PLANNING METHODOLOGIES
FOR A[I;IALYSIS
F
LAND USE / WATER QUALITY
RELATIONSHIPS

<€D STy
boﬂ\ re@.

A2

U. S. Environmental Protection Agency
Washington, D. C. 20460

October, 1976



' EPA REVIEW NOTICE

This report has been reviewed by the Environmental
Protection Agency and approved as satisfying the
terms of the subject contract. Approval does not
signify that the contents necessarily reflect the
views and policies of the Environmental Protection
Agency, nor does mention of trademarks or commercial

products constitute endorsement or recommendation
for use.



PLANNING METHODOLOGIES FOR ANALYSIS OF
LAND USE/WATER QUALITY RELATIONSHIPS

by

Thomas R. Hammer, Ph.D.

In partial fulfillment of
EPA Contract No. 68-01-3551

for the

U.S. ENVIRONMENTAL PROTECTION AGENCY
Water Planning Division

EPA Project Officer: William C. Lienesch

October 1976



PROJECT PARTICIPANTS

Betz Environmental Engineers, Inc.

Project Director

William K. Davis, AIP
Asst. Vice President B.E.E.

Principal Investigator

Thomas R. Hammer, Ph.D.
Principal Socio-Economic Planner

Major Contributors

Francis X. Browne, Ph.D., P.E.
Victor J. DePallo
William H. Gammerdinger
James V. Husted
Thomas G. May, P.E.

D. Kelly O'Day, P.E.
Jacquelyn G. White
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FRONNV ééhﬂﬁ Notzon, Act gxsirector
Water Planning Bivision (WH-554)

To: All Regional Water Division Directors
ATTN: Regional 208 Coordinators

Technical Guidance Memorandum: TECH-24

Purpose

This memorandum transmits the recently completed report, "Planning
Methodologies for Analysis of Land Use/Water Quality Relationships."
It is intended for use by state and areawide agencies in the develop-
ment of their water quality management programs.

Guidance

This report evaluates the potential usefulness and practicality of
various planning methodologies which can be used to quantitatively
determine the relationship between land use and water quality. It also
evaluates various land use and land management controls which can be
used. to reduce pollutant loadings. In carrying out these evaluations,

the report reviews much of the current literature on the relationship
between land use and water quality.

While the report examines various land uses, it is intended to focus on
land uses commonly found in developed and developing areas. It is also
intended to focus on stormwater related pollution sources in such areas.
As a result municipal and industrial point sources as well as nonurban
nonpoint sources are treated peripherally.

After evaluating a range of planning methodologies and control measures,
the report examines the analysis and control of pollutants resulting
from hydrologic modifications, on-lot disposal systems, and construction
activity. These pollutant sources were chosen for in-depth examination
because it is felt that they are major sources of pollution which can be
prevented and which occur in many areas of the country.

The Office of Research and Development in conjunction with the Water

Planning Division has recently published related guidance, the Areawide
Assessment Procedures Manual. The manual differs from this report on

EPA Form 13206 (Rcv. 3-76)



planning methodologies in that it is more comprehensive, covering a
range of point and nonpoint sources. The material presented in this
report is intended to provide more detail on certain issues and in
general to supplement the more comprehensive guidance presented in the
manual. - :

If you would like further information on this report, please contact
Bill Lienesch of the Program Development Branch (426-2522).

Enclosure

cc: State and Areawide Agencies
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SECTION 1

INTRODUCTION

Past water quality control activity in the United States
dealt primarily with treatment and disposal of wastewater
from industry and municipal sewer systems. In contrast, a
basic element of the current Federally-sponsored program of
water quality management planning is the recognition that
many other pollutant sources must also be considered if
water quality objectives are to be achieved. It is now ac-
knowledged.that an extremely wide variety of human activi-
ties which'affect the land surface can constitute sources of
water pollution. 1In order to overcome the generally low
level of experience which exists in dealing with these
sources, the U.S. Environmmental Protection Agency has spon-
sored a series of studies to provide guidance to state and
areawide water quality management agencies. This study is
one such effort. The present objective has been to develop
a planning methodology for analyzing land/water relation-
ships and evaluating possible control measures.

The scope of the present study of pollutant sources is il-
lustrated in Figure 1. The study focuses strictly upon
urban infldences on water quality. The definition of urban
land would include both developed and developing areas.
Pollutant loadings involving urban land are categorized as
either recorded or unrecorded effluent discharges. For
present purposes, recorded sources can be defined as efflu-
ent discharges covered by National Pollutant Discharge
Elimination System (NPDES) permits as of 1974. The main
recorded sources are industrial and municipal treatment
plant effluents. The present study is concerned with unre-
corded pollutant discharges, which include all other influ-
ences on water quality. The principal mechanisms whereby
unrecorded pollution occurs in urban areas are the follow-
ing: washoff and erosion of materials from land surfaces;
unauthorized disposal of wastes in surface waters and storm
sewers; outflow of contaminated groundwater (from on-site
septic systems, landfills, and sewer leaks); overflow of
municipal sewer systems; and hydrographic modification. The
definition of recorded and unrecorded sources in terms of
present coverage by NPDES permits is purely a practical
distinction, which does not necessarily relate to the manner
in which pollutants are conveyed to receiving waters.
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Source: Betz Environmental Engineers, Inc.

Figure 1 SCOPE OF THE PRESENT STUDY




An extremely important type of unrecorded pollutant source
in many urban areas is combined sewer overflows. During
storms, the inflow of surface runoff to combined sewer
systems may cause the total wastewater flow to exceed
system capacity; the resulthg overflows deliver to re-
ceiving waters a mixture of untreated sewage, storm water
pollutants,,and materials which have accumulated in sewer
pipes over time. Due to the attention which tRis problem
has received in other studies, and the fact thét it gen-
erally does not involve current types of urban development,
the explicit focus of the present study is limited to areas
without combined sewers. However, the material presented is
relevant to pollutant loadings from combined sewer areas
which origipate from sources other than sanitary sewage

overflow p se.

¢
‘The flnal—iietlnctlon noted in Flgure 1 is betaeen existing
urban land and future urban development. A major emphasis
of water quality management planning is the use of preventive
measures for urban water quality control, which can be inte-
grated in the design of new land development projects. It
is felt that preventive measures are likely to be much more
cost-effective, and perhaps easier to implement, than reme-
dial controi measures which can be applied to urban land
after devel‘pment.‘ The pxima;yapbjecmive af. t%e present

study has en to prov1de assistance in de51gn ng and eval-
uatlng these preventlve controls.

A fairly extensive review of unrecorded pollutant loadings
and problems has been conducted as part of this study in
order to address several critical issues which are discussed
in the nextssection. The findings of this review are sum-
marized here in Section 5, and are presented in detail in
the Technlcal Appendix... A number .of. planning methodologles
which have peen developed by others are then eyaluated in
terms of their potential usefulness for water guality
management planning. Based on this and other information,
an overall strategy for dealing with the water quality
impacts of new urban development is: suggested, along with a
general approach for analysis and control of existing prob-
lems. The specific methodologies which are recommended as
planning tools are then discussed in detail in the final
sections.



