, predators, or competitors
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FIGURE 4.16 Fish hatchery on the Columbia River. (From USACE, 2005e.)
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with the fish species of interest. Activities include game fish stocking, control of undesir-
able fish species, and prey enhancements to supplement food supplies.

4.5.2 Structural Techniques

Structural techniques for the restoration and management of rivers and streams are those
that require some type of physical alteration of the watercourse and may include alter-
ations to existing human-made structures, such as dams and levees. Structural stream-
restoration techniques include bioengineering techniques, bank-armoring techniques,
aquatic-habitat improvement methods, low-flow augmentation, in-stream and sidestream
aeration, fish ladders, removal of river impoundments, and removal of contaminated sedi-
ment. Descriptions of several of these techniques follow.

1. Bioengineering techniques use plants to replace natural stream bank stabilization in
situations where the stream bank has been eroded or lacks vegetation due to some destructive
process. Planting can provide more ecological benefits than erosion control through addition
of stream cover, shade, and improvement of bank-soil conditions. Native plant species are
recommended because they are generally adapted to local environmental conditions.

2. Bank armoring techniques use rock, wood, steel, and other conventional construc-
tion materials to stabilize stream banks. An example of riprap (rock) stabilization of a
stream bank is shown in Figure 4.17. Bank-armoring methods rarely provide significant
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FIGURE 4.17 Riprap stabilization of a stream bank. (From NRCS, 2005a.)
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ecological benefits other than erosion control unless they are combined with bioengineer-
ing techniques.

3. Aquatic habitat improvement methods involve improving aquatic habitat through
installation of certain in-stream structures. Disturbed streams often lack diverse morpho-
logical features, and habitat improvement structures can add gravel beds, structural com-
plexity, restricted flow, and riffles and pools. These features are important to allow
spawning and rearing areas for aquatic life. Selection of a particular technique or combi-
nation of techniques depends on current habitat deficiencies, watershed conditions, and the
current morphology and hydrology of the watercourse. An example of a constructed riffle
on the Brunswick River (Australia) is shown in Figure 4.18.

4. Low-flow augmentation provides cleaner diluting flow during times of water-quality
emergencies and/or to sustain proper ecological conditions for fish and aquatic life. The
source of the diluting flow may include upstream reservoirs, pumping from nearby water
bodies, or recycling (pumping) flows of cleaner and more diluted downstream flows. Using
highly treated effluents in effluent-dominated streams is also a feasible and acceptable
source of base flow. As an example, in Milwaukee, Wisconsin, cleaner Lake Michigan
water is pumped into harbor sections of the Milwaukee River during times of low oxygen
levels in the harbor. The amount of dilution water needed can be estimated by water-quality
models.

5. In-stream and sidestream aeration may be feasible for streams that exhibit low
dissolved-oxygen levels. Aeration is also used to supplement oxygen in streams that have
a low assimilative capacity to accept residual pollution by biodegradable organics, and the
control of residual pollution would be ineffective and/or its cost would cause a widespread
adverse socioeconomic impact. In-stream aeration is accomplished by turbine aeration in
power plants or by installation of floating or submerged aerators. More natural in-stream
cascades, spillways, and water falls may also provide additional oxygen. Sidestream
elevated pool aeration has been used to supplement oxygen in Chicago waterways that
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FIGURE 4.18 Constructed riffle on the Brunswick River, Australia. (From Australia Waters and
Rivers Commission, 2005.)
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receive an unusually high load of treated effluent. In sidestream aeration systems, water is
pumped by Archimedes screw pumps into an elevated pool and cascades back into the
water body (Butts, 1988; Butts et al, 1999). Both the pumps and cascading process supply
oxygen. A sidestream aeration structure located in Worth, Illinois, is shown in Figure 4.19.
Sidestream aeration appears to be more effective and aesthetic than in-stream aeration by
floating aerators. Aeration by air diffusers located on the bottom of streams are subject to
clogging.

Aeration is mostly a temporal measure that can be used (1) when summer low-oxygen
levels drop for a short time (such as during the night and early morning hours) below the
dissolved-oxygen limit for fish protection (4 to 6 mg/L depending on the type of fish); or (2)
during winter, when stream aeration is reduced by ice cover. Aeration may be particularly
useful for streams draining wetlands which exhibit dystrophic conditions (low dissolved
oxygen levels caused by high rates of decomposition of organic matter in the wetlands)
and as a supplement when the waste assimilative capacity of the water body is exhausted
because the water body receives loads of biodegradable organics that cannot be con-
trolled by removal at the source. The efficiency of aeration increases as the oxygen deficit
increases.

The oxygen-concentration increase at in-stream aeration locations can be estimated
using the relation (Novotny et al., 1989)

∆c � �
1
B
8

L

0
D
Q

� K� (4.111)

where ∆c is the oxygen-concentration increase at the aeration location (mg/L), BL is the
aeration power input (kW), D is the average oxygen deficit (%), Q is the flow (m3/s), and
K� is a coefficient representing the oxygen yield per kilowatthour at 50% average oxygen
deficit, which is the mean of the upstream and downstream deficit at the point of aeration
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FIGURE 4.19 Sidestream aeration in Worth, Illinois. (From Chicago Public Library, 2005.)
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at 20�C. When accurate data are not available, K� can be estimated from Table 4.10. For
weir and spillway aeration, the coefficient BL in Equation 4.111 can be estimated by

BL � gQh (4.112)

where h is the fall height.
Butts (1988) developed the following empirical equation to predict the weir-aeration

efficiencies for sidestream elevated pool aeration (SEPA) stations:

Po� 0.32Pi � 4.13N � 2.62H � 54.78 (4.113)

where Po is the output dissolved oxygen (% saturation), Pi is the input dissolved oxygen
(% saturation), N is the number of steps, and H is the total weir-system height (m).
Equation 4.113 was as developed for the temperature range 15 and 25�C.

6. Fish ladders are cascades of small basins that have an elevation differential that
migrating fish can easily overcome when moving upstream and also make it possible for
the fish to rest in the basins. A typical fish ladder is illustrated in Figure 4.20. Fish ladders
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TABLE 4.10 Aeration Coefficients

Aeration Mechanism K� (kg O2/kWh)

Cascades and rapids 1.5
Sharp-crested weir 0.6
Weirs and spillways 0.4
Turbine aeration 1.0
Surface aeration by floating 0.5

aerators
Diffuse aeration 0.4

FIGURE 4.20 Fish ladder on the Brooks River, Alaska. (From U.S. National Park Service, 2005a.)
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have been installed worldwide; however, experience with these installations on the
Columbia River in the Pacific northwest (in the United States) is mixed and have proven
insufficient to restore full salmon migration up the river.

7. Removal of river impoundments can be considered restoration techniques in addition
to construction of new structures or modification of existing structures. In the United
States many dams were built on streams for various purposes more than 100 years ago and,
in Europe, building stream weirs (low-head dams) for providing head to mills dates back
several centuries. Sediment has accumulated behind these dams from urban and rural
diffuse sources, wastewater discharges, and from combined sewer overflows. Often, the
impoundment today is filled with sediments, has ceased to function, and the sediments
contain toxic pollutants. The removal of the McGoldrick dam on the Ashuelot River (New
Hampshire) is shown in Figure 4.21.

8. Removal of contaminanted sediment is an important option in many cases. Some
sites with contaminated sediments have been declared as hazardous contaminated sites that
have to be cleaned up, and the most common cleanup methods are sediment removal and
sediment capping. The removal of sediment by dredging is illustrated in Figure 4.22.
Extreme caution must be taken when the sediment is dredged because of resuspension of
the contaminants and the possibility of contaminated sediment movement downstream. In
extreme cases, underwater dredging is not feasible and the river must be diverted from the
contaminated site for the site to be dredged, sediment removed to suitable landfill sites, and
the channel restored. Sediment capping is used in situations where the channel is not
aggrading and there is a steady supply of clean sediment from upstream. The contaminated
sediment is encapsulated by a clean cover with or without a geomembrane encapsulation.

A significant concern in many streams is accelerated stream bank erosion caused by
human-induced changes in the watershed. Such erosion increases sediment load and inhibits
aquatic life. Achieving natural stream stability plays an important role in minimizing stream
bank erosion and resultant sediment pollution. Natural stream stability is achieved by allow-
ing the stream to develop a stable profile and pattern and stable dimensions, so that the stream
system neither aggrades nor degrades. Preservation of stream geomorphology is an important
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FIGURE 4.21 Dam removal on the Ashuelot River, New Hampshire. (From U.S. Fish and Wildlife
Service, 2005a.)
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goal in the identification of stream reaches that require restoration, and aids in the develop-
ment of sustainable stormwater-management programs. The specialty area dealing with the
natural formation and equilibrium shape of rivers is fluvial geomorphology.

4.6 COMPUTER CODES

Several computer codes are available for simulating water quality in rivers. These codes
typically provide numerical solutions to the advection–dispersion equation or some other
form of the law of conservation of mass. Numerical solutions are produced at discrete
locations and times for multiple interacting constituents, complex boundary conditions,
spatially and temporally distributed contaminant sources and sinks, multiple fate
processes, and variable flow and dispersion conditions. In engineering practice, the use of
computer codes to apply the fundamental principles covered in this chapter is sometimes
essential. In choosing a code for a particular application, there is usually a variety of codes
to choose from. However, in doing work that is to be reviewed by regulatory agencies, or
where professional liability is a concern, codes developed and maintained by the U.S. gov-
ernment have the greatest credibility and, perhaps more important, are almost universally
acceptable in developing permit applications and defending design protocols on liability
issues. Several of the more widely used codes that have been developed and endorsed
by U.S. government agencies are described briefly here.

QUAL2E is the most widely used computer code for simulating streamwater quality.
This code is capable of simulating several interacting water-quality constituents in con-
nected (dendritic) streams that are well mixed across their cross section. The QUAL2E
code solves the one-dimensional advection–dispersion equation in the form
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FIGURE 4.22 Dredging of contaminated sediment. (From Seattle Daily Journal of Commerce,
2005.)
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where c is the tracer concentration [M/L3], Ax is the cross-sectional area of the channel
[L2], KL is the longitudinal dispersion coefficient, V is the mean flow velocity [L/T], k is
the first-order decay rate [1/T], and Sm is the internal mass influx [M/T · L3]. Equation
4.114 is solved numerically using a finite-difference scheme. The model can track several
water-quality constituents, including dissolved oxygen, temperature, BOD, available nitro-
gen, available phosphorus, coliforms, and algae as chlorophyll a. Application is limited to
simulating periods of constant flows and loads. The model allows specification of multiple
discharges, withdrawals, and incremental inflow and outflow and has the capability of cal-
culating required dilution flows to meet any specified dissolved-oxygen level. QUAL2E is
currently maintained by the EPA Center for Water Quality Modeling in Athens, Georgia.

HSPF (Hydrological Simulation Program–Fortran) is the flagship model in the USEPA
watershed-modeling system BASINS (see Chapter 9). The HSPF package is a series of
computer codes designed to simulate: watershed hydrology, land-surface runoff, and fate
and transport of pollutants in receiving waters. The hydrologic portion of the model
includes a hydrology model, a nonpoint-source estimation model, and a stream-routing
component based on the kinematic-wave approximation. The water-quality portion of the
model includes sediment-transport simulation (settling–deposition–scouring) for three
classes of particle sizes. Adsorption–desorption processes are calculated separately for
each particle class in both the water column and the sediments. Degradation–transformation
processes include hydrolysis, photolysis, oxidation, volatization, and biodegradation. Kinetic
reactions are simulated as second-order processes. Chemical reaction simulation includes
up to two secondary chemicals for each primary component. The model is limited in appli-
cation to one-dimensional systems in which the pollutants are well mixed over the entire
cross section. Zero-dimensional representation (lakes and other impoundments) implies
that pollutants are completely mixed throughout the water body, and that the water body
is not stratified. The model inputs are numerous and depend on the application. They may
include one or more of the following groups:

• Time-series inputs of air temperature, rainfall, evapotranspiration, channel inflows,
and wind

• Parameters such as channel geometry, soil moisture and vegetative conditions,
infiltration and interflow data, overland sediment mobility, and wash-off potential

• Water-quality constituents in interflow and ground water

• Agrichemical quality constituents’ data

• Reach/reservoir water-quality characteristics, coefficients, and kinetic rates

Typical outputs are pollutant concentrations. Yearly summaries include statistical
analysis of time-varying contaminant concentrations that can be used for risk assessment.

WASP 6 (Water Quality Analysis Simulation Program 6) (USEPA, 1988) simulates con-
taminant transport in streams in one, two, or three dimensions. The contaminants that can
be simulated include BOD, dissolved oxygen, and nutrients. WASP 6, one of the most ver-
satile multidimensional water-quality models in the public domain, is used for applications
to rivers, lakes, estuaries, and reservoirs. The model simulates constant and variable load-
ing and flow conditions. The model is linked to the hydrodynamic model DYNHYD5,
which can be used to determine flow conditions in any water body (Ambrose et al., 1992).
The WASP 6 code consists of two subprograms: EUTRO and TOXI. EUTRO can simulate
conventional pollutants (DO, BOD, nutrients, and eutrophication). TOXI describes sorption,
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volatization, ionization, photolysis, hydrolysis, biodegradation, and chemical oxidation and
is used for simulation of the fate of toxic pollution (organic chemicals, metals) and the
transport of sediments. TOXI also considers the transformation of pollutants in bottom sed-
iments. Both submodels can be operated at different degrees of complexity and sophistica-
tion. The model can simulate up to three classes of sediments and three chemicals (each
with up to five species and five physical forms) at a time. The model considers all biologi-
cal, chemical, and physical transformations–reactions of interest in aquatic environments.
The model was developed and is maintained by the U.S. Environmental Protection Agency.

SED2D simulates surface-water flow and cohesive sediment transport. It is a two-dimen-
sional depth-averaged dynamic model. The modeling system consists of separate computer
programs for hydrodynamic modeling, HYDRO2D, and cohesive sediment-transport mod-
eling, CS2D. The SED2D modeling system may be used to predict both short-term (less
than 1 year) and long-term scour and/or sedimentation rates in well-mixed bodies of water.
CS2D solves the advection–dispersion equation for nodal depth-averaged concentrations of
suspended sediment and bed-surface elevations. The processes of dispersion, aggregation,
erosion, and deposition are simulated. A layered bed model is used in simulating bed for-
mation and subsequent erosion. The model calculates flow and velocity fields, depth-aver-
aged sediment concentrations, erosion and deposition of bed, and bed formation.

HEC-6 is a one-dimensional transient numerical code developed by the U.S. Army
Corps of Engineers (USACE, 1991) that simulates sediment transport in river and reser-
voir systems with tributary inflows. This model can perform continuous simulation of
aggradation and degradation in streams and deposition in reservoirs.

Only a few of the more widely used computer models have been cited here. Certainly,
there are many other good models that are capable of performing the same tasks.

SUMMARY

Contaminants of concern in rivers and streams include suspended sediments, nutrients,
pathogens, oxygen-depleting substances, and toxic chemicals. These contaminants are
commonly discharged into streams from either point discharges or distributed (nonpoint)
discharges. Water-quality engineers must be able to predict contaminant loadings that are
consistent with a stream meeting prescribed water-quality standards. Such contaminant
loadings are at the core of both mixing-zone delineation and total maximum daily load cal-
culations that are an integral part of any restoration effort for impaired waters.

Mixing in streams occurs in all coordinate directions, with transverse mixing caused
mostly by turbulent diffusion, and longitudinal mixing caused mostly by shear dispersion
induced by transverse variations in the longitudinal velocity. A method is presented for cal-
culating the downstream distance required for complete cross-sectional mixing of point
discharges, and beyond this point further mixing can be described by the one-dimensional
(along-stream) advection–dispersion equation. Methods are presented for estimating the
contaminant concentration at the point of complete cross-sectional mixing, and for estimat-
ing the longitudinal dispersion coefficient from the stream-channel and flow characteristics.
Solutions to the advection–dispersion equation are given for both instantaneous point
discharges (spills) and continuous point discharges. In the case of instantaneous point dis-
charges, the theoretical concentration distribution resulting from the instantaneous spill of a
mass of contaminant that undergoes first-order decay is presented. This theoretical solution is
fundamental to predicting the impact of spills on downstream locations and in extracting
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the longitudinal dispersion coefficients from tracer tests. For spills of volatile organic com-
pounds, volatization is taken into account by using an effective first-order decay coefficient
in the advection–dispersion equation.

Continuous discharges of contaminants from point sources occur frequently in the cases
of treated domestic wastewater and other discharges of oxygen-demanding wastes. The clas-
sical theoretical analysis of such discharges is the Streeter–Phelps model, which accounts for
the oxygen demand of the stream–wastewater mixture balanced by reaeration at the water
surface. The Streeter–Phelps model can be used to estimate the minimum dissolved oxygen
in a stream that results from the discharge of an oxygen-demanding contaminant. Oxygen-
depleting processes not accounted for by the Streeter–Phelps model include nitrification,
photosynthesis, respiration, benthic oxygen demand, and the distributed input of oxygen-
demanding substances along the channel. Corrections to the Streeter–Phelps model to account
for these additional processes are presented. Parameters required to describe these process
include the reaeration rate, photosynthesis rate, and respiration rate; and these parameters can
be estimated from dissolved-oxygen measurements using the delta method. In tidal rives and
estuaries, the relative importance of dispersion to advection is increased, and an alternative
method to the Streeter–Phelps model (which neglects dispersion) is presented.

Approaches to the restoration and management of water quality in streams include both
nonstructural and structural approaches. Nonstructural approaches include flow regulation,
pollution prevention, and land acquisition; structural approaches include bank armoring,
stream aeration, and removal of contaminated sediment. Computer codes are commonly
used to facilitate the analysis of fate and transport processes in rivers, and recommended
codes include QUAL2E, HSPF, WASP 6, SED2D, and HEC-6.

PROBLEMS

4.1. A natural river has a top width of 18 m, a flow area of 75 m2, a wetted perimeter of
25 m, and the roughness elements on the wetted perimeter have a characteristic height
of 7 mm. If the flow rate in the river is 100 m3/s and the temperature of the water is
20�C, estimate the friction factor and the turbulent diffusion coefficients in the verti-
cal and transverse directions. [Hint: Use the hydraulic depth (� flow area/top width)
as the characteristic depth of the channel.]

4.2. (a) If the river described in Problem 3.14 has a characteristic roughness of 8 mm,
estimate the vertical and transverse mixing coefficients.

(b) If the outfall discharges the effluent across the entire bottom width of 6 m, esti-
mate the distance downstream to where the effluent is completely mixed across
the channel cross section.

4.3. A single-port outfall is located on the side of a stream that is 15 m wide and 3 m deep,
and the flow velocity in the stream is 2 m/s.

(a) If the friction factor is estimated to be 0.035 (calculated using the Colebrook
equation), how far downstream from the discharge location can the effluent be
considered well mixed across the stream? 

(b) How is this mixing distance affected if the single-port outfall is replaced by a 5-
m-long multiport outfall located in the center of the stream?

4.4. A regulatory mixing zone in a river extends 200 m downstream of a 5-m-long indus-
trial multiport outfall. The river has an average depth of 3 m, an average width of
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30 m, and an average velocity of 0.8 m/s; the outfall discharges 10 m3/s of wastewater
containing 5 mg/L of a toxic contaminant. It is estimated that the plume width on the
downstream boundary of the mixing zone is 15 m. Estimate the plume dilution on the
(downstream) boundary of the mixing zone.

4.5. A relatively clear river containing 5 mg/L of suspended solids has a temperature of
15�C and intersects a turbid river with a suspended-solids concentration of 35 mg/L
and a temperature of 20�C. If the discharge in the clear river is 100 m3/s and the dis-
charge in the turbid river is 20 m3/s, estimate the suspended-solids concentration and
temperature downstream of the confluence of the two rivers.

4.6. A river is 30 m wide, 3 m deep, and has a typical roughness height of 5 mm. If the
average velocity in the river is 15 cm/s, determine the values of the longitudinal and
transverse dispersion coefficients that should be used to make conservative estimates
of mixing in the river.

4.7. Stream depths and vertically averaged velocities at 1-m intervals across a 10-m-wide
stream are given in Table 4.11. If the friction factor is 0.04, estimate the longitudinal
dispersion coefficient across the channel using the formulas in Table 4.1.
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TABLE 4.11 Data for Problem 4.7

Distance  Distance 
from Side, Depth, d Velocity, v from Side, Depth, d Velocity, v
y (m) (m) (m/s) y (m) (m) (m/s)

0 0.0 0.0 6 3.6 2.4
1 0.30 0.45 7 2.2 1.5
2 1.30 0.90 8 1.20 0.75
3 1.8 1.20 9 0.70 0.45
4 2.1 2.1 10 0.0 0.0
5 4.5 3.0

4.8. Show that the maximum concentration at a distance x0 downstream from an instanta-
neous spill in a river occurs at a time t0 given by

t0 � �
x
V

0��� �
V
K
x
L

0
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V�K

x�L

0

���2���1�	
where V is the mean velocity in the stream and KL is the longitudinal dispersion
coefficient. Determine the values of KL/Vx0 for which t0 does not deviate by more
than 1% from x0 /V.

4.9. Fifty kilograms of a conservative contaminant is spilled into a river that has an aver-
age velocity of 1 m/s, is 10 m deep and 52 m wide, and has a friction factor on the
order of 0.04.

(a) Assuming that the contaminant is initially well mixed across the river, what max-
imum concentration is expected 150 m downstream of the spill?

(b) What value of KL would you use in your calculations if the width of the river
were 25 m?
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4.10. Fifteen kilograms of a contaminant is spilled into a stream 4 m wide and 2 m deep.

(a) If the average velocity in the stream is 0.8 m/s, the longitudinal dispersion
coefficient is 0.2 m2/s, and the first-order decay constant of the contaminant is
0.05 h�1, determine the maximum concentration in the stream at a drinking-water
intake 1 km downstream from the spill.

(b) How would this concentration be affected if the decay constant is actually one-
half of the estimated value?

4.11. The plume resulting from a spill of a conservative contaminant passes an observation
point 1 km downstream of the spill location, where the concentration as a function of
time is measured. If the river has a mean velocity of 25 cm/s and the concentration
distribution is observed to be Gaussian with a maximum concentration of 5 mg/L,
estimate the maximum concentration 1.5 km downstream of the spill location.

4.12. Derive Equation 4.35.

4.13. Dye is released instantaneously from a bridge across a river, and the dye concentra-
tions as a function of time are measured at locations 500 and 1000 m downstream of
the release location. The measured concentrations at the downstream locations are
given in Table 4.12. Estimate the longitudinal dispersion coefficient in the river.
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TABLE 4.12 Data for Problem 4.13

Time Concentration at Concentration at Time Concentration at Concentration at 
(min) x � 500 m (mg/L) x � 1000 m (mg/L) (min) x � 500 m (mg/L) x � 1000 m (mg/L)

0 0 0 16 0.17 0.35
1 0 0 17 0.04 0.73
2 0 0 18 0.01 1.1
3 0 0 19 0 1.9
4 0 0 20 0 2.7
5 0 0 21 0 1.9
6 0.03 0 22 0 1.1
7 0.05 0 23 0 0.67
8 0.12 0 24 0 0.41
9 0.45 0 25 0 0.21

10 0.92 0 26 0 0.07
11 2.3 0 27 0 0.03
12 3.3 0 28 0 0.01
13 2.3 0.02 29 0 0
14 1.1 0.04 30 0 0
15 0.57 0.22

4.14. If the river described in Problem 4.13 is 20 m wide and 5 m deep, estimate the mass
of dye that was used in the tracer study. Verify that the assumption of a conservative
dye is reasonable.

4.15. Henry’s constant, H, is an important parameter for estimating the volatization of
VOCs in streams. Use Equation 4.42 to estimate H for chloroethane, 1,2-dichlor-
oethane, and vinyl chloride at 20�C. Compare these values with the values of H
given in Table 4.5.
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4.16. A river water contains ethylbenzene (C8H10) at a concentration of 22 mg/L. Express
this concentration in mol/m3. The molecular weight of ethylbenzene is 106.17.

4.17. A river has a mean velocity of 7 cm/s, a width of 20 m, and a depth of 1.3 m. The
water and air temperatures are both 17�C, and the average wind speed is 8 m/s. 

(a) If the longitudinal dispersion coefficient in the river is 2.5 m2/s, estimate the
maximum concentration 10 km downstream of a location where 12 kg of tetra-
chloroethene has been spilled into the river.

(b) How far downstream from the spill would you expect to find tetrachloroethene
in the nonaqueous phase?

4.18. Drinking-water regulations in Florida require that TCE concentrations be less than
3 µ g/L, and it can reasonably be assumed that water treatment plants remove at least
99% of the TCE in source waters. The intake of a water treatment plant is located in
the river described in Problem 4.26, and you have been charged with developing a
contingency plan for possible TCE spills upstream of the water-supply intake. Your
plan is to be based on the scenario of a truck carrying 100 L of TCE running off the
road into the river and spilling 75% of the TCE into the river. What is the maximum
distance upstream of the intake that a spill will cause the intake to be closed tem-
porarily? State your assumptions. How would you supply water to the public while
the intake is closed?

4.19. Contaminants in rivers sometimes adsorb onto suspended solids in accordance with
the equilibrium relation c0 � Kc where c0 is the adsorbed concentration ( � mass of
contaminant per unit mass of suspended solids), K is an equilibrium constant [L3/M],
and c is the contaminant concentration in the water [M/L3]. Show that sedimentation
can be considered as a first-order decay process for contaminants in rivers. You have
been retained as a consultant to assess the impact of a spill of 10 kg of chlorobenzene
in the river described in Problem 4.25. The volatization coefficient is estimated to
be 0.52 day�1, the suspended-solids concentration is 7 mg/L, the adsorption constant,
K, for chlorobenzene is 4.27 cm3/g, and the average sedimentation velocity is
0.8 m/day. Assess the impact of the spill on the town’s water supply intake 1 km down-
stream of the spill location. The drinking-water standard for chlorobenzene is 0.1 mg/L.
Assess the relative importance of volatization and sedimentation on the expected con-
centration of chlorobenzene at the water-supply intake. If the city engineer decides to
shut down the water-supply intake when the river water at the intake exceeds the drink-
ing water standard, for approximately how long will the intake be shut down?

4.20. Estimate the reaeration rate in a stream that is 10 m wide and 2 m deep (on average),
has a slope of 4 	 10�5, and has a flow rate of 2 m3/s. The stream temperature is 20�C
and the dissolved-oxygen concentration is 7 mg/L. How would the reaeration rate be
affected if the temperature in the river dropped to 15�C?

4.21. A small stream has a mean depth of 0.3 m, a mean velocity of 0.5 m/s, a discharge
rate of 0.3 m3/s, and a slope of 0.1%. Compare the values of the reaeration rate con-
stants estimated using the formulas given in Table 4.8. Comment on your results.

4.22. After initial mixing of a wastewater discharge in a 5-m-deep river, the dissolved-
oxygen concentration in the river is 7 mg/L and the temperature is 22�C. The aver-
age flow velocity in the river is 6 cm/s.
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(a) If the ultimate BOD of the mixed river water is 15 mg/L, the rate constant for
BOD at 20�C is 0.5 day�1, and the reaeration rate constant at 20�C is 0.7 day�1,
estimate the minimum dissolved-oxygen concentration in the river.

(b) How far downstream of the outfall location will the minimum dissolved-oxygen
concentration occur?

4.23. After initial mixing of the wastewater discharged in Problem 3.14, the 5-day BOD
of the river water is 15 mg/L and the dissolved-oxygen concentration is 2 mg/L. If
the temperature of the river water is 25�C, estimate the dissolved-oxygen concen-
tration 500 m downstream of the discharge. Does the minimum dissolved-oxygen
concentration occur within 500 m of the outfall?

4.24. Measurements in a river indicate that the BOD and reaeration rate constants are 0.3
and 0.5 day�1, and the ultimate BOD of the river water after mixing with a waste-
water discharge is 20 mg/L. If the average velocity in the river is 5 cm/s and the sat-
uration concentration of dissolved oxygen is 12.8 mg/L, determine the initial
dissolved-oxygen concentration of the mixed river water at which the minimum dis-
solved-oxygen concentration will occur at the outfall.