SECTION 2

SUMMARY

The present study has been undertaken with the goal of de-
veloping a planning methodology for use in urban water
quality studies. To this end, four general classes of ex-
isting methodologies have been reviewed: (1) stormwater
modeling, (2) environmental synthesis techniques, (3) sta-
tistical methods, and (4) other predictive tools. The plan-
ning approach for design of preventive controls which is
ultimately recommended in this report stresses the use of a
variety of single-purpose techniques rather than the first
three of these classes of methodologies.

A viewpoint which developed in the course of the study is
that the choice of a planning approach is critically de-
pendent upon a number of underlying issues which do not
appear to have received adequate attention in the litera-
ture. Much of the discussion in this report is therefore
oriented toward these general issues, as opposed to the
mechanics of applying specific planning methodologies. 1In
order to describe these issues briefly here, a categoriza-
tion of relevant water quality problems is presented in
Figure 2. :

As shown in Figure 2, three categories of urban land influ-
ence on water quality are considered, excluding recorded
discharges and combined sewer overflows. Surfac¢e runoff
activated pollutant sources (abbreviated as "SRA sources")
include all cases in which materials are washed or eroded
from land surfaces by stormwater or snowmelt. Certain other
mechanisms such as sanitary sewer bypasses and scouring of
catch basins and storm sewers are also included. Hydro-
graphic modification refers to the influence of urban devel-
opment on the magnitude and timing of water flows through
the hydrologic system. This type of effect, which relates
to water quality in several ways, is noted separately due to
its strategic role in the planning approach suggested here
for new development. Non-SRA pollutant sources include all
other influences on water quality in urban areas, such as:
sewer system leakage; unauthorized waste discharges to
surface waters and storm sewers; leachate from landfills and
on-site waste disposal systems; and other forms of ground-
water pollution.
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Source: Betz Environmental Engineers, Inc.

Figure 2 ELEMENTS OF URBAN WATER QUALITY PROBLEMS
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Pollutant washoff from street and highway surfaces is dis-
tinguished in Figure 2 from other SRA pollutant sources, due
to the emphasis which has been placed upon the former in the
literature and in discussions of urban problems generally.
Channel and benthic conditions are noted because they
represent a potentially critical element of water quality
which may not be sufficiently acknowledged. Stream channels
can be important both as a source and as a sink for storm-
water pollutants. Benthic accumulations of materials also
tend to form in estuaries and standing water bodies. The
impacts of these accumulated pollutants, and the mechanisms
whereby they are released to the overlying water, are
generally not well known. ‘ :

Figure 2 distinguishes between two classes of water quality
problems: transient problems which occur during and imme-
diately after storm events, and long-term problems which
tend to be persistent. The former usually involve temporary
dissolved oxygen depletion, and/or temporarily high con-
centrations of toxicants or pathogens. The seriousness of
these transient problems is critically dependent upon the
nature of the receiving waters affected. Long-term problems
can either be the result of continuous (non-SRA) pollutant
discharges, or the delayed effects of SRA loadings. Three
prominent examples of long-term problems are: aquatic plant
overgrowths due to nutrient enrichment; sedimentation of
stream channels, rivers and harbors; and buildup of toxic
materials in aquatic food chains. All of these problems can
be caused by transport of particulate materials and associ-
ated pollutants during storms, as well as by continuous dis-
charges. Two important reasons for distinguishing between
transient and long-term problems in the design of management
studies are that: (1) it is usually easier to evaluate the
existence and seriousness of long-term problems than is true
in the case of transient problems (although the linkages to
unrecorded pollutant loadings are often complex and poorly
 understood in both cases); and (2) different types of load-
ing estimates are required for analysis of transient and
long-term problems.

An issue of immense importance in urban water gquality plan-
ning is that it is often unclear just where unrecorded pol-
lutant loadings are coming from. Commonly, washoff of
materials from street surfaces is assumed to be the pre-
dominant .source. This is almost certainly true in center



city areas, where the only other eligible sources are side-
walks and parking lot runoff, sewer system overflows, pol-
lutants from the atmosphere, and improper waste disposal in
storm sewers. However, for the preponderance of urban land,
the relative importance of specific pollutant sources tends
to be uncertain. This fact has obvious implications for the
ability of investigators to evaluate the benefits of selec-
tive land management controls such as streetsweeping.
Studies which seek to develop loading coefficients or rela-
tionships for specific classes of urban land use may provide
valuable information, but will not necessarily resolve this
dilemma. For example, average loading coefficients for com-
mercial or industrial districts may not indicate the rela-
tive pollutant contributions of streets, loading areas,
sewer system overflows, unauthorized discharges, etc.; and
may not distinguish between cases in which pollutant genera-
tion is widespread, versus cases in which a small proportion
of establishments are largely responsible. This issue is
particularly important since the customary focus of atten-
tion--street surface contaminants--may be one of the least
amenable sources to control.

The second major issue has to do with the magnitude of un-
recorded pollutant loadings from urban land. An extremely
wide variety of loading magnitudes and stormwater pollutant
concentrations have been reported in the literature. Al-
though this question can be answered readily for a study
area, once monitoring activities have been conducted, it is
an important issue in the design of management studies since
the anticipated loading magnitudes have an important bearing
on the choice of analytical methodologies and the allocation
of planning resources.

A third issue involves the general difficulty of analyzing
transient water quality problems. Concentrations of toxi-
cants and pathogens during storms may not be amenable to
accurate prediction, especially when the objective is to
estimate values associated with "critical conditions" having
specific recurrence characteristics. Dissolved oxygen
levels during dynamic flow conditions are notoriously dif-
ficult to simulate accurately, due to short-term variation
in reaeration and reaction rates as well as pollutant in-
puts. An equally important fact is that, even if transient
water chemistry is well known, it is generally hard to es-
tablish the impacts of short-term chemical phenomena on
aquatic biota--which are commonly the basis for design of



controls. The available literature provides relatively
little assistance in conducting such an assessment, par-
ticularly with regard to the synergistic effects of multiple
pollutants (e.g.; high sediment, low DO, and high metals
concentrations during storms). Existing water quality
standards are likely not to provide adequate guidelines for"
design of controls, since the standards may not be relevant
for transient conditions and/or may fail to cover many im- -
portant water constituents. Finally, defining the appropri-
ate critical conditions for design purposes is itself a
complex problem, since stormwater impacts are related to the
spatial extent of precipitation, antecedent:land conditions
and the intensity and duration of rainfall at a given point.

The fourth issue has to do with the overall philosophy of
water quality management planning. Due to the comprehen-
siveness of current studies and the consideration which is
given to unrecorded pollutant sources, these studies differ
in a number of fundamental respects from traditional fa-
cility planning. 1In facility planning, the water quality
problems addressed tend to be fairly well known (although
this is becoming less true as a wider variety of water
constituents are considered). The loadings produced by the
sources under consideration can be measured directly and/or
forecast with reasonable accuracy. The effectiveness of
control options in limiting pollutant discharges can usually
be quantified with some precision. And finally, the auth-
ority and responsibility for implementing the recommended
plan usually rest with a limited number of actors who are
identifiable throughout the planning process. Given these
conditions, the development and selection of plans can often
be based upon straightforward application of cost-effective-
ness criteria, subject to environmental impact constraints.
However, in the case of comprehensive areawide water quality
management planning, none of the above conditions may hold
to a high degree. It is therefore possible that funda-
mentally different criteria for development and selection of
plans will be appropriate. For example, detailed compari-
sons of alternatives in terms of cost-effectiveness may have
limited value if the effectiveness of controls is imper-
fectly known, and costs are to be incurred by widely dif-
ferent actors.