4.25. A river adjacent to a small town has an average width of 20 m, an average depth of
2.4 m, a discharge of 8.7 m3/s, and an average roughness height on the channel
boundary of 25 cm. The town plans to construct a wastewater outfall in the river and
discharge wastewater through two 6-m-long diffusers extending from both sides of
the river. The diffusers are expected to induce complete vertical mixing. The waste-
water discharge is expected to be 0.1 m3/s with a BOD5 of 30 mg/L and a dissolved-
oxygen concentration of 2 mg/L. The natural river has a BOD5 of approximately
10 mg/L, and a dissolved-oxygen concentration of 8.1 mg/L, which is 2 mg/L below
the saturation concentration of oxygen in the river.

(a) How far downstream of the discharge location will the wastewater be well
mixed across the river? Call this location X.

(b) If the rate constants for BOD and reaeration are 0.1 and 0.7 day�1, respectively,
and it is assumed that the wastewater is well mixed across the river at the out-
fall location, estimate the 5-day BOD and dissolved oxygen at location X.

(c) What conclusions can you draw from the results of this problem?

4.26. A dairy processing plant is planning to discharge wastewater at a rate of 5 m3/s into
a river that has a 7Q10 discharge of 30 m3/s. Available data indicate that the river has
a bottom width of 20 m, side slopes of 2:1 (H:V), depth of flow of 3 m at a discharge
of 35 m3/s, average roughness height of 1.5 cm, dissolved-oxygen concentration of
8.5 mg/L, 5-day BOD of 5 mg/L, temperature of 22�C, and average annual wind
speed over the river of 5 m/s. The milk processing waste will have negligible dis-
solved oxygen and be at approximately the same temperature as the river.
Laboratory tests on the combined river water and wastewater indicate that the BOD
decay factor of the mixed water is 0.15 day�1 at 22�C. The dairy plant is to be
located in a state where the dissolved oxygen in the stream is required by law to be
greater than or equal to 5.0 mg/L, and the boundary of the mixing zone is located
800 m downstream of the wastewater discharge.

(a) Calculate the required length of the outfall such that complete cross-sectional
mixing occurs at approximately 100 m downstream of the outfall. Does
significant decay in BOD occur during cross-sectional mixing?
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(b) Using the calculated outfall length, estimate the dissolved oxygen in the river
100 m downstream of the outfall, and find the maximum 5-day BOD of the dairy
wastewater that will cause the river to meet the dissolved-oxygen criteria on the
boundary of the mixing zone.

4.27. Treated domestic wastewater is discharged into a river with an average stream veloc-
ity of 20 cm/s and an estimated reaeration coefficient of 0.4 day�1. The TKN of the
mixed wastewater discharge is 0.9 mg/L and the nitrification rate constant is esti-
mated to be 0.5 day�1.

(a) Estimate the oxygen deficit due to nitrification 10 km downstream of the waste-
water discharge.

(b) If the theoretical oxygen deficit neglecting nitrification is 5.5 mg/L, what is the per-
cent error incurred by neglecting nitrification?

4.28. Repeat Problem 4.22 accounting for a respiration oxygen demand of 3 g/m2 · day and
a benthic oxygen demand of 5 g/m2 · day. Determine the initial dissolved oxygen
deficit that will cause the critical oxygen level to occur at the outfall.

4.29. A section of a slow-moving river has diurnal dissolved-oxygen variations where the
minimum dissolved oxygen deficit occurs 3 h after solar noon, dissolved oxygen that
varies over a range of 7.5 mg/L, and a daily mean oxygen deficit of 1.5 mg/L. If the
photoperiod is 12 h, use the delta method to estimate the reaeration constant, mean
photosynthesis rate, and mean respiration rate. How do these results compare with
those obtained using the approximate delta method?

4.30. A waste effluent is discharged into a river that has a mean velocity of 5 cm/s and a
temperature of 20�C. After initial mixing across the river, the dissolved-oxygen con-
centration of the mixed river water is 5 mg/L, the ultimate BOD is 25 mg/L, the lab-
oratory rate constant for BOD decay in the river water is 0.4 day�1, and the
reaeration constant is estimated to be 0.8 day�1. Lateral distributed BOD sources
extend 5 km downstream of the discharge location, and the distributed BOD sources
have an average ultimate BOD of 4 mg/L. BOD removal by sedimentation is esti-
mated to increase the BOD decay rate by 15%, and adsorption by benthic slimes
decreases the BOD decay rate by 10%. Assess the impact of the distributed BOD
input on the oxygen concentration 5 km downstream of the discharge location.

4.31. A waste effluent is discharged into a river that has a mean velocity of 6 cm/s.
Analysis of the waste discharge and distributed BOD input over a 1-km section of
the river indicates that the dissolved oxygen 1 km downstream of the waste outfall
is expected to be 8 mg/L, where it is assumed that the reaeration constant is equal to
0.8 day�1 and the average temperature of the stream is 20�C. Photosynthesis within
the river section is expected to generate 7 mg/L · day, plant respiration 4 mg/L · day,
and sediment oxygen demand 2 mg/L · day. Estimate the fluctuation in dissolved
oxygen expected 1 km downstream of the outfall.

4.32. A wastewater is discharged into a large tidal river that has a mean velocity of 5 cm/s,
a reaeration rate constant of 0.6 day�1, and a longitudinal dispersion coefficient of
30 m2/s. After initial mixing of the wastewater, the river has an ultimate BOD of
15 mg/L and a BOD decay constant of 0.3 day�1. Account for longitudinal disper-
sion in determining the oxygen deficit 1 km downstream of the outfall. Assess
whether it is important to consider longitudinal dispersion in this case.
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CHAPTER 5

LAKES AND RESERVOIRS

5.1 INTRODUCTION

Lakes represent a large proportion of the world’s readily available water supply, and the
importance of lakes in a given region depends partly on their numbers and distribution. In
Scandinavia, for example, lakes occupy almost 10% of the total land area, whereas lakes
occupy less than 1% of the total land area in China and Argentina. It is estimated that there
are about 3 to 6 million natural lakes in the world, covering an area of about 1.6 to 3 million
square kilometers (Jørgensen et al., 2005). The study of lakes is an area of geophysics
called limnology.

Lakes are large reservoirs of water in which currents are driven primarily by wind.
Other factors that influence the distribution of currents in lakes include the bathymetry,
density distribution, and inflow and outflow characteristics. A typical lake view is shown
in Figure 5.1. Lakes that intersect the ground-water table and interact significantly with the
ground water are called seepage lakes; the water levels in these lakes fluctuate as the
ground-water table fluctuates. Lakes fed primarily by inflowing streams are called
drainage lakes. Sources of water input to lakes in general include precipitation, stream
inflow, and ground-water inflow; outflows from lakes include evaporation, outflow to
ground water, and artificial withdrawals for such uses as water supply and irrigation. The
quantification of ground-water flow into lakes is still an evolving area with a significant
amount of uncertainty, and conventional practice is to use seepage meters to measure
ground-water inflow to lakes (Schneider et al., 2005).

Freshwater systems are classified as lentic (standing) or lotic (flowing). Lentic systems
such as lakes, reservoirs, and ponds are more susceptible to pollution than lotic systems
because they act as sinks, retaining pollutants; lotic systems such as streams and rivers have
more tendency to flush pollutants downstream. More specifically, lakes and reservoirs differ

Water-Quality Engineering in Natural Systems, by David A. Chin
Copyright  2006 John Wiley & Sons, Inc.
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from rivers and streams in several important ways (James, 1993): (1) lakes rarely receive
discharges of organic matter large enough to cause serious oxygen depletion; (2) lakes
have significantly longer retention times than most rivers; and (3) the principal water-quality
gradients are in the vertical direction rather than in the longitudinal direction. Ponds are
typically smaller and shallower than lakes, with sunlight typically penetrating to the bot-
tom of a pond, where plants requiring photosynthesis can grow and the water temperature
throughout the water column varies little.

Natural processes responsible for lake formation include tectonism, volcanism, land-
slides, glaciation, fluvial processes, and meteorites. Natural lakes occur most often in
glaciated regions. Reservoirs are usually dammed rivers or stream valleys fed by a major
tributary. A key operational difference between natural lakes and (human-made) reservoirs
is that natural lakes tend to have uncontrolled outflows, whereas reservoirs have controlled
outflows. Elongated and dendritic shapes are typical of reservoirs created by damming
rivers, whereas natural lakes tend to be more circular. Lakes and reservoirs are both
impoundments, and there is usually more water-level fluctuation and better mixing in reser-
voirs than in lakes. Impounded water (versus running water) is sometimes defined as a
body of water having a detention time greater than or equal to 14 days (DeBarry, 2004).
Pollutant loads to reservoirs are usually greater than for lakes located in drainage basins
with similar land uses. This is due primarily to the fact that the drainage basins of reser-
voirs are generally larger than those of lakes. In a sample of lakes and reservoirs in the
United States, the ratio of drainage basin to water body area for reservoirs was on average
14 times higher than for lakes. Lakes and reservoirs have a variety of uses, including recre-
ation, water supply, hydropower, and flood control. Many features of natural lakes and
reservoirs are similar, and the approaches for their use and management are very similar
(Jørgensen et al., 2005).

Inland freshwater lakes and reservoirs provide the United States with 70% of its drink-
ing water and supply water for industry, irrigation, and hydropower. Lake ecosystems sup-
port complex and important food web interactions and provide habitat needed to support
numerous threatened and endangered species. In the United States, the most frequently
reported pollutants affecting lakes, reservoirs, and ponds are nutrients, metals, and siltation,

FIGURE 5.1 Typical lake view. (From U.S. National Park Service, 2005b.)
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with major pollutant sources being agriculture, hydromodification, urban runoff, and
storm sewers (USEPA, 1996c; USEPA, 2000a). Nutrients, primarily nitrogen and phos-
phorus, contribute to increased lake biomass, sometimes to undesirable levels. Significant
nutrient sources include agricultural runoff, industrial and municipal wastewater dis-
charges, and atmospheric deposition. Most reports of metal contamination in lakes are a
result of the detection of mercury in fish tissue (Nazaroff and Alvarez-Cohen, 2001), and
the major source of mercury contamination in lakes is thought to be atmospheric trans-
port and deposition from electrical power plants. As an indication of the scope of
the lake-pollution problem, 96% of the Great Lakes shoreline has been reported as im-
paired, due primarily to pollutants in fish tissue at levels that exceed standards to protect
human health. Over geologic time, lakes naturally fill with sediment, which tends to
deposit concentrically from the outer edges (where the velocities are the lowest) toward
the middle.

Water-pollution problems in impoundments such as lakes and reservoirs can be quite
persistent because of the long hydraulic detention times in these systems. The hydraulic
detention time, td, is defined by the relation

(5.1)

where VL is the (average) volume of the impoundment and Qo is the average outflow rate.
The hydraulic detention time is sometimes called the retention time or residence time. To
give an idea of typical time scales, detention times in large lakes are typically on the order
of years, while the detention times for water in rivers and streams are typically on the order
of days (Baumgartner, 1996). Detention times in lakes and reservoirs are typically
classified as short if less than one year and long if they are more than one year. In lakes or
reservoirs with short detention times, the degree of stratification depends on the detention
time, whereas for long detention times (�1 year) stratification can be fully developed and
independent of the detention time. In cases of very short detention time (�14 days),
stratification does not develop (Jørgensen et al., 2005).

Example 5.1 The volumes and outflow rates for the Great Lakes are shown in Table 5.1.
Determine the detention times for the Great Lakes.

SOLUTION Using Equation 5.1 yields the result shown in Table 5.2. Based on these
results, the detention times in the Great Lakes range from a low of 3 years in Lake Erie to
a high of 179 years in Lake Superior.

td � �
Q
VL

o
�

TABLE 5.1 Data for Example 5.1

Lake Volume (109 m3) Outflow (109 m3/yr)

Superior 12,000 67
Michigan 4,900 36
Huron 3,500 161
Ontario 1,634 211
Erie 468 182

Source: Chapra and Reckhow, (1983).
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Taking the surface area, AL, of a lake as a measure of its volume, VL, and taking the
drainage area, AD, as a measure of the average inflow and outflow, Qo, from the lake, the
detention time, td (days), of a natural lake can be estimated by the empirical relation
(Bartsch and Gakstatter, 1978)

(5.2)

This equation applies only to natural lakes with uncontrolled discharges. It is important to
note that long detention times do not necessarily correspond to large lakes, since small
lakes with small outflow rates can have detention times comparable to those of large lakes
with large outflow rates. Most natural lakes are fed by one or more streams and emptied
by one outflow channel (Ramaswami et al., 2005).

Example 5.2 A natural lake has an estimated volume of 9 � 105 m3, a surface area of
85,000 m2, and an average uncontrolled outflow rate of 310 m3/day. Estimate the hydraulic
detention time in the lake and the drainage area that contributes runoff into the lake.

SOLUTION From the data given, VL � 9 � 105 m3, Qo � 310 m3/day, and Equation 5.1
gives the hydraulic detention time, td, as

td � �
Q
VL

o
� � �

9 �

31
1
0
05

� � 2900 days � 8.0 years

The detention time can be related empirically to the drainage area, AD, by Equation 5.2.
Taking AL � 85,000 m2, Equation 5.2 gives

log10 td � 4.077 � 1.177 log10 �
A
A

D

L
�

or

log10 2900 � 4.077 � 1.177 log10 �
85

A
,0

D

00
�

which leads to

AD � 2.8 � 105 m2

Hence, the estimated drainage area is about 3.3 times the size of the lake.

log10 td � 4.077 � 1.177 log10 �
A
A

D

L
�, 1 day � td � 6000 days

TABLE 5.2 Results for Example 5.1

Lake VL (109 m3) Qo (109 m3/yr) td (years)

Superior 12,000 67 179
Michigan 4,900 36 136
Huron 3,500 161 22
Ontario 1,634 211 8
Erie 468 182 3

c05.qxd  4/7/06  1:42 PM  Page 195



196 LAKES AND RESERVOIRS

The reciprocal of the residence time is called the flushing rate. Impoundments with
longer residence times (in months and years) typically have water-quality problems such
as excessive biological productivity. The minimum residence time required for algae
growth and development is at least several weeks (Novotny, 2003).

With low velocities and long detention times, most lake environments are favorable to
sedimentation, resulting in most of the incoming sediments, and many of the organisms
that grow and die in the lake, accumulating at the bottom of the lake. Over extended peri-
ods of time, sedimentation can change the character of a lake permanently, greatly increas-
ing its organic content and ultimately converting it to a silted pond, swamp, marsh, or other
type of wetland (Lamb, 1985; Novotny, 2003).

The hydraulic loading and shape factor are two parameters that are useful indicators of
the biological productivity potential of lakes. Hydraulic loading, Qs (in m/yr), is defined
by the relation

Qs � �
Q
A

� (5.3)

where Q is the annual inflow to the lake (m3/yr) and A is the surface area of the lake (m2).
The biological productivity potential of an impoundment is inversely proportional to the
hydraulic loading, Qs. The shape factor is defined as the length of the impoundment
divided by its width. Elongated valley reservoirs (shape factors �� 1) are less amenable to
excessive biological productivity than are circular open lakes (shape factor �1).

The shallow water near the shore of an impoundment in which rooted (emergent) water
plants (macrophytes) can grow is called the littoral zone. Littoral zones in lakes and reser-
voirs are essential for spawning and fish development, and therefore desirable lake depths
should not be uniform and the bottom relief should provide a variety of landscapes. Deeper
oxygenated zones are used for escape from summer warmer temperatures in the littoral
zone. The extent of the littoral zone depends on the slope of the lake bottom.

5.2 NATURAL PROCESSES

Natural processes that typically dominate the water quality of lakes and (human-made)
reservoirs are the same, and to facilitate discussion, these processes will be covered in the
context of lakes but apply equally well to reservoirs. Several of the major processes
affecting the water quality in lakes are described in the following sections.

5.2.1 Flow and Dispersion

Water movement in lakes influence the distribution of nutrients, microorganisms, and plank-
ton and therefore affects biological productivity and the biota. Lake currents are driven pri-
marily by wind, inflow/outflow, and the Coriolis force. For small shallow lakes, particularly
long and narrow lakes, inflow/outflow characteristics are most important, and the predomi-
nant current is a steady-state flow through the lake. For very large lakes, wind is the primary
generator of currents, and except for local effects, inflow/outflow have a relatively minor
effect on lake circulation. The Coriolis effect, a deflecting force that is a function of the
Earth’s rotation, also plays a role in circulation in large lakes such as the Great Lakes.

Typical wind-induced circulation regimes in shallow and deep lakes are illustrated in
Figure 5.2, where the main difference is that shallow lakes tend to have a single circulation
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cell, whereas deeper lakes tend to have more than one circulation cell. Wind-induced surface
currents, called wind drift, are typically on the order of 2 to 3% of the wind speed. Lakes are
typically classified as shallow if they are less than 7 to 10 m in depth, and deep if they are
more than 10 m in depth; in some cases, deep lakes are defined as those with depths greater
than 5 m (Novotny, 2003). However, the circulation pattern in a lake depends significantly on
the surface area of the lake, since lakes with larger surface areas experience greater wind force
and have a greater tendency to form a single circulation cell. Consequently, it is the ratio of
the water body surface area to its depth that dictates whether a water body is shallow or deep.

Lake Okeechobee in Florida is an example of a large shallow lake where the currents are
primarily wind driven. Lake Okeechobee has a surface area of approximately 1900 km2 and
an average depth of about 3 m. Chen and Sheng (2005) have demonstrated that wind-gen-
erated flows in the lake are sometimes sufficient to stir up a significant amount of bottom
sediment. The phosphorus desorbed from the increased suspended sediment in the water
column contributes significantly to phosphorus concentrations in the lake, which typically
range from 50 to 100 µg/L (Schelske, 1989). This implication of this result is that adequate
prediction of the phosphorus concentrations in Lake Okeechobee requires a circulation
(hydrodynamic) model combined with both a sediment-transport model to describe the sed-
iment fluidization and resuspension process and a water-quality model to describe the rela-
tionship between adsorbed and dissolved phosphorus. If Lake Okeechobee were a deep
lake, wind-induced currents would probably not cause significant sediment suspension, and
a simpler description of the fate and transport of phosphorus would be possible.

5.2.2 Light Penetration

Transmission of light through the water column influences primary productivity (growth
of phytoplankton and macrophytes), distribution of organisms, and behavior of fish. The
reduction of light penetration through the water column of a lake is a function of scatter-
ing and absorption. Light transmission is affected by the water-surface film, floatable and
suspended particulates, turbidity, populations of algae and bacteria, and color. In a typical
clear lake, 50% of the incident sunlight is absorbed in the upper 2 m, and very little light
energy penetrates more than 10 m below the water surface (Wetzel, 1975).

An important measure based on the transmission of light is the depth to which photosyn-
thetic activity is possible. The minimum light intensity required for photosynthesis has been
established to be about 1% of the incident surface light (Cole, 1979). The portion of the lake
from the surface to the depth at which the 1% intensity occurs is called the euphotic zone,
the depth at which net photosynthesis is equal to zero is called the compensation depth,

Wind

(b)

Wind

(a)

FIGURE 5.2 Wind-induced circulation in lakes: (a) shallow lake; (b) deep lake. (From Chin,
David A., Water-Resources Engineering. Copyright © 2000. Reprinted by permission of Pearson
Education, Inc., Upper Saddle River, NJ.)
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compensation point, or compensation limit. The lower limit of the euphotic zone occurs at
approximately this location. Below the euphotic zone is the aphotic zone, where light pene-
tration is negligible. Benthic plants do not exist in the aphotic zone (due to lack of light), and
many lakes are sufficiently deep or turbid to prevent the development of benthic plants except
in the immediate vicinity of the shoreline. If nutrients are abundant in the aphotic zone, pro-
duction in the euphotic zone will subsequently increase if aphotic-zone water is mixed with
euphotic-zone water, a process that occurs regularly in all aquatic systems (Laws, 2000).

5.2.3 Sedimentation

Deposition of sediment received from the surrounding watershed is an important physical
process in lakes. Because of the low water velocities in lakes, sediments transported by
inflowing waters tend to settle out. Sediment accumulation rates are strongly dependent both
on the physiographic characteristics of the lake watershed and on various other characteris-
tics of the lake. An extreme example of the result of excessive sedimentation is Kingman
Lake shown in Figure 5.3. Kingman Lake is located in the District of Columbia. In general,
prediction of sedimentation rates can be estimated by either periodic sediment surveys or esti-
mation of watershed erosion and bed load. Accumulation of sediment in lakes can, over many
years, reduce the life of the water body by reducing the water-storage capacity. Sediment flow
into a lake also reduces light penetration, eliminates bottom habitat for many plants and ani-
mals, and carries with it absorbed chemicals and organic matter that settles to the bottom and
can be harmful to the ecology of the lake. Where sediment accumulation is a major problem,
proper watershed management including erosion and sediment control must be put into effect.

5.2.4 Eutrophication and Nutrient Recycling

Primary production refers to the photosynthetic generation of organic matter by algae,
plants, and certain bacteria; and secondary production refers to the generation of organic
matter by nonphotosynthetic organisms that consume the organic matter originating from

FIGURE 5.3 Kingman Lake. (From USEPA, 2005h.)
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primary producers. Based on the level of (biological) productivity, water bodies such as
lakes and rivers can be classified in terms of their trophic state as oligotrophic (poorly
nourished), mesotrophic (moderately nourished), eutrophic (well nourished), and hypereu-
trophic (overnourished). These classes of lakes are described as follows:

1. Oligotrophic lakes have low biological productivity and are characterized by low
algal concentrations and high water clarity. The water is clear enough so that the bottom can
be seen at considerable depths. Lake Tahoe on the California–Nevada border, Crater Lake
in Oregon, and the blue waters of Lake Superior are classic examples of oligotrophic lakes.

2. Mesotrophic lakes are intermediate between oligotrophic and eutrophic lakes.
Although substantial depletion of oxygen may occur in the lake due to plant respiration and
decomposition, the lake water remains aerobic. A mesotrophic lake condition is preferred for
recreational, water-quality, and game-fishing reasons (DeBarry, 2004). Lake Ontario, Ice
Lake in Minnesota, and Grindstone Lake in Minnesota are all examples of mesotrophic
lakes.

3. Eutrophic lakes have high productivity because of an abundant supply of nutrients.
Eutrophic lakes typically have undesirable high algal concentrations. Highly eutrophic
lakes may also have large mats of floating algae that impart unpleasant tastes and odors to
the water. As algae complete their life cycle and die off, their decomposition by bacteria
and other organisms consumes oxygen and produces odors. The reduction in dissolved
oxygen can be sufficient to cause fish kills. Lake Okeechobee in Florida, Halsted Bay of
Lake Minnetonka in Minnesota, the Neuse River in North Carolina, and Lake Erie are all
examples of eutrophic waters.

4. Hypereutrophic lakes are extremely eutrophic, with a high algal productivity level and
intense algal blooms. They are often relatively shallow lakes with much accumulated organic
sediment. They have extensive dense weed beds and often accumulations of filamentous
algae. Recreational use of the waters in hypereutrophic lakes is often impaired. Examples of
hypereutrophic lakes are Onondaga Lake in New York and Upper Klamath Lake in Oregon.

There is a natural progression from the oligotrophic state through the eutrophic state as
part of the normal aging process that results from the recycling and accumulation of nutri-
ents over a long period of time, typically over a time scale of centuries (Stefan, 1994). For
example, nitrogen added to a lake is assimilated by algae; when the algae die, the bulk of
the assimilated nitrogen is released and is available for assimilation by living algae, in
addition to new nitrogen that is being added to the water body. Hence the nitrogen accu-
mulates in the lake and increases the nourishment level. This natural aging process can be
accelerated by several orders of magnitude as a result of large population densities and a
predominance of agricultural land use in the lake catchment area. However, left untouched,
many oligotrophic lakes have remained such since the last ice age (Davis and Masten,
2004). The process by which lakes become eutrophic is called eutrophication, and when
this process is accelerated by input of organic wastes and/or nutrients from anthropogenic
(human) sources, the process is called cultural eutrophication.

Eutrophication can have a number of deleterious effects, including (1) the excessive
growth of floating plants that decrease water clarity, clog filters at water-treatment plants,
and create odors; (2) significant fluctuations in oxygen and carbon dioxide levels associ-
ated with photosynthesis and respiration (in the euphotic zone), where low oxygen levels
can cause the death of desirable fish species; (3) an increased sediment oxygen demand
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(SOD) associated with the settling of aquatic plants, resulting in low dissolved oxygen lev-
els near the bottom of the water body; and (4) loss of diversity in aquatic ecosystems. An
example of an algae mat in a eutrophic lake is shown in Figure 5.4. Extensive mats of this
type are readily visible on satellite images. Eutrophication is not synonymous with pollu-
tion; however, pollution can accelerate the rate of eutrophication.

A general trend that results from eutrophication is an increase in the numbers of organ-
isms but a decrease in diversity of species, particularly among nonmotile species. Species
associated with eutrophic systems are sometimes less desirable than species characteristic of
oligotrophic systems. Cyanobacteria, which are frequently associated with organic nutrient
enrichment, are a class of organisms frequently associated with undesirable water-quality
conditions. Large-scale fish kills and the elimination of desirable species as a result of oxy-
gen depletion may constitute a serious eutrophication consequence in some aquatic systems.
High-elevation and high-latitude lakes can sustain only a few tolerant species of organisms
and fish, and due to the cold water temperatures, they may not be desirable for primary
contact recreation. Due to their aesthetic and natural values and due to the high sensitivity
of the resident aquatic biota, such water bodies require a high degree of protection.

Lakes that receive a major portion of their nutrients from internal sources are called
autotrophic, and those that receive a major portion of their nutrients from external sources
are called allotrophic. In related terminology, allochthonous nutrients are those originating
from the watershed contributing inflow to the lake, usually from nonpoint sources, while
autochthonous nutrient sources include nutrients stored in the lake water and sediments.

Aquatic plants, including algae, that grow in surface waters can be broadly classified
according to whether they move freely in the water or remain fixed in place, attached or
rooted. Plants that move freely in water are called phytoplankton (e.g., free-floating algae);
attached plants include periphyton (e.g., attached or benthic algae) and macrophytes
(rooted, vascular aquatic plants). The types of fixed plant communities are varied and
depend on the depth and clarity of the water. The level of eutrophication in lakes and reser-
voirs is usually measured by the amount of phytoplankton per unit volume of water, with
commonly used measures including (1) total dry weight (g/L), (2) carbon contained in

FIGURE 5.4 Algae mat. (From Aber, 2002.)
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phytoplankton (mg/L), (3) chlorophyll a contained in phytoplankton (µg/L), or (4) oxygen
demand necessary to decompose the phytoplankton (mg O2/L). Chlorophyll a, one of the
green pigments involved in photosynthesis, is found in all algae, so it is used to distinguish
the mass of algae in the water from other organic material such as bacteria. Chlorophyll a
is a good indicator of algal concentrations and of nutrient enrichment. Excessive phyto-
plankton concentrations, as indicated by high chlorophyll a levels, cause adverse dissolved
oxygen (DO) impacts such as wide diurnal variation in surface DO due to daytime photo-
synthesis and nighttime respiration and depletion of bottom DO through the decomposi-
tion of dead algae. Chlorophyll a and organic carbon are the most commonly used
measures of plant concentration in lakes and reservoirs. When the concentration of phyto-
plankton algae during the late summer period exceeds a certain threshold nuisance value,
the situation is called an algae bloom. A satellite view of an algae bloom resulting from
excessive nutrients in surface runoff entering a lake is shown in Figure 5.5, where the algae
bloom corresponds to the lighter area.

At least 19 elements are essential for life, and these basic elements are collectively
called nutrients. Five of these nutrients are required in large amounts: carbon, hydrogen,
oxygen, nitrogen, and phosphorus. The first three (C, H, O) are readily available in either
water (H2O) or dissolved carbon dioxide (CO2) and are never long-term limiting factors for
aquatic plant growth. However, the concentrations of nitrogen and phosphorus dissolved
in natural waters are much lower, and it is usually one of these two elements that provides
the limiting factor for aquatic plant growth. Consequently, nitrogen and/or phosphorus are
usually considered responsible for eutrophication in natural water bodies. According to
Liebig’s law of the minimum, growth is generally limited by the essential nutrient that is
in lowest supply. If all nutrients are available in adequate supply, massive algal and macro-
phyte blooms may occur, with severe consequences for the lake. Most commonly in lakes,
phosphorus is the limiting nutrient for aquatic plant growth (Davis and Masten, 2004). In
these situations, adequate control of phosphorus, particularly from anthropogenic sources,
can control the growth of nuisance aquatic vegetation.

FIGURE 5.5 Satellite view of an algae bloom. (From NASA, 2002.)
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Nitrogen and phosphorus are discharged into surface waters primarily via agricultural and
urban runoff, municipal and industrial discharges, and combined sewer overflows.
Phosphorus and nitrogen usually occur in a variety of combined forms, and it is common to
quantify their concentrations in terms of total phosphorus (TP) and total nitrogen (TN). The
combined forms of phosphorus and nitrogen that contribute to TP and TN are illustrated in
Figure 5.6. Since not all components of TP and TN are available for uptake by phytoplank-
ton, it is important to delineate the components that are present in the water. The two princi-
pal components of TP are the dissolved and particulate forms. Dissolved phosphorus
includes several forms, of which dissolved reactive phosphorus (orthophosphate, PO4

3�) is
available for phytoplankton growth. Available phosphorus is commonly taken to be
orthophosphate that passes a 0.45-µm membrane filter (Schnoor, 1996). The principal com-
ponents of TN are organic, ammonia, nitrite (NO2), and nitrate (NO3) forms, of which ammo-
nia, nitrite, and nitrate forms are utilized by phytoplankton for growth.

The design of systems to control eutrophication are based on identifying the limiting
nutrient and determining the allowable nutrient levels to maintain a desirable concentra-
tion of plant biomass in the water. The limiting nutrient can be identified by comparing the
ratio of nitrogen to phosphorus (N/P) in the water that is available for plant growth to the
ratio of nitrogen to phosphorus required for plant growth. A consideration of the cell stoi-
chiometry of phytoplankton shows a phosphorus content of 0.5 to 2.0 µg/µg chlorophyll a
and a nitrogen content of 7 to 10 µg/µg chlorophyll a, indicating that a N/P ratio on the
order of 10 is utilized in plant growth. Hence, if the ratio of available nitrogen to available
phosphorus in the water significantly exceeds 10, phosphorus would be the limiting nutri-
ent, whereas if the N/P ratio in the water is significantly less than 10, nitrogen would be

[Total phosphorus]

[Total particulate]

[Total dissolved]

[Inorganic]

[Inorganic nitrogen][Ammonia nitrogen][Total nitrogen]

Complex dissolved
organic phosphorous

Dissolved reactive
phosphorus

(orthophosphorous)

(Available for
phytoplankton
growth)

(Available for
phytoplankton
growth)

[Organic]
[Detritus]

[Phytoplankton]
(a)

(b)

[Organic nitrogen]

[NO2 and NO3 nitrogen]

[Particulate]

[Dissolved]

[Detritus]

[Phytoplankton]

FIGURE 5.6 Components of total phosphorus and total nitrogen.  (From Chin, David A., Water-
Resources Engineering. Copyright © 2000. Reprinted by permission of Pearson Education, Inc.,
Upper Saddle River, NJ.)
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the limiting nutrient. A relationship developed by Stumm and Morgan (1962) indicated
that 1 atom of phosphorus and 16 atoms of nitrogen are needed to generate 154 molecules
of oxygen during photosynthesis (this ratio of nitrogen to phosphorus is called the Redfield
ratio), and Ryther and Dunstan (1971) reported that N/P ratio requirements for the growth
of microalgae are in the range 3 to 30, with an average of 16. An alternative approach to
determining whether nitrogen or phosphorus is the limiting nutrient is to plot the nitrogen
concentrations versus phosphorus concentrations on an arithmetic plot. The straight line of
best fit will intercept either the nitrogen or phosphorus abscissa, and the nutrient that is
exhausted first (determined by the intercept on the abscissa) is the limiting nutrient. In a
related approach, some studies have used the correlation of phosphorus and nitrogen lev-
els to chlorophyll a concentrations to identify the limiting nutrient (Gin and Neo, 2005).
The limiting nutrient is the one that is most correlated with chlorophyll a.

The control of eutrophication usually requires the specification of target biomass con-
centrations in terms of µg chlorophyll a/L (µg Chla/L); typical target biomass concentra-
tions in northern temperate lakes are in the range 1 to 4 µg Chla/L for oligotrophic lakes
and 5 to 10 µg Chla/L for eutrophic lakes. Many lake models assume a priori that phos-
phorus is the limiting nutrient, in which case the biomass (chlorophyll a) concentration, cb,
in a water body can be estimated based on the TP concentration. This approach implicitly
assumes a stable relationship between TP and available phosphorus (orthophosphate,
PO4

3�) and neglects other variables that affect algal growth, such as sedimentation, preda-
tion, nutrient recycling, and oxygen fluxes. Several empirical relations between cb and TP
are listed in Table 5.3, where cb and TP are in µg/L. The variety of formulas in Table 5.3
reflect the seasonal, climatic, ecological, and hydrologic variations between lakes. The
relations given in Table 5.3 should be used with caution since they are probably not valid
for all values of TP. According to Jørgensen et al. (2005), with increasing concentrations
of TP, the algal biomass first increases slowly, and then more rapidly, followed by an
almost linear rise until some asymptotic value of biomass is reached at high concentrations
of TP. A consequence of this nonlinear relation is that when the concentrations in a lake
are very high prior to external phosphorus load reductions, even a very significant decrease
in the phosphorus concentration does not necessarily result in a significant decrease in the
chlorophyll a concentration. It has been estimated that the phosphorus concentration
should be below 10 to 15 µg/L to limit algal blooms (Vollenweider, 1975). Total phospho-
rus concentrations of 10 and 20 µg/L are generally accepted as the boundaries between
oligotrophy and mesotrophy and eutrophy, respectively.

In municipal wastewaters with activated-sludge treatment (without phosphorus
removal), nitrogen tends to be the limiting nutrient; in mixed agricultural and urban runoff,
phosphorus tends to be the limiting nutrient. The limiting nutrients that are typical for

TABLE 5.3 Empirical Relations Between Biomass and TP Concentrations

Formula Reference

log10 cb � 1.55 log10 TP � 1.55 log10 Smith and Shapiro (1981)

log10 cb � 0.807 log10 TP � 0.194 Bartsch and Gakstatter (1978)

log10 cb � 0.76 log10 TP � 0.259 Rast and Lee (1978)

log10 cb � 1.449 log10TP � 1.136 Dillon and Rigler (1974)

6.404
���
0.0204 (TN/TP) � 0.334
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various water bodies are shown in Table 5.4. According to the U.S. National
Eutrophication Survey (USEPA, 1975), phosphorus is the limiting nutrient in most inland
waters of the United States, where approximately 90% of the lakes studied showed phos-
phorus as the limiting nutrient. Studies of stormwater detention ponds have also shown
phosphorus to be the limiting nutrient (Cullum, 1984). In marine systems, nitrogen is com-
monly found to be the limiting nutrient (Laws, 2000). More detailed analyses of the impact
of nutrients on lake ecosystems generally take into consideration the various ecological
zones listed in Table 5.5 and illustrated in Figure 5.7.

Example 5.3 (a) Water-quality measurements in a lake indicate that available phospho-
rus is on the order of 60 µg/L, and available nitrogen is about 2 mg/L. Is the lake nitrogen
or phosphorus limited? (b) If the concentration of total phosphorus (TP) is 90 µg/L and the
concentration of total nitrogen (TN) is 4 mg/L, estimate the biomass concentration and
trophic state of the lake.

SOLUTION (a) The ratio of available nitrogen to available phosphorus is 2 � 103/60 � 33.
Since this ratio is greater than 10, the lake is phosphorus limited.

(b) From the data given, TP � 90 µg/L and TN � 4000 µg/L, and using the formulas in
Table 5.1 we have the results shown in Table 5.6. Hence, the biomass concentration is

TABLE 5.4 Limiting Nutrients for Various Water Bodies

Nutrient Source Typical N/P Limiting Nutrient

Rivers and Streams

Point-source dominated
Without phosphorus removal ��10 Nitrogen
With phosphorus removal ��10 Phosphorus

Nonpoint-source dominated ��10 Phosphorus

Lakes

Large, nonpoint-source dominated ��10 Phosphorus
Small, point-source dominated ��10 Nitrogen

Source: Thomann and Mueller (1987).

TABLE 5.5 Ecological Zones in Lakes

Ecological Zone Description

Marginal The area immediately surrounding where land meets water
Littoral The area from the shoreline lakeward to where rooted plants can no

longer be supported
Pelagic The zone of open water from the littoral zone to the center of the lake
Euphotic The zone from the lake surface down to where light penetration

decreases to 1 to 10% of near-surface light
Profundal The zone of water and sediment occurring near the bottom of the lake

below the euphotic zone
Benthic The bottom stratum of the lake
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estimated to be in the range 17 to 52 µg/L. Based on this biomass concentration (�10 µg/L)
and the concentration of total phosphorus (�20 µg/L), the lake can be classified as
eutrophic.

Measures of Eutrophication It is important to note that eutrophication is not meas-
ured in a single, unique, unambiguous way (Stefan, 1994). Current methods measure
symptoms (e.g., phytoplankton concentrations, µg Chla/L) or causes (e.g., total phospho-
rus concentrations). Typical symptomatic criteria state that oligotrophic water bodies have
chlorophyll a concentrations less 4 µg Chla/L, mesotrophic water bodies have 4 to 10 µg
Chla/L, and eutrophic water bodies have more than 10 µg Chla/L. Typical causal criteria
are that oligotrophic water bodies have less than 10 µg TP/L, mesotrophic water bodies
have TP concentrations in the range 10 to 20 µg TP/L, and eutrophic water bodies have
more than 20 µg TP/L. Investigations of eutrophication problems in Wisconsin noted that
algal blooms occurred when the concentration of inorganic nitrogen (NH�

4, N�
2, and NO2�)

exceeded 0.3 mg/L and the concentration of inorganic phosphorus exceeded 10 µg/L
(Sawyer, 1947). It is important to keep in mind that algae uptake of nutrients is greatest
during the productive summer period, causing lower nutrient concentrations; therefore, the
critical nutrient concentrations should be measured during the winter or spring season, or
whenever lake overturning occurs.

Marginal zone

Light
penetration

Profundal zone

Benthic zone

Pelagic zone

Euphotic zone

Littoral zone

FIGURE 5.7 Ecological zones in lakes and reservoirs.

TABLE 5.6 Results for Example 5.3

Formula cb (µg/L)

Smith and Shapiro (1981) 52
Bartsch and Gakstatter (1978) 24
Rast and Lee (1978) 17
Dillon and Rigler (1974) 50
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Secchi depth is frequently used as an indicator of algal abundance and general lake pro-
ductivity. A Secchi disk is a circular plate divided into quarters painted alternately black
and white. The disk is attached to a rope and lowered into the water until it is no longer
visible; the depth of the Secchi disk at this point is the Secchi depth. An illustration of a
Secchi disk being deployed is shown in Figure 5.8. Clarity is affected by algae, sediment
particles, and other materials suspended in the water, and the Secchi depth is a measure of
water clarity. Higher Secchi readings indicate clear water, and lower readings indicate tur-
bid or colored water. Clear water lets light penetrate more deeply into the lake, and this
light allows photosynthesis to occur and oxygen to be produced. A rule of thumb is that
light can penetrate to a depth of 1.7 times the Secchi depth. Although it is only an indica-
tor, Secchi depth is the simplest and one of the most effective tools for estimating lake pro-
ductivity. For lakes that are phosphorus limited, the Secchi depth can be used to assess the
trophic status using the trophic status index (TSI), defined by (Carlson, 1977)

TSI � 60 � 14.43 ln(SD) (5.4)

where SD is the Secchi depth in meters. Using correlations between the chlorophyll a
concentrations, total phosphorus, and Secchi depth, the TSI can also be estimated by the
relations

TSI � {30.56 � 9.81 ln (Chla) (5.5)

4.14 � 14.43 ln (TP) (5.6)

FIGURE 5.8 Secchi disk. (Courtesy of Bob Carlson.)
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where Chla is the concentration of chlorophyll a in µg/L and TP is the concentration of
total phosphorus in µg/L. In assessing the efficacy of using Equations 5.4, 5.5, or 5.6 as
indicators of trophic status, it is important to note that the best indicator of trophic status
varies from lake to lake, and Secchi depth values may be erroneous in lakes where tur-
bidity is caused by factors other than algae. It has been reported that the TSI works best
as a trophic-state indicator in northern temperate lakes (Osgood, 1982) and performs
poorly in lakes with excessive weed problems (North American Lake Management
Society, 1990). Based on observations in several northern lakes, most oligotrophic lakes
had a TSI below 40, mesotrophic lakes had a TSI between 35 and 45, most eutrophic
lakes had a TSI greater than 45, and hypereutrophic lakes have a TSI greater than 60
(Sloey and Spangler, 1978; Krenkel and Novotny, 1980). In cases where the TSI is esti-
mated from independent values of SD, Chla, and TP using Equations 5.4 to 5.6, respec-
tively, the average TSI given by these three equations is used to measure the trophic state
(Jørgensen et al., 2005).

A summary of the criteria used to assess the trophic status of a lake are given in Table
5.7. The lack of a precise definition of trophic status makes it difficult to develop an accu-
rate engineering tool that would enable estimation of the stage of the eutrophication
process of a given water body.

5.2.5 Thermal Stratification

Thermal stratification in lakes can have a pronounced effect on water quality, since tem-
perature has a significant influence on the rates of chemical and biological reactions, and
strong temperature gradients can significantly limit the diffusion of dissolved oxygen from
the water surface to the bottom of a lake. Temperature and its distribution within lakes and
reservoirs affect not only the water quality within the lake but also the thermal regime and
quality of a river system downstream of the lake.

Three distinct classes of lakes are commonly identified: strongly stratified, weakly
stratified, and nonstratified. Strongly stratified lakes are typically deep and characterized
by horizontal isotherms, weakly stratified lakes are characterized by isotherms that are
tilted along the longitudinal axis of the lake, and nonstratified lakes are characterized by
isotherms that are essentially vertical, in which case the temperature distribution at any
location is roughly uniform with depth. Density stratification in lakes is due primarily to

TABLE 5.7 Trophic Status of Lakes

Water Quality Oligotrophic Mesotrophic Eutrophic Source

Total P (µg/L) �10 10–20 �20 USEPA (1974)
�10 10–30 �30 Nürnberg (1996)

Cholorophyll a (µg/L) �4 4–10 �10 USEPA (1974)
�3.5 3.5–9 �9 Nürnberg (1996)

Secchi disk depth (m) �4 2– 4 �2 USEPA (1974),
Nürnberg (1996)

Hypolimnetic oxygen �80 10–80 �10 USEPA (1974)
(% saturation)

Phytoplankton production 7–25 75–250 350–700 Mason (1991)
(g org. C/m2 . day)

Trophic status index �40 35–45 �45 Carlson (1977)
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temperature differences, although salinity and suspended solids concentrations may also
affect density. A simple approximation for the relationship between density of water, ρw,
temperature, T, and salinity, S, is given by (Cowley, 1968)

(5.7)

where T is in degrees Celsius and S is in parts per thousand. The aquatic community pres-
ent in a lake is highly dependent on thermal structure. The fundamental processes that
influence the thermal stratification of lakes are heat and momentum transfer across the lake
surface and gravity forces acting on density differences within the lake.

In warm summer weather, heat added at the surface of deep (�10 m) lakes is concentrated
in the top few meters, resulting in a warm, less dense layer that is well mixed, overlaying a
distinctly colder and weakly mixed lower layer. The well-mixed surface layer is called the
epilimnion; the weakly mixed lower layer is called the hypolimnion. The warmer epilimnion
is separated from the colder hypolimnion by a thin layer with a sharp temperature gradient
called the metalimnion or mesolimnion. The sharp temperature gradient in the mesolimnion
is called the thermocline, and in freshwater lakes, the thermocline is defined as having a min-
imum temperature gradient of 1�C/m. When a thermocline does not exist, the epilimnion and
hypolimnion are not defined (French et al., 1999; Davis and Masten, 2004). In shallow lakes
or shallow portions of deep lakes the thermocline eventually intercepts the lake bottom so
that no hypolimnion exists. The turbidity of lake waters has a strong influence on the thick-
ness of the epilimnion since surface heat attenuates rapidly in turbid waters. The depth of the
epilimnion is related to the size of the lake, where it can be as shallow as 1 m in small lakes
and as deep as 20 m or more in large lakes. Waters in the epilimnion tend to be well oxy-
genated, while waters in the hypolimnion tend to be low in oxygen.

In cool fall weather, the surface layers of deep lakes begin to cool and become more
dense than the underlying water, leading to a gravity circulation, supplemented by the
wind, that causes the lake waters to overturn and become better mixed. During winter,
lakes are usually unstratified except at higher latitudes where further cooling of the lake
below 4�C1 under cold winter conditions causes the surface layers of the lake to become
colder than 4�C, making them less dense than underlying water and the lake is again
stratified. As the temperature warms during the spring, the surface waters warm to 4�C,
becoming more dense than the underlying water and causing a turnover in the lake waters.
As warm summer weather returns, the lake tends to again become stratified, and the sea-
sonal cycle is complete. A typical example of the lake stratification cycle in a temperate
lake is illustrated in Figure 5.9, where the lake is stably stratified in the summer and win-
ter, with seasonal overturning in between.

Lakes can be classified on the basis of their annual pattern of overturning. These
classifications are as follows:

1. Amictic: lakes that never overturn and are permanently covered with ice, found in
the Antarctic and very high mountains.

2. Holomictic: lakes that mix from top to bottom as a result of wind-driven circulation.
Several subcategories are defined:

ρw � 1 � {10�3[(28.14 � 0.0735T � 0.00469T 2)
� (0.802 � 0.002T) (S � 35)]} g/cm3

1Recall that the maximum density of water occurs at 3.94�C.
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a. Oligomictic: lakes characterized by overturning that is unusual, irregular, and
short in duration; generally small to medium tropical lakes or very deep lakes.

b. Monomictic: lakes that undergo one regular overturn per year. Warm lakes in
which the winter temperature never drops below 4�C may be monomictic, as may
be cold lakes in which the summer water temperature never rises above 4�C. Lakes
in tropical regions and as far north as 40� latitude are generally monomictic. Cold
monomictic lakes are connected with high latitude and altitude and are frozen over
most of the year.

c. Dimictic: lakes that overturn twice a year, in the spring and fall, one of the most
common types of annual mixing in cool temperate regions such as central and east-
ern North America. Most lakes in temperate climates in which the summer water
temperature is above 4�C and the winter temperature is below 4�C are dimictic.

d. Polymictic: lakes that circulate frequently or continuously, cold lakes that are
continually near or slightly above 4�C, or warm equatorial lakes where air tem-
perature changes very little.

3. Meromictic: lakes that do not circulate throughout the entire water column. The
lower water stratum is perennially stagnant.

It is important to keep in mind that lakes in the tropics are characterized by a diurnal cli-
mate (day/night variability), compared with a seasonal climate that is characteristic of tem-
perate zones. Consequently, polymictic lakes are found more widely in tropical regions. On
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FIGURE 5.9 Lake stratification cycle. (From State of Wisconsin, 2005.)
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a practical note, inaccurate conclusions are sometimes made from water-quality measure-
ments taken in shallow tropical waters during morning hours when the water is mixed, as it
may become stratified and anoxic during the day. Lake and reservoir water-quality monitor-
ing in tropical regions must consider these daily differences much more strictly than in the
temperate regions, where differences in some variables such as pH, oxygen, and nutrient con-
centrations are not very pronounced over a period of a few hours (Jørgensen et al., 2005).

During stratification, the steep temperature gradient (i.e., thermocline) in the metal-
imnion suppresses many of the mass-transport phenomena that are otherwise responsible
for the vertical transport of water-quality constituents within a lake. In strongly stratified
lakes, the exchange of water and dissolved constituents between the epilimnion and
hypolimnion can be reduced to molecular diffusion rates.

Retardation of mass transport between the epilimnion and the hypolimnion results in
sharply differentiated water quality and biology between the lake strata, and one of the most
important differences between the layers is often dissolved oxygen. As oxygen is depleted
from the hypolimnion without being replenished, life functions of many organisms are
impaired, and the biology and biologically mediated reactions fundamental to water qual-
ity are altered. Since light is limited in the hypolimnion, algae that settle into this zone can
only respire, imposing an additional demand on the dissolved oxygen which, combined
with the benthic oxygen demand, causes the hypolimnion to become anoxic (i.e., devoid of
oxygen). Anoxic conditions in the hypolimnion trigger reducing chemical reactions, which
convert some chemical compounds from their more oxidized states into reduced ones.
Typically, reduced states of chemicals are more soluble in water. Anoxic conditions in the
bottom sediments cause dissolution of some metals, such as iron and manganese, which
interfere with potable uses of water. Some toxic compounds, such as mercury, can undergo
microbiological methylation in the bottom sediment, which makes them far more toxic than
their other forms. Similarly, phosphates are released from the sediments during conditions
of anoxia in the hypolimnion and in the sediments. Anoxic conditions in the hypolimnion
are typically most severe in meromictic lakes and less severe in holomictic lakes.

Nutrients released from the bottom sediments during stratified conditions are not avail-
able to phytoplankton in the epilimnion. However, during overturn periods, vertical mix-
ing distributes the nutrients through the water column. The high nutrient availability is
short-lived because the soluble reduced forms are rapidly oxidized to insoluble forms that
precipitate out and settle to the bottom. Phosphorus and nitrogen are also deposited on the
bottom of the lake through sorption to particles that settle to the bottom and as dead plant
material that is added to the sediments.

Thermal stratification is common in lakes located in temperate climates with distinct
warm and cold seasons. From a water-quality viewpoint, lake turnover brings nutrients from
lower layers into the surface layers, which have higher oxygen levels and more sunlight,
thereby stimulating biological productivity. Depth and wind have significant influences on
the thermal structure of lakes, with shallow lakes (�10 m) rarely stratifying for long peri-
ods, and very deep lakes (�30 m) generally remaining stratified on a long-term basis, either
permanently in tropical climates or seasonally outside the tropics (James, 1993). The sta-
bility of a lake can be measured by a densimetric Froude number, FrD, defined by

(5.8)FrD ��
�(∆�ρ�

V
	ρ�0)�g�d�
�
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where V is the average velocity in the lake, ∆ρ is the change in density over the depth, ρ0

is the average density of the water, g is the acceleration due to gravity, and d is the aver-
age depth of the lake. Measurements by Long (1962) in laboratory channels indicated that
if FrD ��/1/π � 0.32, the impoundment may become stratified; if FrD � 1/π, the impound-
ment is weakly stratified; and if FrD �� 1/π, the impoundment may be vertically mixed.
According to Tchobanoglous and Schroeder (1985), well-stratified lakes have FrD �� 0.1,
weakly stratified lakes have 0.1 � FrD � 1, and fully mixed lakes have FrD � 1. The aver-
age velocity, V, and the change in density, ∆ρ, are sometimes expressed in the forms

V � �
Q
V

L

L

� (5.9)

∆ρ � βd (5.10)

where Q is the volumetric discharge through the impoundment (lake or reservoir), L is the
length of the impoundment, VL is the volume of the impoundment, and β is the average
density gradient, defined as the change in density per unit depth. For freshwater impound-
ments, β and ρ0 are commonly approximated by 10�3 and 1000 kg/m3, respectively.

Example 5.4 Measurements in a 10-m-deep lake show a mean velocity of 10 cm/s and a
density difference between the top and bottom of the lake of 4.1 kg/m3. If the mean den-
sity of the lake water can be taken as 998 kg/m3, estimate the strength of the stratification.

SOLUTION From the data given, d � 10 m,V � 10 cm/s � 0.1 m/s, ∆ρ � 4.1 kg/m3, ρ0 �
998 kg/m3, and hence the densimetric Froude number is given by Equation 5.8 as

FrD ��
�(∆�ρ�

V
	ρ�0)�g�d�
� � �0.16

Since 0.1 � FrD � 1, the lake should be classified as weakly stratified.

Overturning in the water column serves two highly important functions: The downward
mixing of oxygen-rich surface waters below the thermocline introduces oxygen into the
bottom waters of aquatic systems and recharging surface waters with nutrients trapped
below the thermocline. The lower depths of a water body will become anoxic if the con-
sumption of oxygen by biological or chemical processes exceeds the rate of resupply by
vertical mixing and diffusion. Since virtually all aquatic organisms require oxygen for res-
piration, it is generally considered desirable for all parts of the water column to remain
oxygenated. The development of low oxygen concentrations below the thermocline in any
aquatic system is frequently associated with undesirable changes in the type and abun-
dance of organisms living in the water. Shallow systems that are mixed to the bottom at all
times do not develop seasonal oxygen depletion problems.

Water flowing into a lake will travel through the lake at a depth having the same den-
sity as the inflow until it becomes mixed. If the incoming water has a lower temperature
and higher density than the lake water, when the incoming velocity subsides, the incom-
ing water will “plunge” beneath the surface, with extensive mixing possible. If the incom-
ing water is nutrient laden, these nutrients will be mixed with the lake water. If it is high
in organic matter, which would settle in the hypolimnion, the microbial metabolism could

0.1
�����
�(4�.1�/9�9�8�)�(9�.8�1�)(�1�0�)�
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deplete the oxygen supply. Conversely, the discharge of the lake, whether from a surface
spillway or outlet pipe at the bottom of the lake, will have a major influence on the tem-
perature of the lake, the depth of the metalimnion, the water temperature of the discharge,
and the receiving stream. An example of a low-level discharge from a lake is shown in
Figure 5.10. Such lake discharges could affect water quality and oxygen content and, in
turn, the aquatic species makeup of the receiving stream. Releases of cold, low-dissolved-
oxygen hypolimnetic water downstream cause reductions of BOD removal rates and
decreases in reaeration rates, resulting in reduced oxygen levels and an overall reduction
in the waste assimilative capacity. In addition, the release of cold hypolimnetic water may
affect primary contact recreation such as swimming—the water is simply too cold to
swim in.

Extreme depletion of dissolved oxygen (DO) may occur in ice- and snow-covered lakes
in which light is insufficient for photosynthesis. If depletion of DO is great enough, fish
kills may result.

5.3 WATER-QUALITY MODELS

Water-quality models are commonly utilized to assess various lake management tech-
niques. Ideally, the modeling of lake water quality simulates lake processes and their inter-
connected and independent relationships. Several water-quality models that are commonly
used in lake environments are described below.

5.3.1 Zero-Dimensional (Completely Mixed) Model

The response of lakes to the input of contaminants can sometimes be estimated by assum-
ing that the lake is well mixed. This approximation is justified (1) when wind-induced cir-
culation is strong and (2) when the time scale of the analysis is sufficiently long (on the
order of a year) that seasonal mixing processes yield a completely mixed lake. Completely
mixed models are frequently called zero-dimensional models, since they do not have any

FIGURE 5.10 Low-level discharge from a lake.
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spatial dimension. Contaminant mass fluxes into a lake can come from a variety of sources,
including municipal and industrial waste discharges, inflows from polluted rivers, direct sur-
face runoff, contaminant releases from sediments, and contaminants contained in rainfall
(atmospheric sources). Denoting the rate of contaminant mass inflow to a lake by M

.
, assum-

ing that the lake is well mixed, and assuming that the contaminant undergoes first-order
decay with a decay factor, k, the law of conservation of contaminant mass requires that

�
d
d
t
�VLc � M

.
� Qoc � kVLc (5.11)

where VL is the volume of the lake, c is the average contaminant concentration in the lake,
and Qo is the average outflow rate. The first-order decay factor, k, is the sum of the decay
factors of all first-order decay processes by which the contaminant is removed from the
water, including settling, chemical, and biological transformations. Equation 5.11 states
that the rate of change of contaminant mass in the lake, d(VLc)/dt, is equal to the mass
influx,



M, minus the mass outflow rate, Qoc, minus the rate at which mass is removed by

first-order decay, kVLc. It is emphasized here that the mass influx,



M , includes the con-
taminant influx from all sources, including direct discharges from outfalls and releases
from sediments. Equation 5.11 is sometimes referred to as a Vollenweider model after
Vollenweider (1968, 1975, 1976). Assuming that the volume of the lake, VL, remains con-
stant, Equation 5.11 can be put in the form

VL�
d
d
c
t
�� (Qo � kVL)c � M

.
(5.12)

which simplifies to the following differential equation that describes the contaminant con-
centration in the lake as a function of time:

�
d
d
c
t

�� ��
V
Q

L

o�� k� c � �
V
M
.