All of these issues have important implications for the
selection of technical planning methodologies. In particu-
lar, they affect the planning resources which can profitably



be allocated to: (1) the development of general pollutant
generation relationships for urban land (with or without
formal stormwater modeling); (2) the analysis of transient
water quality problems, as opposed to long-term problems;
and (3) the use of procedures which allow the investigator
to "trade off" different control alternatives.

In order to gain some perspective on these issues, the re-
view of urban unrecorded pollution problems has attempted to
address the following questions:

1. What are the typical magnitudes of unrecorded
loadings from urban areas without combined sewers?

2. What are the important sources of variation in
loading rates?

3. Do ioadings from new development differ from
average urban pollutant yields?

4. To what extent is urban development without com-
bined sewers likely to result in transient water
quality problems?

5. What are the major factors affecting the serious-
-ness of SRA pollutant loadings?

The findings of the review have been suggestive rather than
definitive, but appear to have several important implica-
tions for water quality planning. These findings are sum-
marized in the next section, and discussed in greater detail
in Section 5 and the Technical Appendix. As a consequence
of this review, an overall planning strategy has been de-
veloped, incorporating simplistic analytical procedures,
which might be favorable in cases where planning resources
are limited. The evaluation of planning methodologies pre-
sented in Section 6 reflects this approach, in that it
points out various liabilities of methodolgies which attempt
to deal in a comprehensive fashion with unrecorded loadings.

The recommended strategy distinguishes between controls
applying to existing urban development and controls for new
development. In the latter case, controls would be an in-
tegral part of development design, and would be specified on
the basis of non-degradation principles rather than close
linkages to present or projected water quality. A favorable
approach might be to focus upon the water quantity effects



of urban development (see Section 4). In planning acti-
vities which deal with existing water quality conditions,
the highest priority would be placed on direct monitoring
and analysis of problems, rather than development of gen-
eralized loading relationships. Second highest priority
would be given to identification and analysis of specific
sources responsible for high pollutant loadings. In both
cases, analysis would focus upon long-term loadings and
problems unless there is a clear indication that water
quality is dominated by -transient effects. Land management
controls which apply broadly to both existing and new urban
development would be designed on the basis of general infor-
mation, plus careful analysis of implementation feasibility,
rather than formal cost-effectiveness analysis. Further
details of this approach are presented in the next section.

10



SECTION 3

CONCLUSIONS

Only fragmentary data are currently available déscribing the
contributions of unrecorded sources to water quality prob-
lems in U.S. urban areas. The present review of these data
has been limited to measurements of waterborne pollutant
yields from urban land areas which do not contain combined
sewers or recorded effluent discharges. The most striking
characteristic observed is the variability of pollutant
concentrations and loadings among areas studied. The impli-
cation is that literature values of these quantities should
be interpreted with extreme caution when related to any
particular area.

The high loading values frequently cited in the literature
may have created the general impression that urban runoff
inevitably causes serious water quality problems. This
conclusion could in fact turn out to be largely correct;
but, the problems which are critical may not be those which
have traditionally received most attention in the water
quality literature. Specifically, the present review indi-
cates that organic loadings from urban land without combined
Sewers are not necessarily problematic--i.e., are not neces-
sarily sufficient to cause transient dissolved oxygen depletion.
Nutrient loadings from urban and suburban areas are often no
higher on a per-acre basis than loadings from agricultural
land. The importance of organic and nutrient loadings from
urban land must therefore be judged on a case-by-case basis.
A major question mark is the role of heavy metals loadings.
Although the present review suggests that there is very
great variation among urban areas with regard to these
loadings also, it is possible that even the cases where
loadings are low could involve serious water quality prob-
lems on a long-term basis. '

An important possibility, which is strongly suggested but
not proven by the existing data, is that small urban basins
yield greater pollutant loadings, per acre of land, than
larger basins containing similar land uses. The implication
is that there is a tendency for pollutants in stormwater to
settle out in stream channels. On the one hand, this pos-
sibility means that pollutant loading estimates based upon
small-catchment data, or upon rates of surface pollutant

11



accumulation, may overstate the contribution of urban land
to water quality problems at downstream points. On the
other hand, there may be a strong need to consider potential
problems created by deposited material, such as benthic
oxygen demand and accumulation of toxicants in aquatic food
chains. The destination of pollutants may be a very cri-
tical issue with respect to stormwater.

Relationships between pollutant loadings and watershed
characteristics have been estimated statistically in the
present study utilizing data for multiple urban watersheds
in two geographic areas. The strongest explanatory vari-
ables for most of the water constituents studied were em-
ployment density and the percent of watershed land rendered
impervious. Population density was generally not found to
be an important explanatory variable, unless older housing
was differentiated from new housing. A relatively low
influence was attributed to the latter. This indicates that
average loading values may seriously overstate the water
quality impacts of new urban development. Finally, indus-
trial land was found in two cases to constitute an influence
on pollutant loadings over and above the general effects
attributed to employment and impervious surfaces. The
general impression created by the analysis was that un-
recorded pollutant lcadings tend to be more closely related
to economic activity than to residential population. Ex-
ceptions would be areas in which residential neighborhoods
are relatively old and/or are not served by separate sani-
tary severs.

The problem of soil erosion from construction sites, and
resulting sedimentation of stream channels and other water
bodies, has been discussed extensively elsewhere and thus is
not reviewed here in detail. A related urban problem which
deserves emphasis is hydrographic modification. Construc-
tion of impervious surfaces and land drainage alterations
increases the quantity of storm runoff, which in turn' causes
sediment production through the phenomenon of stream channel
enlargement. Hydrographic modification also involves direct
alteration of stream channels as part of the land develop-
ment process, which disrupts aquatic habitats and increases
discharge-related problems downstream. The net effects of
these factors can in some instances be more serious for
water use than the changes in water chemlstry which accom-
pany urban development.

12



With regard to unrecorded pollutant loadings generally,
existing data provide little or no direct evidence regarding
the typical importance of different source classes, i.e.,
the relative contributions of roadways, other impervious
surfaces, and urban sources which do not involve impervious
surfaces. There is reason to believe, however, that washoff
of diffuse materials from impervious surfaces is not always
the predominant source mechanism, and may not be responsible
for some of the higher loadings observed. One indication is
the finding, observed in the present study and elsewhere,
that pollutant loading rates during storms may bear little
relationship to time since the previous storm--as would be
expected if progressive accumulation of materials on imper-
vious surfaces were the primary source. (Nonlinearity of
accumulation rates would explain this finding partially, but
not entirely.) Another indication is that pollutant load-
ings tend to differ by greater amounts than would be ex-
pected if the major sources are factors which are widespread
in urban areas. Groups of watersheds can be observed in
which sources of street dirt such as vehicular traffic,
litter, atmospheric fallout, decaying vegetation, and pet
wastes should be present in roughly equal degrees, yet
pollutant loadings are strikingly different.