L
� (5.13)

Taking the mass inflow rate,



M, to be constant and beginning at t � 0, and taking the ini-
tial condition as

c � c0 at t � 0 (5.14)

yields the following solution to Equation 5.13 (Thomann and Mueller, 1987):

(5.15)

where the first term on the right-hand side of Equation 5.15 gives the buildup of concen-
tration due to the continuous mass input,



M, and the second term accounts for the dieaway

of the initial concentration, c0. The mass inflow rate,



M, and contaminant concentration,
c, in Equation 5.15 as a function of time are illustrated in Figure 5.11 for cases in which
the initial concentration, c0, is less than and greater than the asymptotic concentration

c(t) ��
Qo�

M
.

kVL

� �1 � exp�� ��
V
Q

L

o�� k�t�	 � c0 exp�� ��
V
Q

L

o�� k�t�
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given by Equation 5.15. Taking t → ∞ in Equation 5.15 gives the asymptotic concentration,
c∞, as

c∞ ��
Qo�

M
.

kVL

� (5.16)

Equation 5.15 can also be used to calculate the lake response to a mass inflow over a finite
interval, ∆t. This case is illustrated in Figure 5.12(a) for a mass inflow rate, M

.
, over an

interval ∆t. The response is described by Equation 5.15 up to t � ∆t, beyond which the
response is described by

(5.17)

which derived from Equation 5.15 for a contaminant mass inflow of zero and an initial
concentration of c1. In the case of a variable mass inflow illustrated in Figure 5.12(b),
where the contaminant mass inflow rate is equal to M

.
1 up to t � ∆t, and equal to M

.
2 there-

after, the response of the lake is described by Equation 5.15 up to t � ∆t, beyond which the
concentration in the lake is described by

(5.18)

which is derived from Equation 5.15 with a mass inflow rate, M
.

2, beginning at t � ∆t with
an initial concentration of c1.

The analyses described here can also be applied to cases where the contaminants are
removed by the settling of suspended solids in the lake. In this case, where the contaminants
are adsorbed onto suspended solids, the removal rate due to sedimentation can be described
by a settling velocity, vs, and the conservation of mass equation can be written as

�
d
d
t
�(VLc) � M

.
� Qoc � kVLc �vsALc (5.19)

c(t) ��
Qo

M
�

.

k
2

VL

� �1 � exp �� ��
V
Q

L

o�� k� (t � ∆t)�	
� c1 exp �� ��

V
Q

L

o� � k� (t � ∆t)�

c(t) � c1 exp �� ��
V
Q

L

o�� k� (t � ∆t)�

FIGURE 5.11 Response of a well-mixed lake to a constant contaminant inflow: (a) mass inflow;
(b) lake response. (From Chin, David A., Water-Resources Engineering. Copyright © 2000.
Reprinted by permission of Pearson Education, Inc., Upper Saddle River, NJ.)
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where AL is the surface area of the lake over which settling occurs. Equation 5.19 can be
slightly rearranged into the form

�
d
d
t
�(VLc) �M

.
� Qoc � k�VLc (5.20)

where

(5.21)

Since Equation 5.20 is identical with the conservation equation that neglects sedimenta-
tion as a removal process (Equation 5.11), with the decay coefficient, k, replaced by an
effective decay coefficient, k�, all the previous results are applicable provided that k is
replaced by k�. Several variations in this model have been used in practice. In cases where
there is significant vertical stratification, the lake can be considered as a well-mixed epil-
imnion overlying a well-mixed hypolimnion, with limited interaction between the two
zones. Also, in large lakes (AL > 50 to 100 km2) it may be necessary to subdivide the lake
into a number of well-mixed smaller lakes.

Example 5.5 The average concentration of total phosphorus in a lake is 30 µg/L, and an
attempt is to be made to reduce the phosphorus level in the lake by reducing phosphorus
inflows into the lake. The target phosphorus concentration is 15 µg/L. (a) If the discharge
from the lake averages 0.09 m3/s, the first-order decay rate for phosphorus is 0.01 day�1,
and the volume of the lake is 300,000 m3, estimate the maximum allowable phosphorus
inflow in kg/yr. (b) If this loading is maintained for 3 years but suddenly doubles in the
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FIGURE 5.12 Response of a well-mixed lake to a variable contaminant inflow: (a) mass inflow
over a finite interval; (b) variable mass inflow. (From Chin, David A., Water-Resources Engineering.
Copyright © 2000. Reprinted by permission of Pearson Education, Inc., Upper Saddle River, NJ.)
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fourth year, estimate the phosphorus concentration in the lake one month into the fourth
year.

SOLUTION (a) From the data given, Qo� 0.09 m3/s � 7776 m3/day, k � 0.01 day�1,
and VL � 300,000 m3. For an ultimate concentration, c∞, of 15 µg/L (� 15 � 10�6 kg/m3),
Equation 5.16 gives

c∞ ��
Qo�

M
.

kVL

�

which rearranges to

M
.
� (Qo � kVL)c∞ � [7776 � 0.01(300,000)](15 � 10�6) � 0.16 kg/day � 59 kg/yr

(b) Maintaining a mass loading of 0.16 kg/day for 3 years (� 1095 days), with c0 �
30 µg/L � 30 � 10�6 kg/m3 yields a concentration at time t given by Equation 5.15 as

c(t) ��
Qo�

M
.

kVL

� �1 � exp �� ��
Q
VL

o�� k� t�	� c0 exp �� ��
Q
VL

o�� k� t�
which for t � 1095 days gives

c(1095) � �1 � exp �� ��30
7
0
7
,
7
0
6
00

� � 0.01� (1095)�	
� 30 � 10�6 exp �� ��30

7
0
7
,
7
0
6
00

� � 0.01� (1095)�
� 15 µg/L

Hence after 3 years the phosphorus level has already decreased to the target level of
15 µg/L. In the fourth year, the mass flux doubles to M

.
2 � 2 � 0.16 � 0.32 kg/day, and the

concentration as a function of time is given by Equation 5.18 as

c(t) ��
Qo

M
�

.

k
2

VL

� �1 � exp �� ��
Q
VL

o�� k� (t � ∆t)�	 � c1 exp �� ��
V
Q

L

o�� k� (t � ∆t)�
where c1 � 15 µg/L � 15 � 10�6 kg/m3, ∆t � 1095 days, and after 1 month (� 30 days)
t � 1095 � 30 � 1125 days. The concentration in the lake is then given by

c(1125) � �1 � exp �� ��30
7
0
7
,
7
0
6
00

� � 0.01� (1125 � 1095)�	
� 15 � 10�6 exp �� ��30

7
0
7
,
7
0
6
00

� � 0.01� (1125 � 1095)�
� 25 µg/L

0.32
���
7776 � 0.01(300,000)

0.16
���
7776 � 0.01(300,000)
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Hence, the lake concentration rebounds to almost the original concentration within one
month. This is a reflection of the relatively short detention time in the lake.

Although the completely mixed model cannot predict the specific change of water qual-
ity at individual locations within lakes and reservoirs, this type of model is particularly
useful in estimating the behavior and water-quality trends if the temporal scale of the sim-
ulations is sufficiently long, such as months or years (Kuo and Yang, 2002). In cases where
a water body has been loaded with phosphorus for a number of years, large quantities of
phosphorus might have accumulated in the lake bottom sediments, adding years to the esti-
mated time to reach an equilibrium concentration (Jørgensen et al., 2005)

5.3.2 One-Dimensional (Vertical) Models

In cases where there is significant variability in water quality over the depth of a lake, a
one-dimensional (vertical) model is frequently used to simulate the fate and transport of
water-quality constituents. Such vertical variations in water quality are commonly a result
of thermal stratification of the lake or reservoir. One-dimensional water-quality models in
lakes typically discretize the water body into homogeneous (completely mixed) layers, in
which case the governing advection–dispersion equation can be put in the form

V�
∂
∂
c
t
�� AKz�

∂
∂

2

z
c
2

�∆z � Qz�
∂
∂
c
z
�∆z � Qincin � Qoutc � VSm (5.22)

where V is the volume of a layer [L3], c is the tracer concentration [M/L3], ∆z is the thick-
ness of a layer [L], A is the cross-sectional area of a layer [L2], Kz is the vertical dispersion
coefficient [L2/T], Qin in the volumetric inflow rate [L3/T], Qout is the volumetric outflow
rate [L3/T], Qz is a vertical advection coefficient [L3/T], cin is the concentration of the tracer
in the inflow [M/L3], and Sm are the sources and/or sinks of tracer mass [M/L3].

Estimation of the Vertical Diffusion Coefficient In many one-dimensional lake
models, it is necessary to estimate the vertical diffusion coefficient from measured data.
Vertical mixing is generally a function of the density profile, which, in lakes, can be related
directly to the temperature profile. A widely used method to estimate vertical diffusion
coefficients in lakes from temperature data is the flux-gradient method, first proposed by
Jassby and Powell (1975). Recognizing that the thermal structure in lakes results from the
interaction of solar heating and wind stress on the surface of the lake, and assuming hori-
zontal homogeneity, the diffusion equation describing the vertical transport of heat in the
water column is given by

�
∂
∂
T
t
�� �

∂
∂
z
��Kz�

∂
∂
T
z
�� � ST (5.23)

where T is temperature and ST is a heat source or sink in the water column. An example of
a heat source is solar radiation. The first term on the right-hand side of Equation 5.23 rep-
resents the diffusion transport of heat in the vertical direction, and the diffusion coefficient
Kz is a function of the thermal and current structure of the lake. The heat source term, ST,
can be omitted in the water column except at the surface because light extinction usually
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limits penetration of solar radiation into deep water. Integration of Equation 5.23 with
respect to z from the bottom of the lake to depth z yields

Kz �
∂
∂
T
z
��
z

�D
�
∂
∂
T
t
�dz (5.24)

where the heat flux into the sediments and the radiation absorbed by the sediments at
z � �D is not included. Equation 5.24 can be rearranged to give the following expression
for the vertical mixing coefficient:

218 LAKES AND RESERVOIRS

Kz(z) �


z

�D
�
∂
∂
T
t
�dz

��
∂T/∂z

where the numerator represents the accumulated rate of change of stored heat between z
and the bottom of the lake, and the denominator is the temperature gradient at depth z. It
should be noted that Equation 5.25 does not apply at the surface because solar radiation at
z � 0 is not included. Accurate temperature readings are essential to successful application
of the flux gradient method, and negative values of Kz, which do not have physical mean-
ing, can occur in computations due to errors in the measured temperature gradient. Typical
values of Kz in thermally stratified lakes are in the range 10�9 to 10�6 m2/s.

The flux gradient method yields an infinite diffusion coefficient when ∂T/∂z approaches
zero. In this case, another method developed by Sundaram et al. (1969) can be used. As an
alternative and more simplistic approach, the vertical diffusion coefficient is sometimes
expressed as a function of the stability effects in terms of the Richardson number, where

(5.26)

where K0 is the vertical diffusion coefficient without stratification (Ri � 0) σ1 is an empir-
ical constant, and Ri is the Richardson number, which is defined as

Ri � �αvgz2 �
∂T

u
/

*
2

∂z
� (5.27)

where αv is the coefficient of volumetric thermal expansion of water and u* is the shear
velocity. Advantages of using Equations 5.26 and 5.27 to estimate Kz are that it is easy to
use and the computation procedure is straightforward.

5.3.3 Two-Dimensional Models

Two-dimensional water-quality models have been developed for long-deep reservoirs in
which significant vertical water-quality gradients are coupled with horizontal water-quality
gradients. Typically, two-dimensional models solve the advection–diffusion equation in a
vertical longitudinal plane through the reservoir. These models are mostly used to predict
the two-dimensional temperature structure of deep reservoirs through the annual
stratification cycle. Depth-integrated two-dimensional models have also been developed
for shallow wide lakes, where these models are typically driven by wind shear and include
no stratification effects. A simplified two-dimensional model is the near-shore mixing
model, which is described in the following section.

Kz (z) � K0 (1 � σ1Ri)
�1

(5.25)
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Near-Shore Mixing Model Near-shore mixing models are concerned with the distri-
bution of contaminants in the vicinity of waste discharges into large bodies of water such
as lakes. Consider the wastewater discharge illustrated in Figure 5.13, where the advective
currents are negligible and the steady-state advection–dispersion equation with first-order
decay is given by

D ��
∂
∂

2

x
c
2

� � �
∂
∂

2

y
c
2

�� � kc � 0 (5.28)

where D is the dispersion coefficient, c is the contaminant concentration, and k is the first-
order decay constant. Equation 5.28 can be written in polar (r, θ) coordinates as

�
∂
∂

2

r
c
2

� � �
1
r

� �
∂
∂
c
r
�� �

r
1
2
� �

∂
∂
θ
2c

2
� � �

D
k
�c � 0 (5.29)

For a radially symmetric concentration distribution, ∂c/∂θ and ∂2c/∂θ2 are both equal to
zero and Equation 5.29 reduces to

�
d
d

2

r
c
2

� � �
1
r

� �
d
d
c
r
�� �

D
k
�c � 0 (5.30)

which has the general solution

c(r) � AI0 ���
k
D
r�

2
��� � BK0 ���

k
D
r�

2
��� (5.31)

where A and B are constants and I0 and K0 are modified Bessel functions of the first and
second kind, respectively (see Appendix E.2). Taking the boundary conditions as

c(r0) � c0 (5.32)

c(∞) � 0 (5.33)

Large water body

y

x

r

Waste discharge

θ

ro

Mixing zone
boundary, c = co

FIGURE 5.13 Wastewater discharge into a lake. (From Chin, David A., Water-Resources Engineering.
Copyright © 2000. Reprinted by permission of Pearson Education, Inc., Upper Saddle River, NJ.)
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requires that the concentration is equal c0 on the boundary of a mixing zone at a distance r0

from the discharge location and that the pollutant concentration decays to zero at a large dis-
tance from the discharge location. Imposing the boundary conditions given by Equations 5.32
and 5.33 on Equation 5.31 gives the concentration distribution in the lake as (O’Connor, 1962)

(5.34)

The U.S. Environmental Protection Agency (USEPA) defines a mixing zone as an area
within a water body where pollutants discharged from pipes are allowed to mix at high con-
centrations before entering the surrounding water in safe concentrations. The common prac-
tice of delineating mixing zones surrounding outfall pipes assumes that contaminants
become diluted as they enter the surrounding waters and are dispersed over a larger area, jus-
tifying less stringent discharge standards within the mixing zone. Most states within the
United States have policies allowing the use of mixing zones, although the spatial extent of
mixing zones are strictly limited. There is currently a ban on mixing zones within the Great
Lakes that applies to discharges of certain persistent, highly toxic chemicals that become
more threatening to public health and the environment over time as they bioaccumulate in
the food chain. The ban on mixing zones in the Great Lakes applies to the most toxic of these
chemicals, including mercury, dioxins, polychlorinated biphenyls, and various pesticides.

Example 5.6 An industrial plant discharges wastewater through a single-port outfall into
the shoreline region of a lake. Field measurements indicate that the dispersion coefficient
in the lake is 1 m2/s, the decay rate of the contaminant is 0.1 day�1, and the effluent dilu-
tion 30 m from the outfall is 12. Estimate the distance from the outfall required to achieve
a dilution of 100.

SOLUTION Dilution is defined as the initial concentration divided by the final concen-
tration; hence, if c30 is the contaminant concentration 30 m from the outfall and ci is the
concentration at the discharge location,

�c
c
3

i

0
�� 12

and Equation 5.34 gives the concentration at a distance r from the outfall as

cr ��
K

K

0(
0

�
(�

k�


kr�
3�

2

0�
/�D�
2/�D�

)
)

�c30��
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0(
0

�
(�
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kr�
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)
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� �
1
c
2
i�

Hence the dilution, Sr, at a distance r from the outfall is given by

Sr � �c
c

r

i� � 12�
K

K
0(

0

�
(�

k�
k



r�
3�

2

0�
/�

2

D�
/�D�
)

)
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or
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Solving for r gives r � 918 m. Hence, a dilution of 100 is achieved 918 m from the outfall.
It is somewhat doubtful that this formulation would be applicable out to 918 m from the
shoreline.

5.4 RESTORATION AND MANAGEMENT

The best shoreline for a lake is a natural one. Natural shoreline protection, such as native-
species woody growth and scrub–shrub species, provides habitat for terrestrial and aquatic
species, and also provides a buffer to filter pollutants as they get washed over the vegeta-
tion during rainfall–runoff events. The capability of natural vegetation to withstand shore-
line erosion is also an important consideration since the root system of natural vegetation
tends to give the soil a supporting structure that holds the shoreline together. This support
does not exist with shallow-rooted vegetation such as grass lawns, which are considered
by some to be the worst lake shoreline (DeBarry, 2004). Ideally, lakes should be sur-
rounded by an undisturbed buffer, however, the desirability of lakefront properties is often
given a higher priority.

5.4.1 Control of Eutrophication

The consequences of eutrophication are weed-choked shallow areas, algal blooms, oxygen-
depleted deep waters, degradation of potable water supplies, limitations on recreational
water use, degraded fisheries, reduced storage capacity, and disruption of downstream
biological communities. The prevention and control of eutrophication is an important
issue of concern in most lakes, particularly those that supply drinking water. Most tech-
niques to control eutrophication are designed to manage the inflow of nutrients and
sediment into the lake, and it is widely recognized that sediment deposited on the bot-
tom of lakes can play a decisive role as a nutrient source. Benthic sediments can con-
tinually release nutrients into the water by diffusion, even if aerobic conditions are
present at the sediment–water interface (Bernhardt, 1994). Phosphorus is typically the
limiting nutrient affecting eutrophication, and measures to control eutrophication usu-
ally fall into the following categories: (1) control of point sources, (2) control of non-
point sources, (3) limitation of phosphorus content in the lake, (4) limitation of internal
loading, and (5) limitation of algal development in the lake, without changing the phos-
phorus budget.

Control of Point Sources Point sources of phosphorus typically consist of domestic
wastewater discharges, which usually contain on the order of 5 to 10 mg/L P and 20 to
40 mg/L N. An example of a point-source discharge is shown in Figure 5.14. Advanced
wastewater treatment with precipitation, sedimentation, and/or filtration are conventional
approaches for phosphorus removal from domestic wastewater.

Control of Nonpoint Sources Nonpoint sources of phosphorus are commonly asso-
ciated with agricultural operations. Other nonpoint sources of phosphorus to lakes include
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wastewater from populated areas not connected to a sewage system (e.g., septic tanks),
effluents from isolated farmhouses, water birds, and open-air bathing facilities. Nonpoint
sediment and nutrient loading is illustrated in Figure 5.15, where the lighter area is asso-
ciated with sediment- and nutrient-laden runoff entering the lake.

Best management practices (BMPs) are typically used to control the input of nutrients.
Control measures in agricultural areas include spreading of animal manure in a way that
is compatible with plant growth and lake protection, evergreen strips along tributaries,
and the use of crops that are compatible with the ground slope, condition of the soil, and
the distance of the crop area from the lake. For example, maize planted on sloping fields
is particularly disadvantageous because catastrophic erosion can take place during heavy
rainfall.

FIGURE 5.14 Point-source discharge. (From United Nations Environment Programme, 2005.)

FIGURE 5.15 Nonpoint-source discharge. (From University of Nevada, 2005.)
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Small inflowing streams can be cleansed using seepage trenches, seepage filter basins
with artificial soil filters, and using biological measures in pre-reservoirs and bioreactors.
Seepage trenches are channels in porous soils where the water in the trench enters an adja-
cent lake by percolation through vadose zone. Phosphorus is removed from the water as it
passes through the subsoil, and the process is effective in direct proportion to the amount of
fine-grained sandy silt in the soil. Seepage trenches are typically limited to inflow rates of
less than 100 L/s and soils with a high adsorption capacity (e.g., sandy silt). Seepage filter
basins with artificial soil filters are used in cases where the native soil does not have sufficient
filter capacity. Seepage filter basins are typically filled with fine particulate materials
(�0.5 mm diameter) which contain a high proportion of aluminum and iron oxides, which
guarantee a high capacity for phosphate adsorption. Subsurface hydraulic conductivities in
excess of 10 m/day are required for seepage trenches and filter basins to function adequately
(Bernhardt, 1994). The use of pre-reservoirs as bioreactors is based on the growth of
microorganisms that fix the phosphorus in their biomass. Following sedimentation of the bio-
mass, the phosphorus remains in the sediment, provided that conditions are sufficiently aer-
obic. Anaerobic conditions at the bottom of the impoundment should be avoided.

Chemical Treatments for Phosphorus Aluminum salts such as aluminum sulfate
(alum, AlSO4) and sodium aluminate (Na2Al2O4) or ferrous chloride (FeCl2) have a strong
affinity to adsorb and absorb inorganic phosphorus and remove phosphorus-containing
particulate matter from the water column as part of the floc (loose precipitate) that forms.
The result, after the floc settles, is not only a reduction of phosphorus availability but also
a substantial increase in water clarity. Adverse effects may occur if the dosage of alum is
too high. Particularly in softer more acidic waters, excessive input of aluminum salts can
decrease the lake pH and result in concentrations of dissolved aluminum in the water col-
umn that are toxic to fish and other biota. For this reason, some experts no longer recom-
mend the application of alum in lakes (Jørgensen et al., 2005). Alum treatment of Mohegan
Lake (New York) with a specialized pontoon barge is shown in Figure 5.16. The pontoon
barge shown in Figure 5.16 was equipped with a fathometer and speedometer to regulate

FIGURE 5.16 Alum treatment. (From Allied Biological, 2005.)
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delivery rates according to bathymetric contours and the speed of the vessel. The chemi-
cal was sprayed directly on the surface via boomless spray nozzles out of twin polyethyl-
ene tanks with a combined capacity of 1600 L. Dose rates were based on previous jar tests
designed to pinpoint optimum floc formation. The treatment of this 42 ha lake was completed
in 3 days. Based on water-quality sampling conducted before and after the application, a
number of improvements were observed at Lake Mohegan. Orthophosphorus declined from
25 µg/L to between 10 and 15 µg/L. Algal populations were reduced from 5570 organisms
per milliliter to 380 organisms. Clarity (Secchi depth) improved from about 1 m before
treatment to about 3 m one week posttreatment.

Limitation of Internal Loading Sediments on the lake bottom are the primary source
of internal phosphorus loading. Conventional measures that can be taken to control inter-
nal loading from benthic sediments include covering, dredging, removal of hypolimnetic
water, and artificial destratification. Sheeting is sometimes used to cover the bottom sedi-
ment, but the sheeting typically has to be weighted to prevent it from floating. An exam-
ple of sheeting used for sediment cover and lake shading is shown in Figure 5.17. Sand and
gravel cannot be used to keep the sheeting in place because they provide a good substrate
for macrophyte seedlings after 1 to 2 years. The sheeting should be permeable to gasses to
prevent the sheeting from balooning due to the release of gases from the sediment.
Alternatives to covering the bottom of the lake with sheeting include covering the bottom
with foil, clay, crushed bricks, or other inert materials (Jørgensen et al., 2005).

Dredging can only be used to remove the sediment from small and shallow lakes. Major
considerations are the treatment and deposition of the material removed and the need to
pay particular attention to the amount of toxic metals present. The practice of removing
sediment from lakes and from shallow areas is more effective than covering it with syn-
thetic sheeting, because the nutrients are actually removed from the lake. It does, however,
involve more technical problems and higher costs, and it is feasible only if a location is
available for the deposition of the sediment removed (Bernhardt, 1994). The primary
advantage of dredging is its relatively long-lasting effect. However, dredging operations
can cause extensive damage to the benthic community, which may be an important food

FIGURE 5.17 Application of sediment cover and lake shading. (From State of Washington, 2005.)
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source for fish and may disturb fish spawning habits if not carefully designed and imple-
mented.

Removal of hypolimnetic water removes water that is within the hypolimnion of a lake,
and this water is usually low in oxygen content and rich in nutrients. Withdrawing the
hypolimnetic-nutrient-rich waters selectively using a siphon or deepwater outlet in a dam
can decrease the quantity of nutrients stored and recycled in the water body. However,
hypolimnetic withdrawals may also trigger thermal instability and lake turnover. In addi-
tion, the discharge of these nutrient-rich, often anaerobic waters from the hypolimnion of
eutrophic lakes may cause adverse effects in downstream receiving waters.

Increasing the oxygen content in the lower portions of the lake reduces the release of
phosphorus from the benthic sediments. However, although phosphorus is released from
benthic sediments at considerably higher rates under anaerobic conditions, considerable
amounts of phosphates and substances stimulating algal growth are still released from the
sediment under aerobic conditions (Bernhardt, 1994). Phosphorus release from benthic
sediments typically occurs when the oxygen concentration in the overlying water becomes
less than 5 mg/L, and anaerobic conditions are typically associated with oxygen concen-
trations below 2 mg/L. The reason why phosphorus release from benthic sediments is
greater under anaerobic conditions than under aerobic conditions is that oxygenated forms
of iron and manganese in natural waters form an insoluble precipitate with phosphorus,
thereby limiting the amount of dissolved phosphorus under aerobic conditions.

Artificial destratification of a stratified lake can change the composition of the algal
population, reduce the number of algae and the algal growth rate, and aerate the lake to
compensate for the oxygen deficit resulting from metabolic activity. With artificial circu-
lation of the lake, the oxygen content of the water is increased at all depths. Specifically,
at the sediment–water interface aerobic conditions are created, suppressing the release of
nutrients from the sediment.

In general, over the long term, in-lake treatments will only be effective if accompanied
by efforts to reduce external nutrient loads. In-lake treatments typically require significant
expenditures for equipment, chemicals, and labor. Case studies, as well as additional infor-
mation on the methods, costs, and potential negative side effects of each approach can be
found in Olem and Flock (1990).

Limitation of Algal Development Control measures used to limit algal development
in a lake without changing the phosphorus budget include artificial mixing, manipulation of
the pelagic food web (biomanipulation), reduction of the residence time of water in the lake,
and the use of nontoxic natural products to control algal growth. Commonly used sub-
stances to control algae (algicides) include copper sulfate pentahydrate and other chelated
copper compounds. Potassium permanganate has also been found to be effective for algal
control in some cases. Copper sulfate application methods and dosages will vary depending
on the lake or reservoir conditions, and caution is required because copper sulfate addition
can have a detrimental effect on fish and other aquatic life. For this reason, some experts
recommend against the use of copper sulfate (Jørgensen et al., 2005) except in emergency
circumstances. Typical effective copper sulfate concentrations are 1 to 2 mg/L. Application
methods include dissolving the copper sulfate crystals using porous bags pulled by a boat
and using specifically designed boats with either an application hopper that feeds copper
sulfate crystals directly to the surface of the water body, or with a spray pump through
which dissolved copper sulfate is sprayed along the water surface. An example of copper
sulfate application to a lake is shown in Figure 5.18. Timing of application is important.
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Regular monitoring of algal numbers or chlorophyll a to determine when algal blooms
begin will allow the application of the algicide before an algal bloom develops.

5.4.2 Control of Dissolved-Oxygen Levels

Low levels of dissolved oxygen may occur in lakes as a result of natural conditions as well
as cultural eutrophication. The lowest concentrations of dissolved oxygen tend to occur in
the deeper waters of the hypolimnion during thermal stratification in late summer, during
long periods of snow and ice cover in winter, or in dense macrophyte beds at night or fol-
lowing long periods of cloud cover. One important option to consider for lakes that have
problems with low dissolved oxygen is to manage the fisheries for species able to tolerate
relatively low levels of oxygen or that do not inhabit areas of the lakes (such as the
hypolimnion) that experience oxygen depletion. Problems with low dissolved oxygen can
also be alleviated by one or more of the following methods:

1. Decreasing the quantity of organic matter decomposing in the lake (the major oxy-
gen consuming process) by adopting one or more of the following practices:

a. Limiting the export of organic materials from the watershed to the lake, in par-
ticular excessive exports associated with human activities, such as runoff from
feedlots or direct discharges of sewage wastewaters

b. Dredging to remove organic-rich sediments

c. Decreasing in-lake productivity by reducing nutrient loads and nutrient availability

2. Increasing photosynthesis (an oxygen-generating process), especially during critical
times (e.g., winter) and in critical locations (e.g., deeper waters of the hypolimnion)
subjected to oxygen depletion, primarily by increasing light penetration

3. Destratifying the lake by bringing low-oxygen waters in the hypolimnion in contact
with the lake surface and the well-oxygenated waters of the epilimnion (artificial cir-
culation)

4. Direct aeration

FIGURE 5.18 Copper sulfate application. (From USDA, 2005b. Photo by Jonathan House.)
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Lake destratification by aeration mechanisms during summer oxygen depletion may
sometimes be very damaging. When the low-oxygen hypolimnetic water is brought to the
surface, it may result in fish kills, and lake aeration devices may also cause an undesirable
shift in algal population (Novotny, 2003).

The approaches and optimal design criteria for lake aeration mechanisms vary between
systems installed to alleviate problems with winterkill (oxygen depletion during winter as a
result of ice cover) as opposed to low levels of dissolved oxygen in the hypolimnion during
summer. During winter, the goal is not to aerate the entire water body but to create an oxy-
gen-rich refuge area for fish near the lake surface. Major design concerns include problems
with equipment ice-up and the need (for safety reasons) to minimize the loss or weakening
of the lake’s ice cover. Hypolimnetic aeration systems must deal with the more difficult
problem of aerating waters at greater depths. Where the objective is to establish or maintain
a cold-water fishery, hypolimnetic aeration must be achieved without disturbing the lake’s
thermal stratification. Otherwise, low levels of dissolved oxygen may be avoided by pre-
venting thermal stratification through artificial circulation of the water column. In both
cases, during both winter and summer, maximum reliability at minimal cost are important
design objectives. Aeration systems in common use are described below (Novotny, 2003).

Pump and Baffle Aeration System Using this method, oxygen-poor water is
extracted from a nearshore area of the lake, pumped to the top of a chute located on shore,
and then allowed to cascade over a set of baffles (constructed of wooden boards). An exam-
ple of such a cascade is shown in Figure 5.19. The turbulence created as the water passes
over the baffles helps to reaerate the water. The reoxygenated water is then returned to a
different part of the lake, away from the intake area, creating a zone of oxygen-rich water.
Generally, approximately 10% of the lake’s volume should be aerated. Pump and baffle
systems have several major advantages relative to other aeration techniques. In particular,
when properly operated, only a small area of the lake’s ice cover is opened. Open areas
and thin ice are safety hazards for which the operator of an aeration system is liable. All
of the major pieces of equipment are on shore. In addition, the chute can be mounted on a
trailer and moved from one lake to another or to different areas of the lake as needed.
Generally, to prevent winterkill, aeration will be required for about two months, depend-
ing on winter conditions. By monitoring dissolved oxygen levels in the lake, the system
can be operated only during those times when needed. Pump and baffle systems have been
built by lake associations or may be purchased as a unit from a number of manufacturers.

Artificial Circulation Artificial circulation eliminates thermal stratification, or pre-
vents its formation, either by mechanical pumping or through the injection of compressed
air from a pipe or ceramic diffuser at the lake’s bottom. An example of a ceramic-diffuser
system is illustrated in Figure 5.20, where two operational diffusers releasing air bubbles
are shown in Figure 5.20(a) and the controller surrounded by diffuser units is shown in the
foreground in Figure 5.20(b). If sufficiently powered, the rising column of bubbles will
produce lakewide mixing. As a result, the conditions that create hypolimnetic oxygen
depletion (isolation of the deeper waters from the atmosphere with little to no primary pro-
duction in these deeper, darker waters) are eliminated. Artificial circulation is one of the
most commonly used lake restoration techniques. Examples of its utility for improving
fisheries yields include the Parvin Reservoir in Colorado and Corbett Lake in British
Columbia. The technique is best used in lakes that are not nutrient limited; nutrient
concentrations are often higher in the hypolimnion, and as a result, mixing can stimulate
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increased algal growth. In addition, artificial circulation is not a feasible option for cold-
water fish species, which use the hypolimnion as a thermal refuge during summer.
Aeration–destratification must begin at the time of vernal overturn and be continuous.
Regulatory agencies are often reluctant to permit such systems.

Water Fountains Water fountains pump water from the surface layers lakes into the
air and, in the process, aerate lake waters. Water fountains have a limited effect in aerating
lake water since they tend to pump water from the upper layers of the lake that are already
well aerated. Several designs of water fountains are available, and several of the more pop-
ular designs are shown in Figure 5.21. In selecting a water fountain for a particular lake,
aesthetics are usually the primary motivation, and aeration a secondary benefit.

Hypolimnetic Aeration Hypolimnetic aeration is used in cases of high hypolimnetic
oxygen deficits, taste and odor problems, and increased concentrations of manganese and
iron (Prepas and Burke, 1997). Hypolimnetic aerators may be used to increase oxygen lev-
els in the hypolimnion without disturbing the lake’s thermal stratification. An airlift device
is used to bring cold hypolimnetic water to the surface. The water is aerated, by contact
with the atmosphere; gases such as methane, hydrogen sulfide, and carbon dioxide, which
may accumulate under anaerobic conditions, are lost, and then the water is returned to the
hypolimnion. Hypolimnetic aerators require a large hypolimnion to work properly and
are generally ineffective in shallow lakes and reservoirs. Costs depend on the amount of

FIGURE 5.19 Water cascade into a lake. (From Malaysia University, 2003 Photo by Suzana
Mohkeri.)
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compressed air needed, which is a function, in turn, of the area of the hypolimnion, the rate
of oxygen consumption in the lake, and the degree of thermal stratification. Example appli-
cations include Waccabuc Lake in New York, Larson and Mirror Lakes in Wisconsin, and
Tory Lake in Ontario.

Oxygen Injection Studies have shown that it is often more cost-effective and practical
to inject pure oxygen into the hypolimnion, as opposed to air injections or aerating the
hypolimnion via airlift systems. At Richard B. Russell Reservoir in Georgia, oxygen lev-
els in the hypolimnion have been increased from less than 3 mg/L to more than 9 mg/L,
with an oxygen transfer efficiency of about 75%. Liquid oxygen is stored in tanks on site
and connected to several supply heads submerged and anchored in the reservoir. Flexible
membrane diffusers mounted on the supply heads are used to maximize absorption
efficiency and minimize maintenance requirements. Flexible membrane systems should
last 2 to 6 years (or 10 years or more if operated less than six months per year); the com-
pressor and distribution system should last substantially longer (estimated 30-year life).

The Calleguas Municipal Water District (CMWD) in California treats water stored in
Lake Bard at the Lake Bard Water Filtration Plant (LBWFP). Each spring, the lake
stratifies and by early summer, the available dissolved oxygen (DO) in the lake hypolimnion
is depleted. Without oxygen, reduced nutrients and metals released from the lake bottom
degrade water quality, making it harder to treat. Because ozone generators convert only
about 6% of liquid oxygen (LOX) to ozone, the CMWD significantly increases the value
of LOX by using off-gas to oxygenate the hypolimnion of Lake Bard. The system takes
oxygen-rich off-gas from the ozone contactor and oxygenates the lake hypolimnion;

FIGURE 5.20 Diffused-air circulation system. (From Vertex Water Features, 2005.)
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pipelines efficiently convey and disperse oxygen throughout the lake. The liquid oxygen
tanks used at the CMWD plant and the Outlet Tower bridge which is used to support the
system that injects the oxygen-rich off-gas into the hypolimnion of Lake Bard are shown
in Figure 5.22. This lake-oxygenation system is an example of a “green solution” that takes
a waste product and uses it to benefit operations and the environment.

Snow Removal to Increase Light Penetration Snow removal from the lake sur-
face to increase light penetration and photosynthesis (oxygen generation) under the ice is
a low-tech, low-cost alternative to aerators that may be sufficient to prevent winterkill in

FIGURE 5.21 Water fountains. (From Vertex Water Features, 2005.)
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lakes with marginal levels of dissolved oxygen. A typical snow-removal tractor is shown
in Figure 5.23. Snow is a much more effective absorber of light than is ice. While 85%
of the available light will penetrate 12.5 cm of clear ice, 5 cm of snow over 7.5 cm of
ice will block out almost all light. Even thin layers of snow can greatly decrease light
penetration, decreasing primary productivity, and thus leading to oxygen depletion and
winterkill.
In selecting a method to improve dissolved-oxygen levels in lakes, the most cost-effective
approach for increasing levels of dissolved oxygen depends on the size (area and depth) of
the lake, nature and causes of the problem, and fisheries-management objectives.

FIGURE 5.22 Lake Bard hypolimnion oxygenation system. (From American Academy of
Environmental Engineers, 2005 Project and photo by Kennedy/Jerks Consultants.)

FIGURE 5.23 Snow removal tractor. (From Shaver Lake Power Center, 2005.)
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5.4.3 Control of Toxic Contaminants

Toxic contamination of lakes is caused by metals, pesticides, oils, and other pollutants con-
tained in agricultural, industrial, and urban runoff. Contaminated sediments are sometimes
categorized as legacy pollution, since they resulted from past practices that are no longer
in effect. As an example of this type of pollution, lake associations years ago used arsenic
or copper salts to control algae and weeds, and these pollutants are now deposited in the
sediments long after these practices were terminated. Elevated levels of these substances
can degrade water quality and affect aquatic organisms. Some of these pollutants may
bioaccumulate in the fish tissue, limiting the suitability of fish for human consumption.
Possible corrective actions include:

• Elimination or reducing the source of the contaminants by applying best management
practices

• Dredging and removing contaminated lake sediments

• Isolating (capping) contaminants concentrated in the bottom sediments from the over-
lying water column by covering the sediments with a relatively impermeable layer,
such as bentonite (a form of clay) or a plastic liner

• On-site water treatment, such as diluting the contaminated water with clean water
pumped from other sources, or withdrawing and treating the lake water and then
returning the treated water to the lake

• Addition of chemicals such as alum (aluminum sulfate) to the lake, which may accel-
erate the precipitation of toxic substances out of the water column into the bottom
sediments

• Deepwater aeration for contaminants (e.g., some metals and ammonia) that precipi-
tate or become nontoxic in the presence of dissolved oxygen

• Controlling changes in water level if the exposure and suspension of contaminated
sediments tend to increase the solubility and mobilization of the toxic substance

• Biomanipulation if the potential for human exposure to bioaccumulated toxics can be
reduced by altering the food chain or target fish species for fisheries management
(e.g., avoiding game fish such as trout that are top predators and have high levels of
body fat)

Relatively few field tests have been conducted to evaluate the long-term effectiveness
of most of the foregoing techniques; in addition, some of these techniques can have poten-
tially serious negative side effects (e.g., dredging operations may resuspend toxic contam-
inants and actually increase bioavailability). Often, no action is the most environmentally
sound and cost-effective approach, allowing natural processes such as sedimentation to
gradually reduce the concentration and availability of toxic substances after the source of
contaminants has been eliminated.

5.4.4 Control of Acidity

Lake waters may naturally be acidic: for example, in regions with naturally acidic soils or
when a lake is part of wetland system. Anthropogenic lake acidity is caused by large inputs
of organic acids, acid mine drainage, or acidic atmospheric deposition. Acid atmospheric
deposition (acid rain) is presently confined mainly to industrial regions of the northern
hemisphere, such as the northeastern United States and adjacent parts of Canada,
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Scandinavia, parts of Great Britain and Ireland, and small areas in central Europe and Asia.
The low pH/high acidity is caused by the low buffering capacity (low alkalinity) of the lake
to neutralize these acidic inputs. The main water-quality problem of acidified lakes is the
increased concentration of heavy metals in the water.

Extensive research has been conducted to refine and test methods for neutralizing lake
waters using a variety of neutralizing agents as well as application techniques. There are
five basic approaches to treating acidic lakes:

1. Limestone addition to the lake surface. Small limestone particles, limestone powder,
or a limestone slurry are dispersed via boat, plane, or helicopter over the lake. The disper-
sal of limestone into a lake by boat is illustrated in Figure 5.24. During winter, the lime-
stone may be spread on the ice by truck, entering the lake in the spring as the ice melts.
Direct addition of limestone to the lake surface is the most commonly employed method
for decreasing lake acidity. Because limestone is used for agricultural liming, it is usually
available at low cost. However, the cost of the limestone dispersal can be significant, par-
ticularly for remote lakes without road access. Repeated applications are usually needed,
and lakes with short water retention times may need to be treated annually.

2. Injection of base materials into the lake sediment. Limestone, hydrated lime, or
sodium carbonate can be injected into the lake sediments, resulting in a gradual decrease
in lake acidity. This technique is largely experimental, however, and limited to small, shal-
low lakes with soft organic sediments and road access for transport of the application
equipment. The treatment may remain effective substantially longer than surface applica-
tions, but at the same time the lake’s benthic community is disturbed, turbidity may
increase, and the costs are higher.

3. Mechanical stream doser. Lake acidity may be decreased by neutralizing the acidic
waters in upstream tributaries. Mechanical dosers are automated devices that release dry
powder or slurried limestone directly into the stream, with the quantity of material added
controlled by monitors of stream flow or stream chemistry. The treatment is continuous,

FIGURE 5.24 Limestone addition to a lake. (From State of Virginia, 2005.)
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expensive, and generally not recommended for lakes unless all other alternatives are not
feasible.

4. Limestone addition to the watershed. Limestone is spread on all or parts of the lake’s
watershed, decreasing the acidity of runoff and shallow ground-water flow into the lake.
Although the costs of one application are higher, the overall costs may be lower than for
limestone applications to surface waters, because the effects are much more long lasting.
Watershed liming may be especially appropriate for lakes with short retention times (less
than six months). Liming of soils also increases their fertility and pollutant-retention
capacity. An example of watershed liming is in the St. Mary’s Wilderness, where the U.S.
Forest Service placed crushed limestone in the St. Mary’s River, shown in Figure 5.25, to
decrease the acidity of receiving lakes within the wilderness area.

5. Pumping of alkaline ground water. Where abundant supplies of alkaline ground
water are available, these waters may be discharged directly into lakes or lake tributaries,
decreasing acidity. Applications of this method have been limited.

Several books have been published on methods for liming lakes and streams, including
Olem (1991), Olem et al. (1991), and Brocksen et al. (1992).

5.4.5 Control of Aquatic Plants

In lakes and reservoirs where thick beds of macrophytes cover a high proportion of the lake
bottom, an aquatic-plant control program may be needed to improve yields of large, preda-
tory game fish and increase the growth rates of panfish species, such as bluegill and white
and black crappie. For lake uses such as swimming and boating, minimizing macrophyte
beds are desired. For fisheries management, on the other hand, moderate growths of
aquatic plants enhance the fisheries. The complete elimination of macrophyte beds may be
as harmful to fisheries as are excessive plant growths.

The objective of aquatic plant management is to provide the appropriate amount of
aquatic plants, taking into account the effects of macrophytes on fish communities, other

FIGURE 5.25 Limestone placed in the St. Mary’s River. (From U.S. Forest Service, 2005.)
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lake uses (e.g., swimming and boating), nutrient cycles, and aesthetics. Macrophytes and
terrestrial vegetation also help to stabilize the lake bed and shoreline, reducing problems
with lakeshore erosion and high turbidity.

Excessive plant growth as a result of eutrophication or the inadvertent introduction of
an exotic macrophyte species is a common lake problem. Approaches to controlling nui-
sance plant growths are as follows:

1. Sediment removal and sediment tilling. Lakes can be dredged to remove sediments
and deepen the lake so that less of the lake bottom receives adequate light for macrophyte
growth. Portions of lakes are frequently dewatered prior to dredging, as shown in Figure
5.26. The maximum depth at which macrophytes are able to grow depends on water trans-
parency and the plant species. Hydrilla, a nuisance exotic plant in southern waters, can grow
at lower light intensities than can native plants, limiting the effectiveness of lake deepening.
Reductions in nutrient loads, to control eutrophication, can increase lake transparency,
increasing the depth at which macrophytes can grow and countering the effectiveness of
dredging to reduce macrophyte growth. Sediment removal and tilling (e.g., rototilling using
cultivation equipment) can also be used to disturb the lake bottom, tearing out plant roots
for short-term macrophyte control. Both dredging and tilling can have negative side effects,
including destruction of the benthic community and an increase in turbidity and siltation.

2. Water-level drawdown. In lakes where water levels can be controlled, lake levels can
be lowered to expose macrophytes in the littoral zone to prolonged drying and/or freezing.
Some species of plants are permanently damaged by these conditions, killing the entire
plant, including roots and seeds, with exposures of 2 to 4 weeks. Other plant species are
unaffected or even increase. An example of water-level drawdown to control aquatic plants
is shown in Figure 5.27. Water-level drawdowns in the winter tend to be more effective
than during the summer (Jørgensen et al., 2005).

3. Shading and sediment covers. Covers can be placed on the water or sediment sur-
face as a physical barrier to plant growth or to block light. Sediment covers made of
polypropylene, fiberglass, or a similar material can effectively prevent growth in small
areas such as near docks and swimming areas, but are generally too expensive to install
over large areas. Applications of silt, sand, clay, or gravel have also been used, but plants
eventually root in them. Shading to reduce growth rates can be provided by floating sheets
of polyethylene or by planting evergreen trees along the lakeshore. An example of shading
is illustrated in Figure 5.17.

FIGURES 5.26 Lake dredging. (From Delta Contracting Company of New Jersey, 2005.)
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4. Introduction of grass carp. Grass carp is an exotic fish species that feeds on macro-
phytes; however, grass carp do not consume all aquatic plant species. Generally, they avoid
alligatorweed, water hyacinth, cattails, spatterdock, and water lily. The fish prefer plant
species that include elodea, pondweeds (Potamogeton spp.), and hydrilla. A grass carp is
shown in Figure 5.28. Low stocking densities of grass carp can produce selective grazing
on the preferred plant species. The use of grass carp for aquatic plant management is
allowed only in certain states.

5. Introduction of insects that infest macrophytes. Several exotic insect species have
been imported to the United States and approved by the U.S. Department of Agriculture
for use in macrophyte control. Each insect species grows and feeds on only select target
plant species. In particular, insects have been used in southern waters to aid in the control
of alligatorweed and water hyacinth. Because insect populations tend to grow more slowly
than the plants, insects work best when used in conjunction with another plant control
technique (e.g., harvesting or herbicides). No significant negative side effects from insect
infestations have been documented.

6. Mechanical harvesting. Mechanical harvesters constructed on low-draft barges
can be used to cut and remove rooted plants and floating water hyacinths. A typical
mechanical harvester is shown in Figure 5.29. Cutting rates range from 0.1 to 0.3 ha/h,
depending on machine size. Harvesters can effectively clear an area of vegetation,
although the benefits are only temporary. Rates of plant regrowth can be rapid (within
weeks) but can be slowed if the cutter blade is lowered into the upper sediment layer.
Cut plants are removed from the lake, eliminating an internal source of nutrients and
organics with potential long-term benefits. However, some plant species, such as mil-
foil, may be fragmented and dispersed and actually increase in abundance after har-
vesting operations. Also, small fish can be caught and killed by mechanical harvesters.
Harvesting operations should precede spawning periods and avoid important spawning
and nursery areas.

7. Herbicides. Herbicides used to kill aquatic plants include Diquat, endothall, 2,4-D,
glyphosate, and fluridone. Although herbicide treatments can reduce macrophyte growths
rapidly, the benefits are short term and the potential for negative side effects is high. Plants
are left in the lake to die and decompose, releasing plant nutrients and in some cases causing

FIGURE 5.27 Lake drawdown to control aquatic plants.
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oxygen depletion and algal blooms. Plants generally regrow after several weeks or months,
or may be replaced by other, more tolerant macrophyte species. Most chemicals currently
approved are toxic to aquatic organisms and humans only at relatively high doses. Little
information is available, however, on the long-term ecological consequences of herbicide
use. Herbicide applicators must be licensed, have adequate insurance, wear protective gear,
and use only USEPA-approved chemicals, following label directions exactly. A typical
herbicide application boat is shown Figure 5.30. Generally, because herbicides do not
remove nutrients or organics from the lake or address the cause of the aquatic plant prob-
lem, herbicides should be used only where other techniques are unacceptable or
ineffective.

FIGURE 5.28 Grass carp.

FIGURE 5.29 Mechanical harvester.
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5.4.6 Attainability of Lake Uses

The most critical water-quality indicators for assessing the attainability of various lake
uses are dissolved oxygen, nutrients, chlorophyll a, and toxicants. In performing use-
attainability analyses, the relative importance of three forms of oxygen demand should be
considered: respiratory demand of phytoplankton and macrophytes, water-column
demand, and benthic demand. If use impairment is occurring, assessments of the
significance of each oxygen sink can be useful in evaluating the feasibility of achieving
sufficient pollution control or in implementing the best management practices to attain a
desired use. The presence of toxics such as pesticides, herbicides, and heavy metals in sed-
iments or the water column are also important considerations in evaluating use attainabil-
ity. These pollutants may prevent the attainment of uses related to fish propagation that
would otherwise be supported by the water-quality criteria for dissolved oxygen and other
parameters.

5.5 COMPUTER CODES

Several computer codes are available for simulating the water quality in lakes. These codes
typically provide numerical solutions to the advection–dispersion equation, or some other
form of the law of conservation of mass, at discrete locations and times for multiple inter-
acting constituents, complex boundary conditions, spatially and temporally distributed
contaminant sources and sinks, multiple fate processes, and variable flow and dispersion
conditions. In choosing a code for a particular application, there is usually a variety of
codes to choose from. However, in doing work that is to be reviewed by regulatory agen-
cies, or where professional liability is a concern, codes developed and maintained by the
U.S. government have the greatest credibility and, perhaps more important, are almost
universally acceptable in developing permit applications and defending design protocols

FIGURE 5.30 Herbicide application boat.
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on liability issues. Several of the more widely used models that have been developed and
endorsed by U.S. government agencies are described briefly here.

CE-QUAL-R1 (USAWES, 1986) is a one-dimensional (in vertical) horizontally aver-
aged continuous simulation code. This code conceptualizes the lake as a vertical sequence
of horizontal layers, where contaminants are uniformly distributed in each layer. Density
and wind-driven vertical mixing of constituents is simulated through the series of hori-
zontal layers. The code simulates inflows, outflows, vertical diffusion, and interactions of
a number of water-quality constituents. Inflows and outflows are added directly to or
removed directly from the appropriate layers. This code is not suitable for cases where
lateral or longitudinal variations in water quality are important. Water-quality constituents
that can be modeled include temperature, algae, phosphorus, nitrogen, dissolved oxygen,
metals, suspended sediments, dissolved solids, pH, and several other water-quality
parameters.

CE-QUAL-W2 (Cole and Buchak, 1995) is a two-dimensional water-quality and hydro-
dynamic code supported U.S. Army Waterways Experiment Station. The code has been
widely applied to stratified surface-water systems such as lakes, reservoirs, and estuaries
and computes water levels, horizontal and vertical velocities, temperature, and 21 other
water-quality parameters (such as dissolved oxygen, nutrients, organic matter, algae, pH,
the carbonate cycle, bacteria, and dissolved and suspended solids).

WASP 7 (Water Quality Analysis Simulation Program 7) (USEPA, 1988) simulates
contaminant transport in streams and lakes in one, two, or three dimensions. The contam-
inants that can be simulated include BOD, dissolved oxygen, and nutrients. WASP 7, one
of the most versatile multidimensional water quality codes in the public domain, is used
for applications in rivers, lakes, and reservoirs. This code helps users interpret and predict
water-quality responses to natural phenomena and human-made pollution for various pol-
lution management decisions. WASP 7 is a dynamic compartment-modeling program for
aquatic systems, including both the water column and the underlying benthos. WASP 7
also can be linked with hydrodynamic and sediment transport models that can provide
flows, depths velocities, temperature, salinity, and sediment fluxes. WASP 7 has been used
to examine eutrophication of Tampa Bay (Florida); phosphorus loading to Lake
Okeechobee (Florida); eutrophication of the Neuse River estuary (North Carolina);
eutrophication of the Coosa River and reservoirs (Alabama); PCB pollution of the Great
Lakes, eutrophication of the Potomac estuary, kepone pollution of the James River estu-
ary, volatile organic pollution of the Delaware estuary, heavy metal pollution of the Deep
River (North Carolina) and mercury in the Savannah River (Georgia).

Only a few of the more widely used computer codes have been cited here. Certainly,
there are many other good models that are capable of performing the same tasks.

SUMMARY

Lakes differ from rivers in that they typically have much lower velocities and longer deten-
tion times, and the water-quality gradients of concern are usually in the vertical direction.
Natural processes that affect the water quality in lakes are flow and dispersion, light pen-
etration, sedimentation, eutrophication, and thermal stratification. A major cause for con-
cern is that lakes tend to accumulate nutrients and ultimately become eutrophic, in which
case the respiration and photosynthesis of phytoplankton can cause significant and delete-
rious effects on the dissolved oxygen in the lake. The design of systems to control
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eutrophication involve the identification of the limiting nutrient, usually phosphorus or
nitrogen, and control of nutrient fluxes into the lake. The effect of contaminant inputs on
the water quality in lakes can sometimes be analyzed adequately using a completely mixed
model, which is an appropriate formulation when the wind-induced circulation is strong
and the time scale of the analysis is sufficiently long that seasonal mixing processes yield
a completely mixed lake. In some cases, one- and two-dimensional water-quality models
are necessary to adequately describe the fate and transport of pollutants in lakes. In cases
where water-quality problems exist, proven techniques are available to control eutrophica-
tion, dissolved oxygen, toxic contaminants, acidity, and aquatic plants.

PROBLEMS

5.1. A rectangular flood-control lake is 100 m � 70 m and has an average depth of 5 m.

(a) If the average inflow and outflow rate is 0.05 m3/s, estimate the detention time in
the lake.

(b) Compare this detention time with a larger lake that is 200 m � 140 m and 10 m
deep, with an average inflow/outflow rate of 0.1 m3/s.

5.2. A large natural lake has a surface area of 2.5 � 106 m2 and the catchment for the lake
has an area of 2.0 � 107 m2. Estimate the hydraulic detention time of the lake.

5.3. The orthophosphate concentration in a lake is measured as 30 µg/L and the available
nitrogen is measured at 0.2 mg/L. Determine the limiting nutrient for algal growth. If
the biomass concentration in the lake is too high, suggest a method to limit the growth
of biomass.

5.4. The total phosphorus concentration in a lake is measured as 15 µg/L, and the con-
centration of total nitrogen is estimated as 0.17 mg/L. Estimate the biomass concen-
tration and trophic state of the lake.

5.5. The density difference between the top and bottom of a 7-m-deep lake is measured as
3.5 kg/m3, and the mean density of the lake water is 998 kg/m3. If the velocity in the
lake is typically on the order of 2% of the wind speed, estimate the maximum wind
speed for the lake to remain strongly stratified.

5.6. The currents in a 7-m-deep lake are on the order of 5 cm/s. If the mean density of the
water is 998 kg/m3, estimate the density difference between the top and the bottom of
the lake for the lake to be strongly stratified. What temperature difference could be
responsible for such a density variation?