Some of the other pollutant sources which have been found
very important in particular basins are: (1) dumping of
liquid and solid waste on land surfaces; (2) sanitary sewer
leaks and bypasses; and (3) unauthorized discharge of liquid
waste to storm sewers and receiving waters. Two critical
aspects of these sources are that, first, they involve
localized, site—specific conditions rather than extensive
land surfaces; and second, they tend to be difficult to
identify on the basis of land use or other general land
data. The potential importance of pollutant sources with
these characteristics is commonly recognized in the case of
nron-SRA sources (e.g., leachate from landfills, waste
lagoons, and on-site septic systems) but frequently does not
receive adequate consideration in stormwater analysis.

The available literature contains only fragmentary informa-
tion for assessing the impacts of stormwater pollutant load-
ings on receiving water quality, particularly impacts on
biologic communities. Some of the major issues are: short-
term toxic effects, significance of short-term oxygen de-
pletion, availability of nutrients in urban runoff to sup-
port algal growth, transport and deposition of particulate

13



materials from urban land, benthic oxygen‘demand, and re-

lease mechanisms for materials stored in bottom sediments.
The flndlngs from a review of relevant literature are dis-
cussed in the Techn1ca1 Appendix. '

These observatlons have led to the follow1ng general conclu-
sions regarding analy51s and' control of urban unrecorded
pollution.

1. It appears likely that, for a large proportion of
existing urbanized land in the U.S., the measures
utilized for abatement of unrecorded pollution
will consist only of land management controls.
-Implementation of remedial structural measures~-
e.g., runoff storage and treatment options--may be
limited primarily to areas with sewer overflow
problems, and commercial and industrial areas
which produce especially high pollutant loadings.

2. In current studies, the estimates of loading re-
ductions achievable by land management controls
will generally be quite rough. due to uncertainty
regarding the share of existing loadings that can
be addressed by each control, as well as uncer-
tainty about the practical efficiency of controls.
Thus, the use of formal simulation procedures to
evaluate stormwater controls may be unwarranted
except in cases where the use of structural con-
trol measures is anticipated.

3. Development of general pollutant—generatlon rela-
tionships for urban land uses can be useful for a
variety of planning tasks, including estimation of
pollutant inputs to major water bodies, and prepa-
ration of wasteload allotments. However, such
relationships can easily be misleading, and often
fail to convey sufficient information about source
mechanisms to facilitate the actual design of
rcontrols. In cases where planning resources are
limited, this activity should probably be assigned
lower priority than analysis of existing water
quality problems and identification of speclflc
pollutant sources in the study.area.

4. There is reason to believe,that unrecorded pol-
lutant generation by urban land--which .includes

14



"sources such as unauthorized discharges and sewer

leakage as well as surface runoff--is not at all
uniformly distributed across urban areas, even
when variation in land use is taken into account.
This suggests that considerable improvement could
be brought about by implementing controls on a
site-specific basis, once high-yield pollutant
sources are identified. A reasonable strategy in
many study areas may be to emphasize investigative
activities that would contribute to this goal.
Such activities would consist largely of field
reconnaissance and chemical monitoring rather than

- analysis of land use patterns, since imagery and
"published data typically fail to capture many of

the most important aspects of pollutant genera-
tion. ) ‘

The choice of critical flow conditions for the
design of controls is a significant issue in water
quality management planning. For water bodies
affected by SRA pollutant sources, critical con-
ditions may be defined in terms of selected storms
as well as dry-weather flows. Given the general
difficulty of predicting and interpreting short-
term water quality phenomena, the primary emphasis
of planning studies should probably be placed upon
steady-state and long-term conditions unless there
are clear indications that transient problems are
of major importance. In any case, the target
water quality criteria for each set of critical
conditions should be established directly on the
basis of desired water use, and should not be
dependent upon the expected levels of water qual-
ity during other ¢ritical conditions. If this
principle is followed, the most stringent condi-
tions for design of municipal and industrial
treatment facilities will tend to consist of
extreme low flow, in a large proportion of cases.
Opportunities for trade-off between control of
recorded discharges and control of unrecorded
effluents will exist in these cases only to the
ekxtent that unrecorded loadings affect water
quality at low flow.

New urban development can be handled somewhat

differently than existing development in water
planning studies due to the opportunities which
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exist for incorporating control measures in de-
velopment design, and due to the relative ease of
establishing private responsibility for pollutant
reduction. A feasible planning approach in many
instances is to treat new development as a wholly
or partly independent problem, and to design con-
trols on the basis of uniform non-degradation
principles rather than on predicted levels of
water quality. As discussed in the next section,
a helpful strategy may be to focus largely on the
problem of hydrographic modification.

Various aspects of this general approach are discussed fur-
ther in Section 7, following the examination of empirical
data in Section 5 and the evaluation of specific planning
methodologies in Section 6.
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SECTION 4

.RECOMMENDATIONS

The specific planning methodologies recommended here deal
primarily with new urban development, but are also relevant
in some instances to existing development. Perhaps the most
significant element of these methodologies is the selection
of problems to be addressed. The position taken here, which
has been based in part on review of empirical data, is that
the water quality impacts of completed urban development
with sanitary sewerage can be controlled adequately in most
instances by focusing upon the problem of hydrographic
modification. That is, preventive measures dealing with
water quantity will ordinarily prove to be adequate controls
for water quality, assuming that reasonably high standards
of public cleanliness can be maintained. The types of
problems and associated control measures which have been
selected for emphasis are thus the following.

1. Control of erosion from construction sites. Con-
siderable experience already exists i1n the design
and application of erosion/sedimentation control
measures. These measures should deal with hydro-
graphic modification--i.e., increased runoff--
caused by construction activity as well as with
soil loss per se. Thus, some form of runoff
detention should be included, along with other
physical controls. An overall approach for quan-
titative evaluation of erosion/sedimentation con-
trols is outlined here in Section 11.

2. Control of the location, design, and operation
of on-site sewage disposal systems. On-lot waste
disposal systems, particularly domestic systems,
constitute a very serious water quality problem in
many areas. Control of these facilities has been
oriented primarily toward prevention of nuisances
and health hazards, rather than protection of
water quality. Implementation of measures needed
to achieve adequate groundwater and surface water
quality may therefore require redefinition of
existing requlatory functions, with or without
additional enabling legislation. The controls
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implemented should include the following: (1)
prevention of new on-site disposal systems in
areas where soil characteristics, land slope, or
proximity to receiving waters will preclude sat-
isfactory operation; (2) design of new systems in
order to assure adequate performance under the
given land conditions; and (3) maintenance of
performance standards for septic system operation.
Prohibitive soil characteristics for new on-site
systems could include overly rapid percolation,
which would result in groundwater pollution, as
well as overly slow percolation. Maintenance of
performance standards may require significant
intensification of monitoring activities relative
to present practices, which typically are limited
to investigation of nuisances reported by resi-
dents.

Construction of leakproof, accessible sanitary
sewers. Sanitary sewer leakage and bypasses
contribute significantly to water problems in many
areas. Therefore, in the construction of new
systems, best available technology should be
utilized wherever possible. Leakproof sewers are

.now technically feasible, if manufacturers' speci-

fications are followed closely. Although extra
construction and monitoring costs are likely to be
involved, these costs would appear to represent a
very wise investment on the part of a community.
For some types of development, the most cost-
effective strategy for water quality control could
conceivably involve combined sewers; but separate
storm and sanitary sewers will be assumed here.