5.7. You have been appointed to be the project engineer to direct the cleanup of a polluted
lake in an urban development. Congratulations! The lake is approximately circular
with a radius of 100 m and an average depth of 5 m. The target biomass concentration
in the lake is 5 µg Chla/L, and the current biomass concentration is estimated to be
15 µg Chla/L. If the average inflow and outflow from the lake is 5 L/s, estimate the
allowable concentration of total phosphorus in the lake inflow such that the target bio-
mass concentration is reached in six months. The decay rate for phosphorus can be
taken as 0.01 day�1.
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5.8. The average concentration of total phosphorus (TP) in a flood-control lake is
25 µg/L, and daily flows into and out of the lake are typically on the order of
0.13 m3/s.

(a) If the decay rate of TP is 0.2 day�1 and the volume of the lake is 2.8 �105 m3,
estimate the mass loading that must be maintained to ultimately bring the TP
concentration down to 15 µg/L.

(b) If this mass loading is maintained for one week, estimate the TP concentration
at the end of each day.

5.9. A eutrophic lake is estimated to have a mean total phosphorous concentration of
47 µg/L that fluctuates by �50% during the year.

(a) Estimate the corresponding percentage fluctuation in biomass in the lake.

(b) If the lake is 200 m long �100 m wide �3 m deep, the average inflow (and
outflow) rate is 0.1 m3/s, and the decay rate for phosphorus is 0.03 day�1,
compare the detention time in the lake with the time scale for phosphorus
decay. What can you infer from this result regarding the fate of phosphorus in
the lake?

(c) If the inflow concentration of phosphorus is reduced to 20 µg/L, what is the con-
centration of phosphorus that can ultimately be expected in the lake?

(d) How long will it take for the mean phosphorus concentration to be decreased by
one-half?

5.10. If the mass loading of TP in Problem 5.8 suddenly drops to zero at the end of the
first week, estimate the daily TP concentration during the second week.

5.11. If the mass loading of TP in Problem 5.8 doubles at the end of the first week, esti-
mate the daily TP concentration during the second week.

5.12. A recreational lake is approximately circular with a diameter of 700 m and an aver-
age depth of 3 m. Cultural eutrophication has caused the lake to have an excessive
concentration of algae. The total phosphorus concentration is measured at 40 µg/L,
and it is estimated that the first-order decay factor for phosphorus in the lake is 0.008
day�1. Average annual inflow into the lake is 37.6 L/s, annual rainfall is 150 cm, and
annual evaporation is 130 cm.

(a) Estimate the current mass loading of phosphorus in kilograms per year, and the
mass loading that is required to reduce the algae concentration in the lake by
one-half.

(b) With the reduced mass loading, how long will it take for the phosphorus con-
centration in the lake to be within 5% of the equilibrium concentration of phos-
phorus?

5.13. The surface area of the lake described in Problem 5.8 is 28,000 m2. If the effective
settling velocity of TP is 0.1 m/day, repeat Problem 5.8 to assess the effect of sedi-
mentation on the TP concentrations.

5.14. Temperature profiles measured in White Lake, Michigan, on May 21 (T1) and June
6, 1974 (T2) are given in Table 5.8. Estimate the variation of the vertical diffusion
coefficient over the depth of the lake on May 21 and June 6, 1974.
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5.15. A near-shore discharge of a contaminant from a single-port outfall into a lake results
in a contaminant concentration of 10 mg/L at a distance of 10 m from the discharge
location. The lake currents are negligible, the dispersion coefficient in the lake is
5 m2/s, and the decay rate of the contaminant is 0.01 day�1. Estimate the contami-
nant concentration 100 m from the discharge location.

5.16. Measurements in the vicinity of a near-shore outfall in a lake indicate that the con-
taminant concentration 20 m from the outfall is approximately twice the concentra-
tion at a distance 40 m from the outfall. Observations also indicate that the currents
in the lake are negligible, and the decay constant of the contaminant is 0.05 day�1.
Estimate the dispersion coefficient.

242 LAKES AND RESERVOIRS

TABLE 5.8 Data for Problem 5.14

Depth (m) T1 (�C) T2 (�C) Depth (m) T1 (�C) T2 (�C)

15 11.0 12.1 7 12.8 16.8
14 12.1 12.3 6 13.0 18.0
13 12.1 12.4 5 13.1 18.0
12 12.1 12.7 4 13.1 18.2
11 12.1 13.3 3 13.2 18.2
10 12.2 13.7 2 13.3 18.2
9 12.4 14.7 1 13.7 18.2
8 12.6 16.4

Source: Lung (2001).
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CHAPTER 6

WETLANDS

6.1 INTRODUCTION

Wetlands are areas where water covers the ground surface or is present at or near the
ground surface for varying periods of time during the year. The prolonged presence of
water creates conditions that favor the growth of specially adapted plants (hydrophytes)
and promote the development of characteristic wetland (hydric) soils. Although wetlands
are often wet, a wetland might not be wet year-round. In fact, some of the most important
wetlands are only seasonally wet. Wetlands occur at the interface between land and water
and are transition zones where the flow of water, the cycling of nutrients, and the energy
of the sun meet to produce a unique ecosystem. The wetlands ecosystem is characterized
by unique hydrology, soils, and vegetation that make these areas important features of a
watershed. Wetlands are among the most productive ecosystems in the world, comparable
to rain forests and coral reefs, and they perform a variety of ecological functions. The
combination of shallow water, high levels of nutrients, and primary productivity is ideal
for the development of organisms that form the base of the food web and feed many
species of fish, amphibians, shellfish, and insects. Wetlands are points of ground-water
recharge, absorb water and airborne pollutants, attenuate floodwater, control erosion, cycle
minerals such as nitrogen, produce organic matter through carbon fixation, and provide
feeding refuge and reproductive habitats for a wide variety of fish and wildlife. More than
one-third of the threatened and endangered species in the United States live only in wet-
lands, and nearly half use wetlands at some point in their lives. Wetlands are found on
every continent in the world except Antarctica, and constitute about 4 to 6% of the land
surface on Earth (Mitsch and Gosselink, 2000). Wetlands are found at the interface of ter-
restrial ecosystems, such as upland forests and grasslands, and aquatic ecosystems in
rivers, lakes, and oceans. Wetlands are also found in seemingly isolated situations, where
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the nearby aquatic system is often a ground-water aquifer. Approximately half of the state
of Alaska is classified as wetlands (70 to 80 million hectares), with Florida (4.5 million
hectares), Louisiana (3.6 million hectares), Minnesota (3.5 million hectares), and Texas
(3.1 million hectares) having the next largest areas of wetlands. Wetlands are being lost in
the United States at a rate of about 40,000 ha/yr (USEPA, 2000a), and over half of the wet-
lands globally have been destroyed over the past 150 years (Thom et al., 2001). It has been
estimated that more than one-half of the approximately 1 million square kilometers of wet-
lands in the lower 48 U.S. states have been lost between the arrival of the first settlers and
the present (Novotny, 2003).

Some states (in the United States) have created wetland replacement banks funded by
fees that developers pay for a permit to drain a wetland on developed property. The fee is
used to create a wetland that is the same size or larger in a place where it would be most
beneficial.

Until recently in the United States and throughout the world, wetlands were considered
as a source of disease (malaria) and an obstacle to human use of land resources for growth,
agriculture, and economic development. In reality, in addition to attenuating surface runoff
(flood control) and ecological function, wetlands have an important role in controlling the
quality of surface waters, and because of their role in removing many anthropogenic pol-
lutants and nutrients in surface waters, wetlands are sometimes called “the kidneys of the
landscape.” The most important uses and ecological functions of wetlands are:

1. Flood storage and conveyance. Riverine wetlands and adjacent floodplains form nat-
ural corridors in which floodwater is stored and lateral inflow is attenuated.

2. Erosion reduction and sediment control. Wetlands adjacent to rivers and lakes con-
tain vegetation that slows runoff and flood flow, thus mitigating shoreline erosion and
enhancing sedimentation. Vegetation serves also to filter sediments from water, and the
roots of the vegetation then bind and stabilize the deposited silt.

3. Ground-water recharge and discharge. Wetlands and ground water are intercon-
nected (unless they are artificial wetlands designed to treat wastewater and stormwater
runoff); however, the connection is poor since the very existence of the wetland usually
implies highly impervious substrate soils. If shallow ground water is discharging into a
wetland, it can bring nutrients (primarily nitrate nitrogen) and minerals, which are then
used by the wetland vegetation. If the wetland is recharging, it is a natural barrier pre-
venting some mobile pollutants from entering the ground water.

4. Pollution control. Wetland vegetation and microbes residing on the stems and roots
of vegetation and in sediments can filter, absorb, and decompose suspended and dissolved
organic matter and convert organic-nitrogen and ammonia-nitrogen to nitrate (nitrification)
with subsequent denitrification of nitrate to nitrogen gas. Some phosphorus can be used by
the vegetation and/or absorbed onto sediments. The accumulated residual organic matter
can also immobilize toxic pollutants and bury them without harm to the biota.

5. Buffers for pollution control. Wetlands have very high assimilative capacity for
nitrate-nitrogen and hydrophobic toxic compounds, including metals. The assimilative
capacity for toxic compounds is related to the primary productivity that is stimulated by
nutrient inputs. Wetlands are also efficient in removing turbidity and BOD.

6. Wildlife habitats. The land–water interface is among the richest wildlife habitats in
the world. This is because of the abundance of water, nutrients, and shelter provided by the
wetlands and their vegetation. Many endangered species rely on wetlands.
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Wetlands are broadly classified as either natural wetlands or constructed wetlands.
Natural wetlands are formed by nature with limited human influence, whereas constructed
wetlands are engineered systems that are designed to function like natural wetlands.
Constructed wetlands are used to treat municipal and industrial wastewater, agricultural
runoff, and urban runoff.

6.2 NATURAL WETLANDS

Natural wetlands can be broadly classified as either coastal wetlands or inland wetlands,
where coastal wetlands are influenced by alternate floods and ebbs of tides, and inland wet-
lands are nontidal. Coastal wetlands in the United States are found along the Atlantic,
Pacific, Alaskan, and Gulf coasts, and there are a wide variety of estuarine and marine fish,
shellfish, birds, and mammals that must have coastal wetlands to survive. Coastal wetlands
may be further categorized as either marine or estuarine wetlands (Chang, 2002), depend-
ing on whether they are adjacent to an open ocean or adjacent to an estuary. In contrast to
coastal wetlands, inland wetlands are most common on floodplains along rivers and streams
(riverine wetlands), in isolated depressions surrounded by dry land (palustrine wetlands),
along littoral zones of lakes and ponds (lacustrine wetlands), and in other low-lying areas
where the ground water intercepts the soil surface or where precipitation sufficiently satu-
rates the soil. Riverine and lacustrine wetlands are sometimes collectively referred to as
riparian wetlands. Wetlands are typically classified as marshes, swamps, bogs, or fens.

6.2.1 Marshes

Marshes are wetlands that are frequently or continually inundated with water and charac-
terized by emergent soft-stemmed vegetation that is adapted to saturated-soil conditions.
A typical marsh is illustrated in Figure 6.1. There are many different kinds of marshes,
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FIGURE 6.1 Typical marsh. (Courtesy of David A. Chin.)
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ranging from prairie potholes in the central and northern United States to the vast
Everglades in Florida. Marshes are found in coastal and inland areas, and can contain fresh
or salt water. Marshes receive most of their water from surface runoff, and many marshes
are directly connected to the ground water. Marshes typically recharge the ground water
and moderate stream flow by providing water to streams, which is an especially important
function during periods of drought. The presence of marshes in a watershed reduces dam-
age caused by floods because they slow and store floodwater. Marshes are very important
in preserving the quality of surface waters. As water moves slowly through a marsh, sedi-
ment and other pollutants settle to the bottom of the marsh. Vegetation and microorgan-
isms found in marshes utilize excess nutrients that can otherwise pollute surface water.

Freshwater marshes have larger and more diverse plant populations than saltwater or
tidal marshes, and irregularly flooded salt marshes exhibit the fewest species of plants
(DeBarry, 2004). Salt marshes are typically composed mainly of rushes, sedges, and
grasses. Animals seek refuge from predators in the thick marsh vegetation. After marsh
plants die, microorganisms break the plants down into detritus, which serves as a food
source for many small animals.

6.2.2 Swamps

A swamp is any wetland dominated by wood plants, and are characterized by saturated
soils during the growing season and standing water during portions of the year. Swamps
serve vital roles in flood protection, nutrient removal, and sediment removal. Swamps are
divided into two major categories, depending on the type of vegetation present: forested
swamps and shrub swamps.

Forested Swamps Forested swamps are found throughout the United States and are
often inundated with floodwater from nearby rivers and streams. A typical forested swamp
is illustrated in Figure 6.2. In very dry years they may represent the only shallow water for
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FIGURE 6.2 Typical forested swamp.
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kilometers, and their presence is critical to the survival of wetland-dependent species such
as wood ducks (Aix sponsa), river otters (Lutra canadensis), and cottonmouth snakes
(Agkistrodon piscivorus). Common species of trees found in forested wetlands are red
maple and pin oak (Quercus palustris) in the northern United States, overcup oak (Quercus
lyrata) and cypress (Taxodium spp.) in the south, and willows (Salix spp.) and western
hemlock (Tsuga spp.) in the northwest. Bottomland hardwood swamp is a type of forested
swamp found in the south-central United States.

Bottomland hardwood forests are found along rivers and streams in the southeast and
south-central United States, generally in broad floodplains. These forested wetlands are
typically made up of different species of gum (Nyssa spp.), oak (Quercus spp.), and bald
cypress (Taxodium distichum); these trees have the ability to survive in areas that are either
seasonally flooded or covered with water much of the year. Bottomland hardwoods serve
a critical role in a watershed by reducing the risk and severity of flooding to downstream
communities by providing areas to store floodwater. In addition, hardwood forests improve
water quality by filtering and flushing nutrients, processing organic wastes, and attenuat-
ing sediment before it reaches open water.

Shrub Swamps Shrub swamps are similar to forested swamps except that shrubby
vegetation such as buttonbush, willow, dogwood (Cornus spp.), and swamp rose (Rosa
palustris) predominates. Mangrove swamps are a common type of shrub swamp domi-
nated by mangroves, as illustrated in Figure 6.3. Most mangrove swamps are denser than
shown in Figure 6.3(a), and Figure 6.3(b) shows a close-up view of a typical dense man-
grove swamp. Mangrove swamps are coastal wetlands found in tropical and subtropical
regions. The word mangrove refers to both the wetland itself and to the salt-tolerant trees
that dominate these wetlands. Florida’s southwest coast supports one of the largest man-
grove swamps in the world. In the continental United States, only three species of mangrove
grow: red, black, and white mangroves. Red mangrove (Rhizophora mangle) is easily rec-
ognized by its distinctive arching roots. Black mangrove (Avicennia spp.), which often
grows more inland, has root projections (pneumatophores), which help to supply the plant
with air in submerged soils. White mangroves (Laguncularia racemosa) grow farther
inland with no outstanding root structures. In Florida, mangrove swamps are dominated by
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FIGURE 6.3 Mangrove swamp.
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red and black mangroves. Mangrove swamps are constantly replenished with nutrients
transported by freshwater runoff from the land and flushed by the ebb and flow of tides.
Mangroves perform a variety of important functions, such as buffering the shoreline against
heavy wave action, filtering sediment- and pollutant-laden water, preventing shoreline ero-
sion, and serving as rookeries for a variety of wading birds. Mangrove trees support a
significant fish habitat for many juvenile fish species, including barracuda and snapper.

6.2.3 Bogs

Bogs are one of North America’s most distinctive types of wetland. They are characterized
by spongy peat deposits, acidic waters, and a floor covered by a thick carpet of sphagnum
moss. A typical bog (the Männikjärve bog in Estonia) is illustrated in Figure 6.4. Bogs
receive all or most of their water from precipitation rather than from surface runoff, ground
water, or streams. Consequently, bogs are low in the nutrients needed for plant growth, a
condition that is enhanced by acid-forming peat mossses. The unique and demanding
physical and chemical characteristics of bogs result in the presence of plant and animal
communities that demonstrate many adaptations to low nutrient levels, waterlogged con-
ditions, and acidic waters, such as carnivorous plants. In the United States, bogs are found
in the glaciated northeast and Great Lakes regions, where they are referred to as northern
bogs, and bogs are also found in the southeast, where they are referred to as pocosins. Bogs
serve an important ecological function in preserving downstream flooding by absorbing
precipitation, and bogs have been recognized for their role in regulating the global climate
by storing large amounts of carbon in peat deposits.

6.2.4 Fens

Fens are peat-forming wetlands that receive nutrients from sources other than precipita-
tion, usually from upslope sources through surface runoff over surrounding mineral soils
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FIGURE 6.4 Aerial view of a bog wetland. (From Aber, 2001. Copyright: J. S. Aber.)
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and from ground-water recharge. A typical fen is illustrated in Figure 6.5, where the slop-
ing land above the fen is shown clearly in the background. Fens differ from bogs in that
they are less acidic and have higher nutrient levels, which make them able to support a
much more diverse plant and animal community. Fens are often covered by grasses,
sedges, rushes, and wildflowers. Fens are mostly a northern hemisphere phenomenon,
occurring in the northeastern United States, Great Lakes region, the Rocky Mountains, and
much of Canada. Fens are generally associated with low temperatures and short growing
seasons, where ample precipitation and high humidity cause excessive amounts of mois-
ture to accumulate. Fens provide important benefits in a watershed, including preventing
or reducing flood risks, improving water quality, and providing habitat for unique plant and
animal communities.

6.3 DELINEATION OF WETLANDS

A variety of definitions are used around the world to delineate wetlands. In the United
States, the U.S. Army Corps of Engineers’ definition of a wetland carries particular weight,
since the Corps is responsible for delineating wetlands for regulatory purposes and issuing
dredge-and-fill permits required by the Clean Water Act. The Corps of Engineers defines
wetlands as “those areas that are inundated or saturated by surface or ground water at a
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FIGURE 6.5 Typical fen. (From McGlynn, 2005. Photo by Steve Cook.)
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frequency and duration sufficient to support, and that under normal circumstances do sup-
port, a prevalence of vegetation typically adapted for life in saturated soil conditions” (US
ACE, 1987). Wetlands delineated for regulatory purposes are called jurisdictional wet-
lands. According to the U.S. Army Corps of Engineers Wetlands Delineation Manual (US
ACE, 1987), three factors must generally be considered in delineating a wetland: vegeta-
tion, soils, and hydrology.

6.3.1 Vegetation

Wetland vegetation is defined as macrophytes that are adapted to inundated or saturated
conditions. For purposes of delineation, plants can be grouped into five categories: obli-
gate wetland plants (OBLs), facultative wetland plants (FACWs), facultative plants
(FACs), facultative upland plants (FACUs), and obligate upland plants (UPLs). The char-
acteristics of the five plant categories are given in Table 6.1. To meet the wetland vegeta-
tion requirement, more than 50% of the dominant species in a delineated wetland area
must be OBLs, FACWs, or FACs. Species lists of plants in these categories can be found
in USACE (1987). Marsh grass (Spartina alterniflora) and bald cypress (Taxodium
distichum), both shown in Figure 6.6, are plant species that are almost always found in
wetlands.

TABLE 6.1 Plant Categories Used in Wetland Delineation

Category Symbol Definition

Obligate wetland plant OBL Plants that occur almost always (estimated 
probability �99%) in wetlands under natural
conditions but which may also occur rarely
(estimated probability �1%) in nonwetlands.
Examples: Spartina alterniflora, Taxodium
distichum.

Facultative wetland plant FACW Plants that usually occur in wetlands (estimated
probability �67 to 99%) but also occur in
nonwetlands (estimated probability �1 to
33%). Examples: Fraxinus pennsylvanica,
Cornus stolonifera.

Facultative plant FAC Plants with a similar likelihood (estimated 
probability 33 to 67%) of occurring in both
wetlands and nonwetlands. Examples:
Gleditsia triaconthos, Smilax rotundifolia.

Facultative upland plant FACU Plants that sometimes occur in wetlands 
(estimated probability 1 to 33%) but occur
more often in nonwetlands (estimated 
probability �67 to 99%). Examples:
Quercus rubra, Potentilla arguta.

Obligate upland plant UPL Plants that rarely occur in wetlands (estimated
probability �1%) but almost always occur in
nonwetlands (estimated probability �99%)
under natural conditions. Examples:
Pinus echinata, Bromus mollis.
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6.3.2 Soils

Wetland soils, called hydric soils, are defined as soils that are saturated, flooded, or ponded
long enough during the growing season to develop anaerobic conditions in the upper soil
layers that favor the growth and regeneration of hydrophytic vegetation. Most soils, includ-
ing hydric soils, are composed predominantly of minerals such as quartz, feldspars, and
clay minerals. However, hydric soils commonly have a buildup of organic matter at the soil
surface, which can make the surface horizon dark colored. If the organic matter content
(measured as organic carbon) is greater than 20 to 30% of the soil’s weight and this
organic-rich layer is more than 40 cm thick, it is considered an organic soil. Peat is com-
posed mostly of recognizable plant fragments that are only partly decomposed; muck con-
tains highly decomposed organic matter. When drained of excess water and carefully
managed, muck soils are among the most important vegetable-producing soils in the east-
ern United States.

A property unique to hydric soils is their color or color patterns. Besides the dark shad-
ing from the presence of organic matter, iron compounds are the most important coloring
agents in soils. Hydric soils tend to exhibit gray or blue-gray colors (known as gleying or
gleyed colors), especially just beneath the topsoil or surface horizon, as shown in Figure 6.7.
This results from the chemically reduced oxidation state of iron compounds as opposed to
the rusty red (oxidized) and brown colors of drier, nonhydric soils. Where shallow water
tables fluctuate, gray, yellow, and red colors can also occur as small splotches, or as thread-
like or network patterns, created by accumulations or depletions of iron and manganese.
Because they result from processes of reduction and oxidation, these color indicators of
wetness are collectively termed redoximorphic features.

When a hydric soil is drained, it may no longer be referred to as a hydric soil, unless
the supported vegetation is hydrophytic, and indicators of hydrology support the designa-
tion as a hydric soil.

6.3.3 Hydrology

Hydrologic factors that determine whether an area is a wetland are the frequency, timing, and
duration of inundation or soil saturation, as shown in Table 6.2 for nontidal areas. Zone I is
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FIGURE 6.6 Wetland plants: (a) marsh grass (Spartina alterniflora); (b) bald cypress (Taxodium
distichum). (From NOAA, 2005b.)
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FIGURE 6.7 Hydric soil. (From Suffolk County Soil and Water Conservation District, 2005.)

TABLE 6.2 Hydrologic Zones for Nontidal Areas

Percent of Time 
Zone Name Inundated Comments

I Permanently inundated 100 Inundation �2 m mean water
depth. Aquatic, not wetlands.

II Semipermanently to nearly 75–100 Inundation defined
inundated or saturated as �2 m mean water depth.

III Regularly inundated or 25–75
saturated

IV Seasonally inundated or 12.5–25
saturated

V Irregularly inundated or 5–12.5 Many areas having these 
saturated hydrologic characteristics are

not wetlands.
VI Intermittently or never �5 Areas with these hydrologic

inundated or saturated characteristics are not wetlands.

Source: USACE (1987).
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aquatic, zones II, III, and IV are wetlands, and zone VI is upland. Zone V may or may not
be considered a wetland, depending on the other indicators. Recorded water-level data
from adjacent streams and lakes, as well as model predictions, can be used to establish the
hydrologic condition of an area.

If an area meets any of the wetland criteria regarding vegetation, soils, and hydrology,
the area is classified by the Corps of Engineers as a jurisdictional wetland.

6.4 WETLAND HYDROLOGY

Wetlands are part of a landscape mosaic that provides several watershed functions, and
removal or alteration of wetlands through alteration of hydrology significantly affects the
health and function of the broader landscape. The hydrology of a wetland creates the
unique physicochemical conditions that make such an ecosystem different from both well-
drained terrestrial systems and deepwater aquatic systems. Hydrologic pathways such as
rainfall, surface runoff, ground-water flow, tides, and flooding rivers transport energy and
nutrients to and from wetlands. Water depth, flow patterns, and duration and frequency of
flooding are the result of hydrologic inputs and outputs, and these factors have a direct
influence on the biochemistry of soils and the biota of wetlands. Except in nutrient-poor
wetlands such as bogs, water inputs are the major source of nutrients to wetlands. When
hydrologic conditions in wetlands change, even slightly, the biota may respond with mas-
sive changes in species composition, richness, and ecosystem productivity. Several ani-
mals are particularly noted for their contributions to hydrologic modifications and
subsequent changes in wetlands. Beavers are noted for building dams, muskrats for bur-
rowing, and geese (particularly Canada geese, shown in Figure 6.8) for consuming exces-
sive amounts of wetland vegetation.
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FIGURE 6.8 Canada geese. (From Jackson Bottom Wetlands Preserve, 2005.)
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The hydroperiod is the seasonal pattern of water level in a wetland and can be consid-
ered a hydrologic signature of each wetland type. Factors that affect the hydroperiod include
(1) the balance between inflows and outflows, (2) the surface contours of the landscape, and
(3) the subsurface soil, geology, and ground-water conditions. The balance between inflows
and outflows defines the water budget of the wetland, whereas the surface contours and sub-
surface conditions define the capacity of the wetland to store water. For wetlands that are
not subtidal or permanently flooded, the amount of time that a wetland contains standing
water is called the flood duration, and the average number of times that a wetland is flooded
in a given period is known as the flood frequency. Each depth of inundation has a range of
possible flood durations, and each duration has a corresponding flood frequency.

The hydrologic budget of a wetland is given by the relation

(6.1)

where ∆V is the volume of water added to the wetland in time increment ∆t, Pn is the incre-
mental net precipitation, Sn is the incremental net surface-water inflow, including flooding
streams, Gn is the incremental net ground-water inflow, and ET is the incremental evapo-
transpiration. The incremental net precipitation is equal to the incremental precipitation
minus the amount of this precipitation intercepted by the vegetation. The components of
the wetland water budget are discussed below.

6.4.1 Net Surface-Water Inflow

Wetlands receive surface inflows in many forms. Overland flow is a nonchannelized sheet
flow that usually occurs during and immediately following rainfall or a spring thaw, or as
tides rise in coastal wetlands. Channelization of flow, which is usually associated with
urbanization, has a significant impact on the functioning wetlands with significant over-
land inflow. In addition, roads can block or severely alter the outflow dynamics of the sys-
tem, and increased flow rates through culverts can be a major impediment to wetland
functioning as well as fish migration. A special case of surface flow occurs in riparian wet-
lands that are in floodplains adjacent to rivers or streams and are occasionally flooded by
those rivers or streams. Examples of riparian wetlands are the delta marshes of the
Mississippi River (Gosselink, 1984) and the hardwood swamps of the southeastern United
States (Wharton et al., 1982). Some wetlands can be more isolated, receiving only inter-
mittent surface-water input. These systems include vernal pools in California (Zedler,
1987), prairie pothole wetlands in the midwest (Kantrud et al., 1989), and playa lakes in
the southern high plains.

6.4.2 Net Ground-Water Inflow

Wetlands can recharge ground water or can be located in areas where ground water is dis-
charged to the wetland. Movement of ground water into or out of a wetland is a function
of the permeability of the soils, which is partially affected by vegetation and soil type. The
drawdown of the water table caused by urbanization of nearby areas can have a deleteri-
ous effect on wetland function, and such an effect has been documented in the forested
wetlands of Florida (Mortellaro et al., 1995). The effects of water-table drawdown on
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wetlands include reduced hydroperiod, lower water levels, a shift to drier, nonwetland
plant species, death of animal species, loss of fish and amphipods, reduced use by birds
and wildlife, and increased fire damage.

6.4.3 Evapotranspiration

Evapotranspiration (ET) typically accounts for loss of water ranging from 20 to 80% of the
annual water budget in most wetland systems (Mitsch and Gosselink, 2000).
Evapotranspiration plays a role in the attenuation of floodwaters as well as maintenance of
the soil-water-redox conditions in a wetland. Changing the water input, loss of plants, and
changes in soil conditions will affect ET and in turn change the functioning of the wetland.
It is noteworthy that transpiration can exceed open-water evaporation losses in prairie-
pothole systems (LaBaugh et al., 1998).