An important objective in such cases is to keep
the systems as separate as possible. Roof drains,
foundation drains, and other sources of water for
which treatment is unnecessary should never be
connected with sanitary sewers, since this in-
flates waste treatment costs and may lead to
overload of the system and creation of bypasses.
Conversely, new development should be designed so
as to discourage the use of storm sewers for
disposal of wastes requiring treatment. Finally,
a very important objective is to design new de-
velopment in such a way that sanitary sewers are
readily accessible for repairs. A favorable
design may involve location of sewers beneath
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sidewalks or grass strips bordering the roadway,
rather than under the roadway itself.

4, Control of hydrographic modification. The control
of hydrographic modification due to urban develop-
ment involves three aspects: (1) prevention of
increase in peak discharge; (2) prevention of
decrease in the base flow of streams and the rates
of aquifer recharge; and (3) protection of water
courses from encroachment and alteration. Con-
trols dealing with hydrographic modification
should be designed to maintain existing conditions
as closely as possible; zero impact is in most
cases a feasible goal. With regard to the first
two objectives just listed, the most cost-effec-
tive design for a given development project is
likely to involve a combination of control
measures. Runoff detention devices are generally
needed to prevent increase in peak discharge,
whereas base flow maintenance and aquifer recharge
may require infiltration devices (with careful
attention paid to possible groundwater pollution
due to these devices). Overall modifications of
development design, such as restriction of imper-
vious coverage, can be extremely useful, but
rarely are sufficient per se to attain zero
impact.

A critical aspect of focusing upon hydrographic modification
is that the controls utilized will have very substantial
water quality benefits. Temporary storage of storm runoff
in detention basins brings about significant reductions in
most pollutant loadings, due to settling out of particulate
materials. Infiltration devices tend to achieve much
greater pollutant reductions. For most types of new urban
development, it is felt that the decrease in pollutant
loadings thus achieved by control of hydrographic modifica-
tion is likely to be sufficient for water quality protec-
tion--assuming that other measures as specified below are
also implemented.

The use of water quantity as an explicit basis for decsign
and defense of water resources protection measures has a
number of distinct advantages, given the present level of
knowledge concerning unrecorded pollution. The problems
created by hydrographic modification, which include in-
creased flooding as well as channel disturbance and sediment
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yield, are directly observable and intuitively understand-
able to the layman. The feasibility of zero impact with
regard to water quantity effects means that appropriate
design parameters for control devices can be established
unambiguously, through reference to existing conditions.
Implementation of controls can be accomplished by adoption
of performance standards, which allow some freedom of ad-
justment, or alternatively by requiring specific control
measures on an areawide or site-specific basis. The per-
formance of controls once in place is relatively easy to
monitor. Finally, considerable experience already exists in
many communities regarding various aspects of runoff con-
trol.

A fact which has considerable practical significance is that
control of hydrographic modification does not necessarily
require land use control, since mitigative measures can be
utilized at almost any buidable site. The direct and indi-
rect costs of providing these measures, which are usually
borne by private builders, tend to be small relative to
total project cost. Thus, prevention of hydrographic modi-
fication will not prohibit most types of development at
most locations. Regardless of the need for land use con-
trol in U.S. communities, it is felt that most water re-
sources protection measures developed in current planning
programs should not be closely identified with land use
control, since such an identification might limit imple-
mentation to a relatively few areas. The major exceptions
would be measures dealing with location and construction
of new on-site septic systems, which might involve a sub-
stantial degree of de facto land use control.

It is anticipated that runoff control for a large proportion
of new development projects will involve the use of storm-
water detention facilities. This fact is important to the
overall strateqgy recommended here. As knowledge is gained
regarding the water quality impacts of urban runoff, it
could eventually be established that chemical treatment of
stormwater is generally needed. If so, the availability of
runoff detention facilities will place a community in a
favorable position for implementation of additional con-
trols, since the very high costs of providing runoff storage
capacity in existing developed areas will be at least par-
tially avoided.

Some other comments regarding stormwater detention facili-
ties are the following. First, impoundments constructed for
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runoff detention should be designed so that there is virtu-
ally zero chance of structural failure. Second, care must
be taken to see that nuisances are not created by these
facilities, such as insect problems and safety hazards.
Third, some degree of maintenance is required for all runoff
control devices. In the case of stormwater detention fa-
cilities, it is essential that outlets be kept clear and
that accumulated sediment be removed periodically. The
material which is removed can be utilized as fill in con-
struction projects, preferably at locations where it is not
in contact with surface waters or groundwater. Various
aspects of the design of detention facilities are discussed
in detail in Section 9.

Protection of stream channels and other water bodies from
direct physical alteration is considered a very important
element of the approach suggested here. The objectives
include not only preservation of agquatic habitats, and
retention of the natural capacity of stream channels to
dissipate flooding effects (i.e., to reduce flooding down-
stream through temporary storage of stormwaters), but also
protection of the role of headwater stream channels as
"sinks" for sediment and other pollutants. As indicated
elsewhere, this role of stream channels may be very signifi-
cant. Although accumulations of pollutants are generally
undesirable at any location, it is probably better for such
materials to be deposited in headwater alluvial sediments
than to affect ambient water quality at downstream points
where water use is generally most intensive. A number of
issues involving protection of watercourses (including the
question of how to define the surface water system subject
to protection) are discussed in Section 9. An important
point is that efforts in this regard should be coordinated,
where possible, with ongoing or prospective flood plain
management programs.

The planning methodologies and control alternatives empha-
sized here have been chosen because of their relevance
specifically to new urban development. The present discus-
sion should not be interpreted to mean that other measures,
which could be applied to both existing and new development,
are not necessary. The success of the approach suggested
here is in fact dependent upon the assumption that land
conditions and waste management practices can be maintained
at levels which are presently above average relative to U.S.
urban areas generally. Thus, adequate control of the water
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quality impacts of newly-developed land will require at
least three classes of actions other than those discussed
extensively here, namely: (1) "housekeeping" measures, such
as routine cleaning of streets, parking lots, catch basins,
and other areas where pollutants accumulate; (2) public
information programs to create awareness of water quality
problems and their causes; and (3) actions to prevent the
occurrence of site-specific pollutant sources. The last
element could include monitoring of a wide variety of waste
management practices and facilities. A potentially promis-
ing area of action, which could be included as a fifth
control category in the list presented above, is waste
management planning for new development projects which are
expected to constitute especially high-yield pollutant
sources. Possible examples are establishments engaged in
petroleum distribution and sales, and certain types of
manufacturing operations. An objective would be to make
waste generation and waste management practices subject to
review by local planning agencies in a fashion similar to
other aspects of development design. The outcome could
consist of design modifications, operating agreements, or
special water gquality control devices, as needed to prevent
impacts on a site-specific basis.