As a general rule, natural wetlands are more prevalent in cool or wet climates than in
hot or dry climates, and steep terrain tends to have fewer wetlands than gently sloping
landscapes. Wetlands occur most extensively in regions where precipitation is in excess of
losses such as evapotranspiration and surface runoff. The dividing line between precipita-
tion excess in the eastern United States and precipitation deficit in the western United
States is the Mississippi River.

6.5 CASE STUDY: THE EVERGLADES AND BIG CYPRESS SWAMP

Southern Florida, from Lake Okeechobee southward to Florida Bay, contains several
unique natural wetlands. Within a 34,000-km2 area are three major types of wetlands: the
Everglades, the Big Cypress Swamp, and the coastal mangroves of Florida Bay. The rela-
tive locations of these wetland systems are shown in Figure 6.9.
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NASA, 2005a.)
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Water flowing through the Everglades from Lake Okeechobee to Florida Bay is typi-
cally only a few centimeters deep and about 80 km wide. For this reason, the Everglades
has been affectionately called the “river of grass” (Douglas, 1947). The Everglades is dom-
inated by sawgrass (Cladium jamaicense), which is actually a sedge, not a grass. In addi-
tion to sheet flow, the Everglades contains deeper water sloughs and tree islands, or
hammocks, that support a vast diversity of plants, including hardwood trees, palms,
orchids, and other air plants. Surface water in the Everglades flows in a generally southerly
or southwesterly direction through the grasses and other macrophytes at relatively low
velocities that generally range from 0.5 to 2 cm/s (Ricassi and Schaffranek, 2003). Under
most conditions, flow conditions are in the laminar regime (Lee et al., 2004). Tracer exper-
iments in the Everglades have indicated longitudinal dispersion coefficients on the order
of 5 � 10�5 m2/s in regions where the average velocity is on the order of 0.3 cm/s (Harvey
et al., 2005).

About half of the original Everglades has been lost to agriculture and urban develop-
ment, and the health of the Everglades has been affected significantly by changes in the
quantity, quality, timing, and distribution of water entering the Everglades. For example,
natural phosphorus levels in the Everglades are on the order of 10 µg/L, and where the
phosphorus levels rise from 10 µg/L to 50 µg/L an invasion of cattails and other foreign
species significantly changes the local wetland ecology and affects the habitat for many
endangered species. To address these and other impacts, the Everglades is currently the site
of the largest wetland-restoration effort in the United States. The comprehensive restora-
tion blueprint includes plans for improving the water quality as it enters the Everglades
from agricultural areas to the north and for modifying the hydrology to conserve and restore
habitat for declining populations of wading birds such as the wood stork and the white ibis.

The Big Cypress Swamp is dominated by cypress trees interspersed with pine flatwoods
and wet prairie. The Big Cypress Swamp receives about 125 cm of rainfall per year but
does not receive major inputs of overland flow as the Everglades does. The third major
wetland type, mangroves, forms impenetrable thickets where the sawgrass and cypress
swamps meet the saline waters of the Florida coastline.

6.6 CONSTRUCTED TREATMENT WETLANDS

Constructed treatment wetlands are engineered systems that utilize natural processes
involving wetland vegetation, soils, and their associated microbial assemblages to assist,
at least partly, in treating an effluent or other water source (USEPA, 2000a). Constructed
treatment wetlands were initially applied around 1960 in Europe and North America to
exploit the biodegradation ability of plants. Constructed treatment wetlands are used to
treat wastewater from municipal and industrial sources, as well as contaminated water
from agricultural and stormwater sources. The advantages of using constructed treatment
wetlands include low construction and operating costs, and they are appropriate for small
communities and as a final-stage treatment in large municipal systems. Constructed wet-
lands for treating municipal wastewater are an excellent option for small communities
where inexpensive land is available and skilled operators are hard to find. In arid regions
and communities reaching their limits of water availability, water reuse using these sys-
tems is an attractive option that can help achieve water conservation and wildlife habitat
goals. A disadvantage of constructed treatment wetlands is their relatively slow rate of
operation in comparison to conventional wastewater-treatment technology. Constructed
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wetlands have proven effective in removing metals from waste streams; however, if a large
volume of waste is involved, a sizable expanse of wetlands and rigorous rotation of areas
in the treatment process may be required (Stone, 1999). Also, once the plants take up and con-
centrate the metals, they themselves become a hazardous waste that must be disposed of
properly. As of 2000, there were more than 600 active constructed-treatment wetland proj-
ects in the United States (USEPA, 2000a). As of 2004, the largest constructed wetland in
the world was the 6700-ha stormwater-treatment wetland (locally designated as STA 3/4)
located in the Everglades Agricultural Area of Florida (Bufe, 2005). Although constructed
wetlands mimic natural wetlands, they represent created ecosystems that are not part of the
original wetland resources of a region, and therefore continuous flooding with polluted
water is more acceptable.

There are two types of constructed wetlands: surface-flow wetlands and subsurface-
flow wetlands. Constructed surface-flow wetlands, sometimes called free water surface
wetlands, are similar to natural wetlands with predominant overland flow. In constructed
subsurface-flow wetlands, sometimes called vegetated submerged beds, water exits the
wetland through subsurface drains. Schematic diagrams of natural and constructed wetlands
used in water-quality control are illustrated in Figure 6.10. Both surface- and subsurface-
flow wetlands are used to treat municipal wastewaters. However, surface-flow wetlands
that receive less than secondary treated wastewater are potential health hazards and odor
sources and are not well suited for use at parks, playgrounds, and similar public facilities;
gravel-bed subsurface-flow systems often dominate these applications. In using constructed
treatment wetlands to treat urban runoff, agricultural runoff, and livestock and poultry
wastes, surface-flow wetlands are most commonly used. Wetland treatment of landfill wastes
use both surface- and subsurface-flow systems. Overall, subsurface-flow systems are more
effective than surface-flow systems at removing pollutants at high application rates. However,
overloading, surface flooding and media clogging can result in reduced efficiency of subsur-
face systems (Shutes, 2001).

6.6.1 Surface-Flow Wetlands

A constructed surface-flow (SF) wetland attempts to reproduce a natural surface-flow wet-
land. A constructed surface-flow wetland typically consists of basins or channels with a
subsurface barrier of clay or impervious geotechnical material (lining) to prevent seepage.
The basins are then filled with soils to support emergent vegetation. If the soil is brought
from an existing wetland, wetland vegetation may emerge without seeding; however, seed-
ing and planting of vegetation is part of the construction process.

The fully vegetated zones of most SF systems used to treat domestic wastewater are
anaerobic. This anaerobic condition is caused by the significant oxygen demand of primary
or lagoon-treated influent, and the secondary invasion of duckweed, which almost always
accompanies the detritus from emergent species to effectively inhibit atmospheric reaera-
tion of the water column. Under anaerobic conditions, biological reactions are extremely
slow, even though there is considerable biological growth attached to the dense stand of
emergent plants. The attached-growth microorganisms are responsible for much of the bio-
logical treatment, however, the shade provided by the emergent plants keeps the water col-
umn cooler than it would be in open areas, and the lack of sunlight penetration limits the
natural pathogen kill that occurs in open-water zones. The dominant forces removing pol-
lutants from wastewater in fully vegetated zones are physical. If the detention time in a
fully vegetated zone is about 2.5 days, the flocculation and high-rate sedimentation resulting
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from tortuous travel through dense plant stems results in efficient removal of settleable
(�100 µm), supracolloidal (between 1 and 100 µm), and colloidal (�1 µm) solid fractions
of total suspended solids (TSS), BOD, heavy metals, and organic fractions of total nitro-
gen and phosphorus. In addition to the fully vegetated zone, which can produce effluent
meeting secondary treatment standards, surface-flow wetlands may also contain open-
water zones to meet higher treatment standards. In the open-water zone, where aerobic
conditions prevail because of the oxygen produced by submerged vegetation and atmos-
pheric reaeration, more rapid aerobic biochemical reactions oxidize soluble BOD and
nitrify ammonia-nitrogen. In addition, solar radiation increases pathogen kills. One key to
preventing algae blooms in open-water zones is to make the detention time small, usually
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FIGURE 6.10 Wetland treatment systems: (a) natural; (b) surface-flow; (c) subsurface-flow.
(Copyright © 1996 from Treatment Wetlands by R. H. Kadlec and R. L. Knight. Reproduced by per-
mission of Routledge/Taylor & Francis Group, LLC.)
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2 to 3 days, depending on temperature. The final zone of a constructed surface-flow
wetland should be another fully vegetated zone to flocculate and settle biomass created by
aerobic reactions in the open-water zone, denitrify the nitrate-nitrogen produced, and keep
wildlife (particularly birds) away from the effluent collection system to minimize their effect
on effluent quality. A typical constructed surface-flow wetland is shown in Figure 6.11,
where the inflow pipe and sedimentation area (forebay) is readily apparent at the head of
the wetland.

The water depth in constructed SF wetlands typically range from 5 to 80 cm (0.2
to 2.6 ft), with design flows ranging from less than 4 m3/day (1000 gpd) to more than
75,000 m3/day (20 mgd). Annual phosphorus removal in surface-flow constructed wetlands
is typically minimal (Kreissl and Brown, 2000). Phosphorus uptake by plants is mostly
returned to the water during the senescent period, making the maximum phosphorus removal
obtainable in the range of less than 1.5 mg/L in systems that are (lightly) loaded at less than
1.5 kg/ha · day.

To develop a wetland that is a low-maintenance site, the natural successional process
must be allowed to proceed. Often, this may mean some initial period of invasion by unde-
sirable plant species, but if proper hydrologic and nutrient loads are maintained, this inva-
sion is usually temporary.

6.6.2 Subsurface-Flow Wetlands

Constructed subsurface-flow (SSF) wetlands are essentially horizontal gravel filters that
provide treatment similar to the first, fully vegetated zone of the constructed surface-flow
(SF) wetland. Because of their reduced size and inherent barriers to prevent human con-
tact, SSF wetlands have been used as on-site treatment facilities following septic tanks
and, usually, before soil absorption. Constructed SSF systems have also been used for
domestic wastewater treatment after primary settling with good success in meeting sec-
ondary effluent standards (TSS, BOD � 30 mg/L).
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FIGURE 6.11 Constructed surface-flow wetland. (From North Carolina State University, 2005.)
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Subsurface-flow wetlands are typically about 50 cm to 1.0 m deep from top to bottom
and contain soil, gravel, or rock media with emergent aquatic plants rooted in the media.
In the United States, the most common medium is gravel, but sand and soil have been used
in Europe. Most controlled studies indicate that these systems perform as well without
plants as with plants (Kreissl and Brown, 2000). The water surface in SSF wetlands is
maintained beneath the upper surface of the underlying porous medium. In operational
systems in the United States, the porous medium depth ranges from 30 to 90 cm (1 to 3 ft),
and design flows range from less than 190 m3/day (50,000 gpd) to 13,000 m3/day
(3.5 mgd). The SSF system is underlain with an impermeable layer of clay or synthetic
liner, and the system is built with a slight inclination of 1 to 3% between the inlet and the
outlet. A typical subsurface-flow wetland is shown in Figure 6.12, where the surface veg-
etation is in the early stage of development.

Problems have arisen when SSF systems were used to remove nitrogen or perform other
functions for which they are not physically capable. In both surface- and subsurface-flow
constructed wetlands, physical pollutant removal may be temporary because chemical and
microbiological degradation in anaerobic areas can return some settled organic and inorganic
matter to the water column by transforming particulate matter to other, more soluble, matter.

Constructed subsurface-flow wetlands have been used extensively in Europe under the
names root zone method, hydrobotanical system, soil filter trench, biological macrophytic
and marsh bed, and vegetated submerged bed.

6.6.3 Wetland Regulations in the United States

Under the Clean Water Act (CWA), states and tribes must adopt water-quality standards
for all natural water bodies. Water-quality standards include specification of a “designated
use” for each water body, criteria to protect each designated use, and an antidegradation
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FIGURE 6.12 Constructed subsurface-flow wetland. (From Nova Scotia Agricultural College,
2005. Photo by Steven Tattrie.)
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policy (CWA Section 303). Natural (jurisdictional) wetlands are classified as waters of the
United States, and water-quality standards must be adopted for all natural wetlands. Such
water-quality standards usually preclude using natural wetlands for water treatment. As a
consequence, constructed treatment wetlands are typically located in uplands, outside
waters of the United States. As a general rule, municipal wastewater effluent must be
treated to at least secondary levels before it enters waters of the United States (CWA
Section 301), such as rivers and oceans. Circumstances that would allow a constructed
treatment wetland to be located in an existing wetland or other waters of the United States
include (1) the source water meets all applicable water-quality standards and criteria; (2)
use of a constructed wetland would result in a net environmental benefit to the aquatic sys-
tem’s natural functions and values; and (3) a constructed treatment wetland would help
restore the aquatic system to its historic, natural condition.

If a constructed treatment wetland is not itself a water of the United States but discharges
pollutants into a water of the United States, the discharge requires a National Pollutant
Discharge Elimination System (NPDES) permit under CWA Section 402. The Section 402
program is administered at the federal level by the USEPA, and over 40 states are author-
ized by the USEPA to administer the NPDES permitting program within their state.

Filling of natural wetlands is a common occurence in land development. If construction
activities involve the placement of dredged or fill material to the waters of the United
States, including wetlands, permit authorization under CWA Section 404 is required. At
the federal level, the USEPA and the U.S. Army Corps of Engineers jointly administer the
Section 404 program, with the U.S. Fish and Wildlife Service, the National Marine
Fisheries Service, and state resource agencies having advisory roles. An individual permit
is usually required for potentially significant dredge and fill impacts; however, for most
dredge and fill activities that will have only minimal adverse effects, the U.S. Army Corps
of Engineers often grants general permits. These general permits may be issued on a
nationwide, regional, or state basis for particular categories of activities, such as minor
road crossings, utility line backfill, and bedding. An example of a dredge and fill operation
is shown in Figure 6.13. Section 404 regulations require that new wetlands be created if
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FIGURE 6.13 Dredge-and-fill operation. (From USGS, 2005g.)
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natural wetlands are filled. However, natural wetlands typically provide much better
ecosystem services than do human-made wetlands (DeBarry, 2004).

In general, wetlands constructed or restored for the primary purpose of treating waste-
water will not be recognized as compensatory mitigation to offset wetland losses author-
ized under federal regulatory programs (USEPA, 2000a). In some cases, however,
components of constructed wetland treatment systems that provide wetland functions
beyond what is needed for treatment purposes may be used for compensatory mitigation.
For example, project sponsors may be eligible to receive mitigation credit for using treated
effluent as part of a constructed treatment wetland system that restores or creates additional
wetland area beyond the area need for treatment purposes.

6.6.4 Basic Principles for Wetland Restoration and Creation

Wetland restoration and creation is an area of practice that is sometimes considered a spe-
cialty area within ecological engineering. A key philosophy in ecological engineering is to
design systems that are as close to the natural features of the landscape as possible and
require a minimum amount of maintenance (Mitsch and Jørgensen, 1989). Specific princi-
ples to be considered in restoring and creating wetlands are (Novotny, 2003):

• Design the system for minimum maintenance. The system of plants, animals,
microbes, substrate, and water flows should be developed for self-maintenance and
self-design.

• Design a system that utilizes natural energies, such as the potential energy of streams.

• Develop a system considering the landscape. The best sites are locations where wet-
lands existed previously or where nearby wetlands still exist.

• Design the system as an ecotone. This means including a buffer strip around the site
but also means that the wetland site itself needs to be viewed as a buffer between the
upland and the aquatic system to be protected.

• Take into consideration the uses of the surrounding lands. For example, in agricultural
zones, planned idling of land for soil-erosion control may obviate the need for a wet-
land to control pollution by nonpoint runoff.

• Hydrologic conditions are paramount. Without water for at least part of the growing
season, a wetland is impossible.

• Give the system time. Wetlands are not created overnight.

• The soils should be surveyed. Highly permeable soils do not support healthy wetland
systems.

• Consider the chemical composition of influent waters, including ground-water dis-
charge to the wetland. This affects biological productivity and/or bioaccumulation of
toxic materials.

6.6.5 Design of Constructed Treatment Wetlands

Guidance for the design of wetlands to treat municipal wastewaters can be found
in the USEPA manual, Constructed Wetlands Treatment of Municipal Wastewaters
(EPA/625/R-99/010), and the Water Environment Federation (WEF) Manual of Practice,
Natural Systems for Wastewater Treatment (FD-16). Design goals for wetlands range

262 WETLANDS

c06.qxd  4/7/06  1:44 PM  Page 262



from an exclusive commitment to treatment functions to systems that provide advanced
treatment combined with enhanced wildlife habitat and public recreational opportuni-
ties. The size of constructed wetlands range from small on-site units designed to treat
septic tank effluent from a single-family dwelling to 16,200 ha (40,000 acres) of wet-
lands being designed in South Florida for treating phosphorus in agricultural stormwa-
ter runoff. A typical constructed wetland for stormwater treatment is shown in Figure
6.14. Storm water enters the first bay from the large drain pipe shown in Figure 6.14(a)
and slows down immediately, which allows the sedimentation of pollutants. The cleaner
water then flows gently through the meandering wetland channel shown in Figure
6.14(b), which covers about 0.4 ha of ground. The channels are planted with wetland
grasses and plants which help to further clean the water. Figure 6.14(c) shows the end
of the channel at the last bay, where the water level is controlled by an outlet-pipe
structure.

Hydrology is the most important variable in wetland design. If the proper hydrologic
conditions are developed, chemical and biological conditions will respond accordingly.
Parameters used to characterize the hydrologic conditions of treatment wetlands include
hydroperiod, seasonal pulses, hydraulic loading rate, and detention time. Other important
variables in wetland design include basin morphology, chemical loading, soil composition,
vegetation, and management after construction. Typical design parameters for constructed
wetlands treating wastewater effluents are listed in Table 6.3, and these parameters are cov-
ered in more detail in the following sections.
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FIGURE 6.14 Constructed wetland components. (From Earth Action Partnership, 2005. Photo by
Pamela Feagler.)
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Location The ideal site for a constructed wetland is located a reasonable distance from
the wastewater source, at an elevation that permits gravity flow to the wetland, between the
wetland cells, and to the final discharge point. The site should be available at a reasonable
cost, should not require extensive clearing or earthwork for construction, should have a
deep nonsensitive ground-water table, and contain subsoils that provide a suitable liner
when compacted.

Preapplication Treatment Some form of preliminary treatment precedes all wetland
treatment systems in the United States, ranging from primary levels to tertiary levels. The
required level of preapplication treatment depends on the functional intent of the wetland,
on the level of public exposure expected, and on the need to protect habitat values. The
minimal preliminary treatment for municipal wastewater would be the equivalent of pri-
mary treatment, accomplished using septic tanks or Imhoff tanks for small systems or pond
units with deep zones for sludge accumulation for large systems. Providing the equivalent
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TABLE 6.3 Design Parameters for Constructed Wetlands

Design Surface-Flow Subsurface-Flow Natural
Parameter Systems Systems Systems

Minimum size requirement 2–4 1.2–1.7 5–10
(ha/1000 m3 · day)

Hydraulic loading (cm/day) 2.5–5 5.8–8.3 1–2
Maximum water depth (cm) 50 Water level 50; depends

below ground on native
surface vegetation

Bed depth (cm) — 30–90 —
Minimum aspect ratio 2:1 — 1.4:1
Minimum hydraulic 5–10 5–10 14

residence time (days)
Minimum pretreatment Primary; secondary Primary Primary; secondary;

is optional nitrification; TP
reduction

Configuration Multiple cells in Multiple beds Multiple
parallel and series in parallel discharge sites

Distribution Swale, perforated Inlet zone Swale, perforated
pipe (�0.5 m wide) pipe

of large gravel
Maximum loading

(kg/ha 	 day)
BOD5 100–110 80–120 4
Suspended solids Up to 175 Up to 150 —
TKN 7.5 30 3
Phosphorus 0.12–1.5 3.6–17 —

Additional considerations Mosquito control Allow flooding Natural
with mosquito  capability for hydroperiod 
fish; remove weed control should be  
vegetation �50%; no

vegetation harvest

Source: Water Pollution Control Federation (1992).
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of secondary treatment is considered prudent before allowing public access to the wetland
or developing specific habitats that encourage birds and other wildlife. This level of treat-
ment can be accomplished at a first-stage wetland unit where public access is restricted and
habitat values are minimized. Tertiary treatment with nutrient removal may be necessary
before discharging to natural wetlands where preservation of the existing habitat and
ecosystem is desired.

Hydroperiod The hydroperiod is defined as the pattern of water depth fluctuation over
time. Wetlands that have a seasonal fluctuation of water depth have the most potential for
developing a diversity of plants, animals, and biogeochemical processes. Alternate
flooding and aeration of soils promote nitrification–denitrification, and deepwater areas,
devoid of emerging vegetation, offer habitats for fish (e.g., Gambusia affinis, the mosquito-
eating fish). Fluctuating water levels can provide needed oxidation of organic sediments
and can, in some cases, rejuvenate a system to higher levels of chemical retention. Water
levels are typically controlled by inflow and outflow structures such as feed pumps, gates,
and weirs. A typical outflow weir protected by a trash rack is shown in Figure 6.15. During
the startup period, low water levels are needed to avoid flooding newly emerged plants.
Startup periods for the establishment of plants may take 2 to 3 years, and the development
of an adequate litter sediment compartment may take another 2 to 3 years (Mitsch and
Gosselink, 2000).

Seasonal Pulses Storms and seasonal patterns of floods can significantly affect the
performance of wetlands designed for the control of nonpoint surface runoff. Highest
nutrient loadings from agricultural sources occur during the first storms after fertilizer
application, and a good wetland design should take advantage of these pulses for system
replenishment, and provide for excess wet-weather storage if nutrient retention is a primary
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FIGURE 6.15 Wetland outlet weir. (From Emmons and Oliver Resources, 2005).
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objective. Infrequent floods and droughts are important for dispersing biological species to
the wetland and adjusting resident species composition.

Wetland Hydraulics The Manning equation is widely accepted as a model for the flow
of water through surface-flow wetlands (Water Environment Federation, 2001). The form
of the Manning equation that is most frequently used is given by

(6.2)

where v is the average flow velocity (m/s), n is the Manning roughness coefficient (dimen-
sionless), y is the depth of flow (meters), and S is the hydraulic gradient (dimensionless).
In most applications of the Manning equation, resistance to flow occurs only on the bot-
tom and submerged sides of an open channel, and published values of n coefficients for
various conditions are available (e.g., Chin, 2006). However, in surface-flow wetlands,
resistance to flow extends through the entire depth of the water because of the presence of
emergent vegetation and litter. Manning’s n in wetlands can be estimated in terms of the
depth of flow, y(in meters), by the relation

(6.3)

where a is called the resistance factor, which can be estimated using the guidance given
in Table 6.4. The head differential between the water surface at the inlet and at the outlet
of a wetland provides the energy required to overcome the frictional resistance. Although
constructing a wetland with a sloping bottom can provide some of the head differential, the
preferred approach is to construct a bottom with minimal slope that still allows complete
drainage when needed and to provide outlet structures that allow the water level to be
adjusted to compensate for the resistance that may increase with time.

Overland flow in wetlands has also been described using the following more general-
ized relationship between discharge per unit width, flow depth, hydraulic gradient, and
conductance of the wetland:

(6.4)

where q is the discharge per unit width (m2/day), y is the depth of flow (meters), S is the
hydraulic gradient (dimensionless), Kw is the hydraulic conductance coefficient for overland

q � Kwyβ Sα

n � �
y
a
1/2
�

v � �
1
n

�y2/3 S1/2
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TABLE 6.4 Resistance Factor in Estimating Manning’s n

Resistance Factor, a
Wetland Description (s · m1/6)

Sparse, low standing vegetation, y � 0.4 m 0.4
Moderately dense vegetation, y 
 0.3 m 1.6
Very dense vegetation and litter, y � 0.3 m 6.4

Source: Reed et al. (1995).
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flow (m2/day · m), β is an exponent related to the vegetation microtopography and the stem
density–depth distribution, and α is an exponent that reflects the degree of laminar or tur-
bulent flow conditions. Equation 6.4 is sometimes referred to as Kadlec’s equation (after
Kadlec, 1990), and values of Kw, α, and β for various wetland environments found in
Michigan and eastern North Carolina are given in Table 6.5. Kadlec’s equation is the basis
for simulating overland flow in the Wetland Package, a computer code developed by
Restrepo et al. (1998) to be used in conjunction with the very popular MODFLOW code
(Harbaugh and McDonald, 1996) for simulation ground-water and surface-water flows,
particularly in the wetland areas of southern Florida. An aerial view of overland flow in a
wetland is shown in Figure 6.16. It is noteworthy that flows through wetlands such as that
shown in Figure 6.16 are seldom in the form of uniform sheet flow only but occur mostly
as a combination of sheet flow and channel flow.

Hydraulic Loading Rate The hydraulic loading rate, q, is defined by the relation

(6.5)q � �
Q
A

�
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TABLE 6.5 Experimental Values of Parameters in Kadlec’s Equation

Source Location Kw (m2/day · mβ) α β

Kadlec (1990) Houghton Lake, MI 16 � 109 2.5 0.7
Kadlec et al. (1981) Houghton Lake, MI 0.39 � 109 3.0 1.0
Hammer and Kadlec (1986) Houghton Lake, MI 0.66 � 109 3.0 1.0
Chescheir et al. (1987) Eastern NC 2.6 � 109 3.0 1.0
Chen (1976) Laboratory (Kentucky Blue grass) 182 � 109 3.75 0.50

Laboratory (Bermuda grass) 52.5 � 109 3.75 0.39

FIGURE 6.16 Aerial view of a wetland flow. (From State of Victoria, Australia 2005.)
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where Q is the average flow rate through the wetland [L3/T], and A is the surface area of
the wetland [L2]. Knight (1990) reviewed data from a variety of wetlands constructed for
domestic wastewater treatment and found that loading rates varied between 0.7 and
5 cm/day. Knight (1990) recommends a rate of 2.5 to 5 cm/day for surface-flow (con-
structed) wetlands and 8 cm/day for subsurface-flow wetlands. According to Mitsch and
Gosselink (2000), these loading rates are probably too restrictive for wetlands used for the
control of nonpoint pollution and stormwater runoff, but few studies have been undertaken
to determine the optimum design rates for such wetlands.

Detention Time The detention time, t, is defined by the relation

(6.6)

where V is the volume of water in the wetland (surface-flow wetland) or the volume of the
medium through which the water flows (subsurface-flow wetland), n is the porosity of the
medium, and Q is the average flow rate through the wetland. The porosity, n, is defined by
the relation

(6.7)

where n � 0.9 to 1 for surface-flow wetlands, depending on the growth density of vegeta-
tion, and n is the void fraction of the substrate for subsurface-flow wetlands. Optimum
detention time ranges from 5 to 14 days for treatment of municipal wastewater. Florida
wetland regulations require that the volume in the permanent pools of the wetland must
provide for a residence time of at least 14 days. The detention time is sometimes called the
retention time (Novotny, 2003); however, this terminology is somewhat of a misnomer
since the water in the wetland is not retained but is detained.

Basin Morphology Several aspects of the morphology of constructed wetland basins
need to be considered when designing wetlands. A typical wetland design is shown in
Figure 6.17. Constructed treatment wetland designs should avoid rectangular basins, rigid
structures, and straight channels whenever possible (USEPA, 2000a). A flat littoral zone
maximizes the area of appropriate water depth for emergent plants, thus allowing more
wetland plants to develop more quickly and allowing wider bands of different plant com-
munities. Plants will also have room to move uphill if water levels are raised in the basins
due to flows being higher than predicted. Florida regulations for the Orlando area require
littoral zones to have a slope of 6:1 or flatter to a point 60 to 77 cm below the water sur-
face. Slopes of 10:1 or flatter are even better (Mitsch and Gosselink, 2000). Bottom slopes
of less than 1% are recommended for wetlands used to control runoff, and slopes less than
0.5% are recommended for wetlands used to treat wastewater.