A general review of planning methodologies for water quality
control is presented in Section 6. Sections 7 and 8 outline
overall strategies for dealing with existing and new urban
development in current planning efforts, with emphasis in
the latter case upon the mechanisms which can be utilized to
1mp1ement control measures. The specific planning methodol-
ogies selected for emphasis are presented in Sections 9, 10,
and 11. Extensive discussion of underlying technical issues
in water planning, partlcularly the response of receiving
waters to pollutant loads, is contalned in the Technical
Appendix to this volume.
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SECTION 5

POLLUTANT GENERATION

Introduction

The present study has included a rather extensive review and
analysis of existing data pertaining to unrecorded pollutant
sources in urban areas. The scope of this review has been
limited to urban land influences on water quality other than
recorded effluent discharges (i.e., municipal and industrial
effluents) and combined sewer overflows. Agriculture, which
is occasionally found within urbanized areas, is not dis-
cussed. These restrictions have been considered necessary.
in order to concentrate upon the factors most relevant to
the impacts of new urban development. The objective of the
review and analysis has been to consider the following
questions, as posed in the summary section:.

1. What are the typical magnitudes of unrecorded,.
pollutant loadings from urban areas without
combined sewers?

2. To what extent does variation exist in these
loadings; and what are the important sources of
variation? '

3. Is washoff of diffuse materials from streets and
other impervious surfaces usually the predominant
source of unrecorded pollution?

4. Do loadings from new urban dévelopment differ
" systematically from average urban loadings?

5. To what extent is urban development, with separate
sewers, likely to result in transient water qual-
ity problems?

For a variety of reasons, it has been impossible to obtain
definitive answers to any of these questions; and some have
been addressed only by inference. The present section con-
tains a somewhat abbreviated discussion of the findings,
emphasizing the materials which have greatest relevance for
design of water planning studies. Additional description is
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contained in the Technical Appendix to this volume, which
deals at length with the empirical land-water relationships
estimated as part of this study.

Literature discussion of unrecorded pollution problems in
urban areas has focused primarily upon stormwater pollution,
i.e., upon surface runoff activated (SRA) pollutant sources.
Aside from combined sewer overflows, two classes of SRA
pollutant sources have typically received primary attention:
soil erosion from construction sites, and washoff of dirt
and dust from impervious surfaces, particularly streets.

The potential importance of soil erosion caused by construc-
tion activity, and the need for control of this problem, has
been well established in the literature (although sediment
loading magnitudes and water quality impacts tend to be
difficult to predict in individual cases).

With regard to urban sources other than construction acti-
vity, perhaps the most extensive body of empirical research
available deals with rates of pollutant deposition and
accumulation on street surfaces. The present review has not
dealt at length with this information, however, but instead
has focused upon observed loadings:of waterborne pollutants
at in-stream locations. The reasons for this approach,
other than a desire to avoid redundancy with existing pub-
lications, are that: (1) major questions exist regarding
the manner in which dirt and dust accumulation on land
surfaces relates to in-stream pollutant loadings and water
quality conditions; and (2) accumulation of materials on
impervious surfaces is not the only urban SRA pollutant
source (notwithstanding combined sewers).

The loading data under discussion pertain only to stream
points and storm sewer outfalls which are unaffected by
recorded effluent discharges, combined sewers, or agricul-
tural land. Much of the information utilized has been
derived from the following sources, each of which contains
data for multiple urban watersheds.

1. An ongoing program conducted jointly by the U.S.
Geological Survey and the City of Philadelphia has
involved monthly sampling of numerous watersheds
in and near Philadelphia since 1970 (see Radziul,
et al, 1975). Many of these watersheds were
chosen explicitly on the basis of land use; thus,
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the network provides a good representation of
suburban and urban land in the Philadelphia area
(excluding heavy industrial land and urban core
areas). Data for ten of these basins, ranging in
size from 1 to 21 square miles, have been utilized
in the present study.

2. Storm runoff from 15 small basins in Tulsa, Okla-
homa, was analyzed intensively in a study by AVCO
Corporation (AVCO, 1970). The basins ranged from
64 acres to 938 acres in size, and provided very
good coverage of the residential, commercial, and
industrial land uses typically found in a medium-
sized urban area.

3. Numerous suburban watersheds in Montgomery County,
Maryland, were monitored in a study which was
concerned primarily with biologic effects of urban
runoff (Ragan and Dietemann, 1975). This study
yielded only limited chemical data but contained
very important implications for urban land impact.

Further discussion of these and other data sources is con-
tained in the Technical Appendix.

Variability of Pollutant Lbadings

The most striking overall feature of observed pollutant
concentrations and loadings is the variability of values
among study areas. This characteristic is illustrated here
for organic pollutants in Table 1 and for heavy metals in
Table 2.

Average BOD concentrations in storm runoff from urban basins
range from about 3 mg/l to upwards of 30 mg/l, as shown in
the second column of Table 1. Annual loadings, in pounds
per acre of watershed area, may vary to a lesser extent than
concentrations, although Table 1 is somewhat deceptive in
this regard since annual loadings are unavailable for sev-
eral of the basins with high average concentrations. A
similar situation prevails in the case of COD, for which
average concentrations range from about 20 to well over 100.

Literature discussions of organic loadings in urban storm
runoff have referred primarily to the higher BOD and COD
concentrations shown in Table 1, such as the values for Des



TABLE

1

ORGANIC POLLUTANT LOADINGS FROM URBAN AREAS WITH SEPARATE SANITARY SEWERS

—_— BOD - oD
Mean Concentration Mean Concentration
Populativn {mg/1) Annual {mg/1) Annual
Density Loading Loading
(persons/ Wet Dry {pounds/ Wet Dry (pounds/
acre) Conditions Conditions acre/yr.) Conditions Conditions acre/yr.)
Basins Less Than
2 Square Miles
Des Moines, Iowal — 36 — ——— —— ——— —
(4 areas)
Washington, DC2 38 19 -— — 335 - -
Cincinnati, Ohio3*! 8.9 19 — 53 99 -— 37
Durhan, ‘NC3 9.5 - - 84 — -—— -—
Durham, NCS 6.0 75-90* 15 -— 170 29 —
Tulsa, 0!(7 (8 resi-
dential basins) 9.3 12 — 23 87 —— 171
Tulsa, 0!(7 {7 non-
residential basins) 2.6 12 -——- 31 101 -— 234
Philadelphia, PA,
Area (3 basins) 15 5.3 2.3 22 24 10 115
New Jersey® (2 basins) 4.8 3.1 . 0.8 15 — - -
Basins 2 to 10 Sq. Mi.
Castro Valley, ca? 11 14 ! -— — - -—— -——
Ann Arbor, Mrl? -— 28 _— — ——— -— —
Philadelphia, PA,
Area (4 basins) 7.0 5.0 3.8 24 25 148 127
Bull Run, VAl2 7.5 8.5 2.5 21 — -— —
Basinc More than 10 Sq. Mi.
Philadelphia, PA, -
Area (2 basins}) 8.0 4.4 2.8 19 24 11 112
Montgonery Co., HDu
(19 stations in 6 bsns.) 2~-12 1.8 15+ —— —— ——
* Estimated
References: 1. Henningson, 1973 S. Bryan, 1970 . 9. Hydrologic Engineering, 1972
; 2. Weston, 1970 6. Colston, 1974 . 10. Burm, 1968
3. Weibel, 1969 7. Avco, 1970 11. Ragan, 1975
4.  Weibel, 1964 - 8. 1974 12. Randall, 1975
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Moines, Washington, Cincinnati, Durham, and Ann Arbor. As a
result, urban runoff has frequently been compared unfavor-
ably to secondary sewage effluent in terms of strength.
However, the data included in Table 1 for basins in Pennsyl-
vania, New Jersey, and Maryland indicate that concentrations
of organic material in urban runoff are not necessarily high
relative to sewage effluent or other standards of compari-
son. Available data also suggest that these organic load-
ings do not necessarily create dissolved oxygen problems.
For the 10 Pennsylvania basins, in which dissolved oxygen
has been sampled along with BOD and other water constit-
uents, only three instances have been observed in which DO
was below 7.0 mg/l during a storm period. (The dissolved
oxygen standard applying to these streams is 4.0 mg/l.)
Similarly, for the Montgomery County, Maryland basins, the
mean of minimum DO values observed at the 19 stations
draining urbanized areas was 7.1 (Ragan and Dietemann, 1975,
p. 58). The comparable figure for basins with no urban
development was 6.9 mg/l. On the other hand, organic load-
ings have been shown to affect dissolved oxygen in the
Castro Valley, California, basin (Lager and Smith, 1974, p.
8l) and would be expected to have this result in cases where
BOD concentrations are as high as in Des Moines, Durham, and
Ann Arbor.