In cases where nutrient and sediment retention are desired objectives, flow conditions
should be such that the entire wetland is effective. This may require several inflow locations to
avoid channelization of flows. Steiner and Freeman (1989) suggest a maximum length/width
ratio of 10:1, with a minimum ratio of 2:1 suggested by Mitsch and Gosselink (2000).

Providing a variety of deep and shallow areas is optimum. Deep areas (� 50 cm) offer
habitat for fish, increase the capacity of the wetland to retain sediments, enhance
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nitrification, and provide low-velocity areas where water flow can be redistributed. Shallow
depths (� 50 cm) provide maximum soil–water contact for certain chemical reactions such
as denitrification and can accommodate a greater variety of emergent vascular plants.

Constituent Loadings The effectiveness of constructed wetlands to remove BOD, sus-
pended solids, nitrogen, phosphorus, and metals is usually of concern in the design of con-
structed wetlands. Water-constituent loadings on wetlands are usually expressed in terms of
mass (of constituent) per unit area (of wetland) per unit time, with typical units being
g/m2 · year. Typical removal efficiencies for several pollutants in constructed and natural
wetlands are given in Table 6.6. Removal efficiencies of wetlands tend to decrease as con-
stituent loadings increase; however, this relationship is very site-specific and sometimes not
readily apparent. Hydraulic loading, detention time, and pollutant uptake of the system are
all factors that affect removal efficiency. The data shown in Table 6.6 show that when prop-
erly designed, constructed wetlands can perform better than natural wetlands for pollutants
such as phosphorus, ammonia, and some heavy metals. The efficiencies given in Table 6.6
can be applied to constructed treatment wetlands for both domestic wastewater treatment
and stormwater runoff. Specific removal efficiencies are discussed in more detail below.

BOD Removal The removal of particulate BOD in wetlands occurs rapidly through set-
tling and by entrapment in the submerged plant parts and litter in surface-flow (SF) wetlands

CONSTRUCTED TREATMENT WETLANDS 269

FIGURE 6.17 Typical wetland design to maximize the flow path. (From Ontario Ministry of the
Environment, 2003.)

Low flow channels

Inlet

Outlet

Deep
pool

Deep
pool

TABLE 6.6 Typical Pollutant Removal Efficiencies of Constructed and
Natural Wetlands (Percent)

Suspended Total
Wetland Type Solids Phosphorus NH3 Lead Zinc

Constructed 80 58 44 83 42
Natural 76 5 25 69 62

Source: Strecker et al. (1992).
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or in the media in subsurface-flow (SSF) systems. The trapped material and soluble BOD are
oxidized primarily by periphytic microorganisms in the system. A unique aspect of wetland
systems is the concurrent production of BOD caused by the internal decomposition of plant
litter and other naturally occurring organic materials. Thus, some irreducible BOD concen-
tration is always present in the final wetland effluent, making these systems incapable of
complete BOD removal. This residual background BOD may range from 2 to 10 mg/L.

Suspended-Solids Removal Wetland systems produce residual background concen-
trations of total suspended solids (TSS) which are a by-product of decomposing vegetation
and other natural organics in the wetlands. Background concentrations range from 2 to
10 mg/L. In general, the removal of TSS is more rapid than the removal of BOD. The gen-
eral consensus in the literature is that if a wetland is sized for either BOD or total nitrogen
compliance and is designed and operated properly, it should produce TSS concentrations
close to background concentrations.

Nitrogen Removal The form of nitrogen entering a wetland system is a function of the
type of pretreatment used. Typically, most of the wetland influent nitrogen will be a com-
bination of organic nitrogen and ammonia nitrogen. This combination is typically charac-
terized as total Kjeldahl nitrogen (TKN). After BOD, TSS, and coliforms, ammonia
removal is the most common requirement imposed on wetland treatment systems. In most
cases, the requirement is related to the oxygen demand in the receiving stream, and the con-
cern is the presence of the ionized ammonia fraction (NH4

�). Biological nitrification is the
only significant long-term mechanism available for ammonia removal in wetlands.
Nitrification is an aerobic process; however, the environment in a wetland is not generally
aerobic, except near the water surface and on submerged plant and root surfaces. In theory,
at least 4.6 g of oxygen is required to oxidize 1 g of ammonia. The available oxygen sources
in surface- and subsurface-flow wetlands do not provide the conditions necessary for rapid
nitrification. Thus, although BOD and TSS removal may be substantially accomplished
within a few days, ammonia removal (nitrification) may require a few weeks to reach low
levels without supplemental oxygen sources. In contrast to ammonia removal, nitrate
removal in wetlands can be rapid and effective because the anoxic conditions and carbon
sources necessary to support the treatment reactions are naturally present in surface- and
subsurface-flow wetlands. Nitrification reactions required for ammonia removal are the lim-
iting factor for nitrogen removal in wetlands. A rule of thumb is that when not overloaded,
wetlands, can consistently retain nitrogen in the amounts of 10 to 20 g N/m2 · year.

Phosphorus Removal Phosphorus removal in natural treatment systems occurs
because of plant uptake, adsorption, complexation, and precipitation. Direct settling can
account for removal of any influent phosphorus associated with particulate matter.
Available data indicate that 30 to 50% phosphorus removal is a reasonable expectation for
wetland systems with residence times of less than 10 days (Water Environment Federation,
2001). A rule of thumb is that when not overloaded, wetlands can consistently retain phos-
phorus in the amounts of 1 to 2 g P/m2 · year.

Pathogen Removal Natural sources of fecal coliforms in wetlands create an irreducible
background concentration of fecal coliforms that is likely to be present in the wetland
effluent. This background level is estimated to be 300 to 500 fecal coliform units (cfu) per
100 mL. Virus removal is comparable to fecal coliform removal in these systems. Available
data indicate that a 2 to 3 log reduction in fecal coliforms can be expected with a 5- to 
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10-day hydraulic residence time in a wetland system (Water Environment Federation,
2001). In most cases, this reduction is not enough to meet a typical discharge limit of 200
cfu per 100 mL. Supplemental disinfection is typically required when wetland systems
have a fecal coliform limit for discharge compliance.

Metals Removal The ultimate sink for metals in wetlands is in the organic benthic sed-
iments. Fortunately, most constructed treatment wetlands generate fresh organic material
continuously in the form of plant litter, but in the long term or with high loadings, they
may reach toxic levels for the wildlife inhabiting the wetland. With typical municipal
wastewater, the useful life of wetlands with respect to metals accumulation is on the order
of hundreds of years or more (Water Environment Federation, 2001).

Design Models Design models for wetland systems can be broadly grouped into two
types: areal loading models and volumetric models. A design model developed by Kadlec
and Knight (1996) is an example of an areal loading model; wetland models developed by
Reed et al. (1995) and Crites and Tchobanoglous (1998) are examples of volumetric mod-
els. When considering alternative designs for a project, it is advisable to compare the
results from these models and adopt those best suited to the particular project.

Kadlec–Knight Model Kadlec and Knight (1996) proposed using the following mass-
balance equation to describe the removal of various constituents in wetlands:

q �
d
d
x
C
*

� � kA(C � C*) (6.8)

where q is the hydraulic loading rate [L/T], C is the constituent concentration [M/L3], x*
is the fractional distance from the inlet to the outlet (dimensionless), kA is the areal removal
rate constant [L/T], and C* is the residual or background constituent concentration [M/L3].
Integrating Equation 6.8 over the length of a wetland yields

(6.9)

where Ci and Co are the inflow and outflow concentrations, respectively. Application of
Equation 6.9 requires estimates of the parameters C* and kA, which are given in Table 6.7.
Equation 6.9 is particularly useful for estimating the area of wetland necessary to achieve
a given removal. Rearranging Equation 6.9 gives

A � �
k
Q
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C
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C
C

*
*

� (6.10)

where Q is the flow rate through the wetland.

Example 6.1 Domestic wastewater from a rural town is to be treated using a constructed
wetland. The typical flow rate into the wetland is 14,000 m3/day and the average level of
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nitrate nitrogen in the inflow is 100 mg/L. What area of wetland is required to produce an
outflow with an average nitrate nitrogen concentration of 10 mg/L?

SOLUTION From the data given, Q � 14,000 m3/day � 5.11 �106 m3/yr, Ci �100 mg/L,
Co � 10 mg/L, and Table 6.7 gives kA � 35 m/yr and C* � 0 mg/L. The required wetland
area is given by Equation 6.10 as

A � �
k
Q

A

� ln ��C
C

o

i �

�

C
C

*
*

��
��

5.11
3
�

5
106

� ln �
1
1
0
0
0
�

�

0
0

� � 336,000 m2 � 33.6 ha

Therefore, to adequately remove nitrate nitrogen from the wastewater, about 34 ha of wet-
land is required. This calculation should be repeated for all the constituents of concern, and
the maximum calculated wetland area should be used in the final design.

In utilizing the Kadlec and Knight (1996) model the following limitations should be
noted: (1) the model only takes into account the input wastewater volume, Q, and does not
take into account water gains and losses within the wetland; (2) the database used to
develop this model includes a large number of lightly loaded surface-flow wetland sys-
tems, which tends to produce low rate constants, kA, that might, in turn, result in unneces-
sarily large wetland system designs; and (3) the incorporation of a background
concentration, C*, might result in excessive wetland sizes to achieve low concentrations.

Reed Model Reed et al. (1995) proposed the following wetland design model:

(6.11)�
C
C

o

i
� � exp (�KTt)
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TABLE 6.7 Parameters in the Kadlec–Knight Model

Wetland Type and Constitutent kA (m/yr) C* (mg/L)

Surface flow
BOD 34 3.5 � 0.053Ci

Suspended solids 1000 5.1 � 0.16Ci

Total phosphorus 12 0.02
Total nitrogen 22 1.5
Ammonia nitrogen 18 0
Nitrate nitrogen 35 0

Subsurface flow
BOD 180 3.5 � 0.053Ci

Total phosphorus 12 0.02
Total nitrogen 27 1.5
Ammonia nitrogen 34 0
Nitrate nitrogen 50 0

Source: Kadlec and Knight (1996).
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where KT is a rate constant at the wetland temperature T, and t is the hydraulic residence
time in the wetland. The rate constant, KT, is estimated from a standardized value at 20�C,
K20, using the relation

KT � K20θ T�20 (6.12)

where typical values of K20 and θ are given in Table 6.8. The required wetland area corre-
sponding to the Reed et al. (1995) model is given by

A � QA�
ln(

K
C

T

i

y
/C
n

o)� (6.13)

where QA is the average flow in the wetland (� average of inflow and outflow), y is the aver-
age depth of flow in the wetland, and n is the porosity of the wetland. Typical values of n
are in the range 0.65 to 0.75 for surface-flow wetlands and 0.35 to 0.45 for subsurface-flow
wetlands, and typical values of y are in the range 15 to 60 cm in surface-flow wetlands and
30 to 60 cm in subsurface-flow wetlands.

Crites–Tchobanoglous Model Crites and Tchobanoglous (1998) estimate that K20 can
be taken as 0.1070 day�1. The water-quality parameter that requires the greatest treatment
area for removal is the limiting design factor, and that area should be selected for the
specific project. Crites and Tchobanoglous (1998) proposed using the same equations as
those proposed by Reed et al. (1995) (Equations 6.11 to 6.13), with some modifications in
parameter estimates and formulations. Crites and Tchobanoglous (1998) estimated the

CONSTRUCTED TREATMENT WETLANDS 273

TABLE 6.8 Typical Parameters Used in Reed et al. (1995) Model

Wetland Type and Constituent K20 (day�1) θ Background Concentration (mg/L)

Surface flow
BOD 0.678 1.06 6
Suspended solids — — 6
Ammonia nitrogen 0.2187 1.048 0.2
Nitrate nitrogen 1.000 1.15 0.2
Total phosphorus a — 0.05
Fecal coliformsb 2.6 1.19 2000 cfu/100 mL

Subsurface flow
BOD 1.104 1.06 6
Suspended solids — — 6
Ammonia nitrogen c 1.048 0.2
Nitrate nitrogen 1.000 1.15 0.2
Total phosphorus a — 0.05
Fecal coliformsb 2.6 1.19 2000 cfu/100 mL

Source: Water Environment Federation (2001).
aTotal phosphorus removal does not depend on temperature and can be estimated using the relation Co/Ci �

exp (�Kp/q), where Kp is typically equal to 27.3 mm/day, and q is the average hydraulic loading rate in cm/day.
bFecal coliform removal can be estimated using the relation Co /Ci � [1 � KT(t/x)]x, where KT is estimated using
Equation 6.12, t is the hydraulic residence time, and x is the number of wetland cells in series.
cCan be estimated using the relation K20 � 0.1854 � 0.3922(rz)2 (0.6077), where rz is the fraction of the subsur-
face-flow wetland occupied by plant roots. A typical value of rz is 0.5.
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background concentration of BOD in the range 5 to 6 mg/L and estimated the total sus-
pended solids (TSS) removal by the following relations:

Surface-flow wetland:

�
C
C

o

i
� � 0.1139 � 0.000213q (6.14)

Subsurface-flow wetland:

�
C
C

o

i
� � 0.1058 � 0.00011q (6.15)

where q is the hydraulic loading rate in mm/day.
In applying wetland models for design, a safety factor is applied after the wetland size

has been determined. The safety factor typically ranges from 15 to 25%, depending on the
uncertainty of the available data and on the stringency of performance expectations.

Empirical Models Empirical equations are sometimes used to relate the inflow and
outflow concentrations of particular constituents. Several of these equations are given in
Table 6.9, where Ci is the inflow concentration in mg/L, Co is the outflow concentration
in mg/L, A is the area of the wetland in hectares, Q is the wetland inflow in m3/day, and
q (� Q/A) is the hydraulic loading rate in cm/day.
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TABLE 6.9 Empirical Equations to Predict Wetland Removal Rates

Wetland Type and Correlation Number of
Constituent Empirical Equation Coefficient, r2 Wetlands

Surface flow
BOD Co � 4.7 � 0.173Ci 0.62 440
Suspended solids Co � 5.1 � 0.158Ci 0.23 1582
Ammonia nitrogen A � 0.01Q/exp(1.527 ln Co� — —

1.05ln Ci � 1.69]
Co � 0.336Ci

0.728q0.456 0.44 542a

Nitrate nitrogen Co � 0.093Ci
0.474q0.745 0.35 553a

Total nitrogen Co � 0.409Ci � 0.122q 0.48 408a

Total phosphorus Co � 0.195Ci
0.91q0.53 0.77 373a

Co � 0.37Ci
0.70q0.53 0.33 166b

Subsurface flow
Suspended solids Co � 4.7 � 0.09Ci 0.67 77
Ammonia nitrogen Co � 3.3 � 0.46Ci 0.63 92
Nitrate nitrogen Co � 0.62Ci 0.80 95
Total nitrogen Co � 2.6 � 0.46Ci � 0.124q 0.45 135
Total phosphorus Co � 0.51Ci

1.10 0.64 90

Source: Kadlec and Knight (1996).
aSurface-flow marshes.
bSurface-flow swamps.
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Example 6.2 Contaminated water flows into a 33.6-ha wetland at a rate of 14, 000 m3/day
and with a nitrate-nitrogen concentration of 100 mg/L. Estimate the nitrate-nitrogen con-
centration in the water leaving the wetland and the removal efficiency of the wetland.

SOLUTION From the data given, A � 33.6 ha � 3.36 � 105 m2, Q � 14,000 m 3/day, and
Ci � 100 mg/L. The hydraulic loading rate, q, is derived from the given data by the relation

q � �
A
Q

���
3.

1
3
4
6
,
�

00
1
0
05

� � 0.0417 m/day � 4.17 cm/day

From Table 6.9, the concentration in the wetland effluent can be estimated by

Co � 0.093Ci
0.474 q0.745

� 0.093(100)0.474(4.17)0.745 � 2.39 mg/L

The removal efficiency of the wetland is given by

removal efficiency ��
100

1
�

00
2.39
� � 100 � 98%

Substrate The substrate is the primary medium supporting rooted vegetation and
mostly consists of soils. The soil or subsoil must have a permeability low enough to retain
standing water. If a wetland is designed to improve water quality, the substrate plays an
important role in its ability to retain certain constituents. The substrate is not as significant
for the retention of suspended organic matter and solids (along with the constituents
adsorbed to sediment particles), because their retention is based primarily on net deposi-
tion that results from the slow velocities characteristic of wetlands. Characteristics of sub-
strates that affect the design of surface-flow wetlands include organic content, texture,
nutrient content, and iron and aluminum content.

The organic content of wetland soils has a significant impact on the retention of var-
ious water constituents in the wetland. Organic soils generally have a higher cation-
exchange capacity than mineral soils and therefore can more effectively remove certain
metals through ion exchange. The substrate should be composed mainly of clay with
some organic matter for plant growth and a cation-exchange capacity of 15 or greater.
Organic soils can also enhance nitrogen removal by providing an energy source and
anaerobic conditions appropriate for denitrification. Organic matter in wetland soils
generally varies between 5 and 75%, with higher concentrations in peat-building sys-
tems such as bogs, and lower concentrations in riparian wetlands. In constructed wet-
lands, organic soils are sometimes avoided because they are low in nutrients, can cause
low pH, and often provide inadequate support for rooted aquatic plants. For optimal
nitrogen removal, the pH should be between 6.5 and 8.5. The wetland substrate shown
in Figure 6.18 contains leafy organic material and fine material; the pencil is included
for scale.

Local soils underlain with impermeable clay or bentonite, to prevent downward perco-
lation, is often the best design for constructed wetlands. Loam soils are typically prefer-
able, while sandy soils, although generally low in nutrients, anchor plants adequately and
readily allow water to reach the plant roots.
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Low nutrient levels that are characteristic of organic, clay, and sandy soils can cause
problems for initial plant growth. Fertilization may be necessary in some cases to estab-
lish plants and enhance growth; however, fertilization should be avoided if possible in wet-
lands that will eventually be used as sinks for macronutrients.

When soils are submerged and anaerobic conditions occur, iron is reduced from the fer-
ric (Fe3�) to the ferrous (Fe2�) state, releasing phosphorus that was previously held as insol-
uble ferric phosphate compounds. The Fe–P compound can be a significant source of
phosphorus to overlying and interstitial waters after flooding and anaerobic conditions occur,
particularly if the wetland is constructed on former agricultural land (Mitsch and Gosselink,
2000). After an initial pulse of released phosphorus in such constructed wetlands, the iron
and aluminum contents of a wetland soil exert significant influence on the ability of that wet-
land to retain phosphorus. All things being equal, soils with higher aluminum and iron con-
centrations are more desirable because their affinity for phosphorus is higher.

Vegetation The vegetation in constructed wetlands used for water treatment usually
differs from the vegetation in natural wetlands: Treatment wetlands are constructed with
the main goal of improving water quality, whereas a goal in creating or restoring natural
wetlands is to develop a diverse vegetation cover and habitat. Constructed (treatment) wet-
lands generally have higher concentrations of various constituents in the water, which lim-
its the number of plants that will survive in those wetlands. Relatively few plants thrive in
high-nutrient, high-BOD, high-sediment waters; among these plants are cattails (Typha
spp.), bulrushes (Schoenoplectus spp., Scirpus spp.), and reed grass (Phragmites aus-
tralis). A typical growth of cattails is shown in Figure 6.19. When water is deeper than
30 cm, emergent plants often have difficulty growing, and surface-flow wetlands can
become covered with duckweed (Lemma spp.) in temperate zones and with water
hyacinths (Eichhornia crassipes) in the tropics. There are only a few studies on the best
types of vegetation for treatment wetlands. Esry and Cairns (1989) investigated the best
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FIGURE 6.18 Wetland substrate. (From University of British Columbia, 2005.)
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types of vegetation for wetlands that treat stormwater runoff and found that sawgrass and
pickerelweed perform adequately, whereas bulrush did not perform well.

Management of Constructed Wetlands Development of wildlife in wetlands is
usually desirable. However, animals such as beaver and muskrat can create obstructions to
flow, destroy vegetation, and burrow into dikes. Canada geese grazing on emergent vege-
tation can cause mass destruction, and deeper wetlands often become havens for undesir-
able fish such as carp that can cause excessive turbidity and uproot vegetation. Hazing or
wildlife exclusion devices, such as noise-making devices or netting and fencing, should be
used if the effluent or other water source being treated is toxic or presents a significant
threat to wildlife. An example of a fence for wildlife exclusion is shown in Figure 6.20.
Typical fences are built of high-tension fencing material woven into a tight pattern to form
a barrier against intrusion. The bottom of the fence is usually set into the ground 30 cm to
prevent burrowing animals from gaining access. Power sources vary but the main types are
solar and battery powered.

Wetlands with significant areas of stagnant water are breeding grounds for mosquitoes,
and sometimes, chemical or biological control, such as by mosquito fish (Gambusia
affinis), stickleback, bats, and purple martins are desirable.

Nutrients removed from the inflowing water in constructed (treatment) wetlands are
sequestered in the sediments, released to the atmosphere (nitrogen), or taken up into plant
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FIGURE 6.19 Cattails (Typha spp.). (From USACE, 2005a.)
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roots and aboveground shoots and foliage. The harvesting of plants generally does not
result in the removal of a large quantity of contaminants, such as nutrients, unless the
plants are harvested several times during the growing season. Drawdowns of water levels
in a wetland followed by burning is sometimes used to control the invasion of woody veg-
etation if that invasion is considered undesirable. When controlled burning of wetlands is
used, the impact on wildlife and the potential introduction of inorganic nutrients to the
water column from the ash and sediments should be taken into account.

The water level in surface-flow treatment wetlands is the key to both water-quality
improvement and vegetation success. Wetlands constructed to treat municipal wastewater
typically have little control on the inflow unless authorities have given permission to bypass
the wetland if needed, or if a wastewater storage lagoon is built upstream of the wetland.
Most constructed wetlands have an outflow control structure, such as a flume or gate, that
can control the depth in the wetland. Water depths of about 30 cm are optimum for many
herbaceous macrophytes used in treatment wetlands (Mitsch and Gosselink, 2000). High
water levels favor the treatment of phosphorus that is associated with sedimentation and sim-
ilar processes, while shallow water levels lead to closer proximity of sediments to overlying
water, causing anaerobic or near-anaerobic conditions in the aquatic system during the grow-
ing season. Low water levels favor the reduction of nitrate nitrogen through denitrification.

6.6.6 Wetlands for Treating Roadway Runoff

Constructed wetlands can be a highly efficient means of removing pollutants from high-
way and urban runoff (FHWA, 1996). Surface-flow wetlands are the predominant type of
wetland used for treating stormwater runoff, and an ideal design of the wetland as a water
quality control would include the creation of a detention basin upstream of the wetland,
sometimes called a forebay. The detention basin or forebay provides an area where heavy
particulate matter can settle out, thereby minimizing disturbance of the wetland soils and
vegetation. The removal efficiencies for several pollutants in constructed wetlands used to

278 WETLANDS

FIGURE 6.20 Fence for wildlife exclusion. (From U.S. Fish and Wildlife Service, 2005b.)
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treat stormwater runoff were listed in Table 6.6. In designing wetlands for treating road-
way runoff, the following guidelines are suggested:

• The wetland site must have sufficient inflow to maintain a constant water pool. If
infiltration is excessive relative to the inflow, a clay or plastic liner should be used.

• Approximately 75% of the wetland pond area should have water depths less than
30 cm. This provides the optimal growth depth for most wetland plant species.

• A perimeter area of approximately 3 to 6 m beyond the constant pool of the wetlands,
which is periodically flooded during runoff events, should be established for aquatic
emergents.

• Wetland basins should have a detention time of at least 24 hours for a 1-year storm.

• At least five different wetland species should be established. This minimizes the risk
that the wetland will not become established successfully.

Once a wetland has stabilized, there are few maintenance requirements. The removal of
accumulated sediment is usually the primary concern, and the sediment forebay should be
cleaned out every 5 to 10 years upon reaching a specified sediment depth.

Stormwater treatment efficiencies associated with wetlands vary with the type and age
of wetland. For example, wet prairie, broadleaf emergent marsh, open-water slough, wil-
low/shrub marsh, cypress swamp, and mixed hardwood swamp are all defined as wetlands;
however, each has its own unique ecosystem, which may provide different treatment
efficiencies. Several studies have shown that although wetlands appeared to provide good
pollutant removals on an individual-storm basis, long-term effects such as seasonality of
vegetation may actually produce a net export of nutrients (Whalen and Cullum, 1988).
Harper et al. (1986) made several recommendations based on an extensive stormwater-
runoff wetlands treatment monitoring project. The results of this study indicated that wet-
land systems best suited to stormwater management are those that already exhibit
relatively long hydroperiods (e.g., hardwood hammocks, cypress domes, and marshes).
Further, hardwood wetlands have the ability to evapotranspire much larger quantities of
hydrologic inputs. Consequently, smaller hardwood-wetland areas may be able to accept
relatively larger volumetric inputs than other wetland types.

Natural pristine wetlands should not be used for treating roadway runoff, since disrup-
tions to the natural ecology are likely to be deleterious. However, damaged natural wetlands
that have been ditched and drained, and where upland plants are invading and replacing wet-
land plants, are good candidates for revitalization for wetland treatment. In the United
States, real-estate developers that are issued permits to fill in and build on natural wetlands
are required by federal law to create a wetland in a nearby area and monitor it for 5 years.
This practice is called wetland mitigation. Ongoing research is currently aimed at deter-
mining whether such constructed wetlands ultimately function as well as the natural wet-
lands that are destroyed in the process (Water Environment and Technology, 2000).

SUMMARY

Wetlands are areas where water covers the ground surface or is present at or near the
ground surface for sufficient periods of time during the year to cause hydrophytic vege
tation and hydric soils to dominate the area. Wetlands are classified as either natural wetlands
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or constructed wetlands. Natural wetlands are formed by nature with limited human
influence, while constructed wetlands are engineered systems that are designed to function
like natural wetlands. Natural wetlands are further categorized as marshes, swamps, bogs,
and fens depending on the types of vegetation and local hydrology. For purposes of regu-
lation, guidelines have been developed by the U.S. Army Corps of Engineers to delineate
natural wetlands based on specific vegetation, soil, and hydrology measures. Constructed
treatment wetlands are engineered systems that utilize natural processes involving wetland
vegetation, soils, and their associated microbial assemblages to assist, at least partly, in
treating an effluent or other water source. Constructed treatment wetlands are further cat-
egorized as surface- or subsurface-flow wetlands. Detailed guidelines are provided for the
design and management of constructed treatment wetlands.

PROBLEMS

6.1. The design flow rate into a constructed wetland is 10,000 m3/day with a suspended
solids concentration in the inflow of 100 mg/L. Estimate the area of wetland required
to produce an outflow with a suspended solids concentration of 10 mg/L.

6.2. Water flows into a 50-ha wetland at a rate of 15,000 m3/day and with a BOD of
150 mg/L.

(a) Estimate the BOD of the water leaving the wetland.

(b) What is the removal efficiency of the wetland for BOD?

6.3. The Wakodahatchee Wetland in south Florida currently treats secondary wastewater
effluent and has an average inflow rate of 5.26 m3/s (120 mgd), total phosphorus con-
centration of 2.12 mg/L, and total nitrogen concentration of 28.03 mg/L. The effluent
from the wetland currently has a total phosphorus concentration of 1.46 mg/L and a
total nitrogen concentration of 8.43 mg/L. Outflow from the wetland is currently dis-
charged by deep-well injection. This constructed wetland is to be upgraded such that
the effluent from the wetland can be discharged into the L-30 canal, which has total
phosphorus and total nitrogen concentrations of 0.24 and 1.9 mg/L, respectively.
TMDL permitting requirements mandate that the effluent from the wetland cannot
have total nitrogen and total phosphorus levels in excess of L-30 background con-
centrations.

(a) Estimate the upgraded wetland area required to achieve the water-quality goals.

(b) If the existing wetland has an area of 15.8 ha (39 acres), and the total site area
available for the wetland system is 22.7 ha (56 acres), comment on the feasibility
of modifying the existing wetland to meet the effluent water-quality goals.

(c) If space is a limiting factor, what alternative treatment modifications could be
explored to meet the TMDL goals?
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