The loading variation shown in Table 1 can be explained in
part by several circumstances. As indicated in the first
column of the table, the Washington, D.C., data pertain to a
densely urbanized basin (containing 38 persons per acre, or
24,000 persons per square mile), which would not be gen-
erally representative of urban land outside the core areas
of major cities. The Durham, North Carolina, data obtained
by Colston (1974)--which have been much publicized in the
literature--pertain largely to a slum area which is charac-
terized by dilapidated housing, a total lack of storm
sewerage, numerous unpaved streets, and extremely poor
environmental conditions in terms of trash and garbage
accumulation. The Durham data thus may be important in
demonstrating extreme conditions, but do not appear to be
dgenerally relevant for urban areas in the U.S.

A factor which could be important for a wide variety of
pollutants is the possibility that loadings are system-
atically higher in small, totally-sewered catchments than at
downstream points in natural channels. This possibility was
raised by Ragan and Dietmann in attempting to explain the
relatively low BOD concentrations observed in Montgomery
County (1975, p. 61):
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"Many of the studies reporting high BOD's in urban
storm water runoff have been conducted in very small
watersheds. Most of the watersheds in the present
study were in excess of ten square miles. It is
probable that the mechanism of BOD transport is similar
to that of sediment transport and, therefore, the role
of watershed size must be considered ..."

Constituent losses during transport would involve settling
of particulate material and associated pollutants in natural
channels. This factor would explain somewhat the figures
shown in Table 1, which have been arranged according to
watershed size. It is relevant that the 5-square-mile Ann
Arbor basin, in which relatively high BOD concentrations
were observed, was totally storm-sewered, so that losses of
material during transport would presumably be minimal.

Variation in pollutant loadings from urban land is also
related to the types of land development and activity
present, as might be expected. The relationships which have
been estimated as part of the present study are summarized
in the next sub-section.

Relatively less information is available for other pollu-
tants besides organics for urban basins such as considered
here. Table 2 presents a comparison of average heavy metal
concentrations observed in four areas. In this case, the
most striking variation is between the concentrations ob-
served in the ten Pennsylvania basins and the much higher
concentrations observed in other areas. For each of the
metals considered, the average Pennsylvania.concentration is
lower than all other concentrations by a factor of between 3
and 25. These differences could be explained partially by
the special characteristics of the Durham basin mentioned
earlier, and by the phenomenon of pollutant losses during
transport (which would affect the Pennsylvania basins but
not the New York or Lodi basins). Land use intensity is
probably also a factor. In any case, the differences are
significant in view of the fact that the Pennsylvania
basins are considered to be broadly representative of much
of the urban and suburban land presently found in the U.S.
(Further discussion of heavy metals is presented below and
in the Technical Appendix.)

The purpose of this discussion has been simply to indicate
that data from the literature should be interpreted with
considerable caution, and generally cannot be used to infer
the seriousness of problems in a particular area.
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TABLE 2

COMPARISON OF AVERAGE HEAVY METAL CONCENTRATIONS IN URBAN STORM RUNOCFF (mg/1)

Location

Durham New York Lodi Philadelphia,
Metal North Carolina New York New Jersy Pennsylvania
Lead - ~0.46 ——- 0.90 0.035
Zinc 0.36 1.6 0.62 0.12
Copper 0.15 0.46 0.15 0.003
Chromium 0.23 0.16 0.03 0.01
Nickel 0.15 0.15 ‘ 0.08 0.019
1
Colston, 1974.

%Klein, et al, 1974.

3

4Average for 10 basins (wet days):;

Wilber & Hunter, 1975.

see text and Technical Appendix.



Relationships between Pollutant Loadings and Watershed
Characteristics

Use of formal statistical methods to estimate relationships
between pollutant loadings and watershed characteristics has
been limited in the present study by the fragmentary data
available and the need to control influences due to geo-
graphic location. The sample cases chosen for analysis
consisted of the 10 Pennsylvania basins and 13 of the 15
Oklahoma basins mentioned previously in this Section, plus 3
watersheds in New Jersey (Whipple, et al, 1974). The quan-
tities analyzed were the annual loadings of various water
constituents in pounds per acre per year. The specific
constituents were: BOD, COD, total organic carbon, sus-
pended solids, organic Kjeldahl nitrogen, ammonia, nitrate,
soluble orthophosphate, and total phosphate. The watershed
characteristics utilized as explanatory variables in the
analysis were the following:

Pl - Population density in persons per acre

P2 - Density of population in dwellings constructed
before 1940, in persons per acre

P3 - Density of population in dwellings constructed
after 1940, in persons per acre

M - Median family income (as reported in 1970 Census
for the year 1969) :

B - Employment density in persons per acre

I - Impervious surface as percent of watershed area
All of the density measures were gross rather than net
density, i.e., consisted of population or employment divided
by the acreage of the entire watershed. Due to problems of
data availability, areal measurements of land use were not
utilized in the analysis, except as a basis for forming sub-
samples of watersheds. Given the constraints of the analy-
sis and the results obtained, it is felt that further con-
sideration of land use variables would not have added sig-
nificantly to the explanation of loadings. (Further, discus-
sion of the form of the analysis and the derivation of
variables is contained in the Technical Appendix.) The
analysis involved simple and multiple regressions in which
dependent variables expressing pollutant loadings were
related to the above factors as independent variables.
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The findings of the analysis can be summarized as follows. .-
Strong relationships with watershed characteristics were -
identified-for almost all of the chemical loadings analyzed.
The best explanatory variable in almost all cases was em- -
ployment density. Percent imperviousness, which includes
the effects of both residential and non-residential land
uses, was also statistically significant in explaining the
observed loadings of a majority of constituents. Population
density was generally not found to be a good predictor of
pollutant loadings, except when residential basins were
segregated and separate consideration was given to popula-
tion in pre-1940 housing. The effects then attributed to
pre-1940 housing were much greater than the loadings attri-
buted to population in post-1940 housing. In the case of
nitrate, loadings were shown to be highly sensitive to the
presence of dwellings with on-site sewage disposal (utiliz-
ing data from another study by the present author). Fin-:
ally, in two cases, the existence of industrial development
was found to be highly significant, over and above the
general importance attributed to employment and impervious-
ness.

The relationships obtained, which pertain largely to employ-
ment density and percent of impervious land, are presented
numerically and graphically in the Technical Appendix.
Overall, the results for different water constituents are
found to be remarkably consistent. On the basis of various
conversion factors, the equations appear to indicate that
each additional employee in an urban watershed increases
pollutant yields by roughly four times as much as each
additional resident. The predominant cause of unrecorded
pollutants in urban areas would thus be economic activity
rather than population (although these two factors are, of
course, inseparable for an urban area as a whole). This
finding may have been influenced, however, by the fact that
the sample watersheds studied here contained a somewhat
higher proportion of new residéntial development than would
be generally true for the U.S.

The importance of age of re51dential development as an
explanatory factor is considered highly significant. Dif-
ferences between the pollutant yields from new and old
development may be due to' associations between age of hous-
ing and various socioeconomic characteristics, which are 'in
turn correlated with factors directly affecting pollutant -
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generation. Some other possibilities are: physical deteri-
oration of streets and buildings; correlations with air
quality; and especially, the condition of sanitary sewer
systems. In any case, an important implication is that
loading estimates obtained from the literature or from
monitoring of existing urban land may systematically over-
state the water quality impacts of new urban development.

A significant unanswered question is whether the loading
differences between new and old development are due strictly
to former construction practices, or whether the loadings
from new development can be expected to increase progres-
sively over time. :

Although the estimated equations were reasonably accurate in
predicting pollutant loadings for the sample basins studied,
the extent of variation among land areas which is implied by
these relationships is not sufficient to explain the dif-
ferences which exist between loading values reported in the
literature. This circumstance is thought to reflect the
extent to which pollutant generation is not systematically
related to overall characteristics of urban land. As is
discussed below, a significant proportion of pollutant
loadings produced during both storm and nonstorm periods may
involve localized site-specific sources which cannot be
identified readily through land use analysis.

Nutrients

Urban land is frequently cited as an important source of
nutrients, due to factors such as lawn fertilizer applica-
tion, atmospheric fallout, domestic animals, erosion from
construction sites, and sewer leakage. In order to provide
some perspective on this problem, Table 3 presents areal
loadings of nitrogen and phosphorus, as N and P, obtained
from the literature and from other sources cited earlier.
The available data for urban basins with separate sanitary
sewer systems are fragmentary but fairly consistent. Load-
ings of total Kjeldahl nitrogen (ammonia plus organic nitro-
gen) range between perhaps 1 and 5 pounds per acre per year.
For both organic nitrogen and ammonia, loadings from com-
mercial and industrial areas appear to be higher on the
average than loadings from residential areas. Nitrate
yields, as N, typically range between 5 and 15 pounds per
acre per year. An important fact not illustrated in Table 3
is that nitrate yields may be extremely sensitive to the
presence of on-site septic systems (Howard and Hammer, 1973;
see also the Technical Appendix).
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TABLE 3
NUTRIENT ILOADINGS IN POUNDS/ACRE/YEAR

Nitrogen : Phosphorus
—_ Total Soluble  ‘motal
, OKN H3"N gy NO3-N N 0Po4-P P
URBAN LAND
Cincinnati, Ohiol - ' ‘ 9.9
Ann Arbor, M1l 1.3 0.3 1.1
.Washington, pc2 16.7 1.8
Roanoke Basin, va3 : 4.8
Rock Creek, DC/Maryland1 3.2 13.5 1.8
Philadelphia Area
{6 residential basins) 2.2 11.8 1.1
Philadelphia Area
(3 non-residential basins) 2.8 7.0 1.3
Tulsa, OK
(8 residential basins) 1.5 ‘ 0.6
Tulsa, OK.
(7 non-residential basins) 2.4 1.0
Typical Urban Loadings* ‘ 10-20 1-2
SECONDARY MUNICIPAL EFFLUENT** 25-35 5 35-40 10-17
AGRICULTURAL LAND
Brandywine Creek, PA4 5 0.6
Agricultural Basins3 0.4 3 0.15-0.35
cropland, U.s.} 0.1-14 0.07-3.3
Feedlot Runoffl 106-1800 10-3.3

Notes: *Figures apply to medium-density urban development with sanitary sewers in
reasonably good condition.

**Loading rates due to municipal discharge assume 7 persons per acre and 100 gpd
wastewater generation.

References: {l) Loehr, 1974 (2) Jaworski, 1970 (3) Gizzard & Henelle, 1972
{4) Coughlin & Hammer, 1973



Loadings of soluble orthophosphate, as P, from completed
urban development are typically between 0 and 1.5 1lb/acre/
year; and total phosphorus is usually less than 2 1lb/acre/
year unless there is construction activity or sanitary sewer
leakage. More than perhaps any other water quality param-
eter, phosphorus loadings are sensitive to the type and
condition of sewerage facilities (believed to be the factor
responsible for the high loading observed in the Roanoke
Basin). If sewers are tight and no major industrial sources
are present, phosphorus concentrations in streams draining
urban land can be less than 0.3 mg/l during both wet and dry
weather. The other critical factor is the existence of
construction activity, which can result in very high phos-
phorus loadings. In contrast to nitrate, on-site sewage
disposal may not be a major source of phosphate in areas
where soils are favorable (Howard and Hammer, 1973).

Loadings of 10 to 20 lb/acre/year for nitrogen and 1 to 2
l1b/acre/year for phosphorus are cited in Table 3 as typical
for medium-density urban development with sanitary sewers in
reasonably good condition. These figures are contrasted
with nutrient loadings due to secondary municipal effluent,
which: assume a gross population density of 7 persons per
acre (substantially lower than the density for many of the
urban basins considered). A significant fact is that load-
ings of phosphorus and ammonia nitrogen due to municipal
effluent can exceed the loadings due to land drainage by a
factor of 10. The purpose of this comparison is simply to
indicate that sewer system maintenance and strict control of
construction activity may be adequate for control of nutri-
ents from urban land, even in cases where problems of nutri-
ent enrichment require advanced treatment of recorded ef-
fluents.

Comparisons with nutrient yields from agricultural land,
shown in the lower portion of Table 3, are also instructive.
As an example, rural land in the Brandywine Basin--of which
only about 50% is intensively used for agriculture--yields
about 5 pounds per acre per year of nitrate nitrogen, and
0.6 lb/acre/year of phosphorus. Thus, the nutrient yields
from agricultural land per acre can be on the same order of
magnitude as loadings from urban land. These figures sug-
gest that in watersheds containing large agricultural
regions, the nutrient yields from completed urban develop-
ment with separate sanitary sewerage may not be a major
issue. :
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Heavy Metals

Over the past few years there has been an increasing inter-
est in the contamination of receiving waters with heavy
metals such as mercury, lead, cadmium, chromium, and zinc,
due to their potentially high toxicity. A particularly
significant fact is that heavy metals are non-degradable and
hence persist in the environment for extended periods of
time. In addition, heavy metals tend to precipitate out of
solutions with relatively neutral pH values and some alka-
linity; and they may be adsorbed on clay particles or bound
by such compounds as the hydrous oxides of iron and man-
ganese. As a result, these materials are concentrated in
the solid phases of water systems. Even though the water
itself may contain only small amounts of these materials,
the particulate matter in the water, and especially the
benthic deposits, may contain considerable quantities.

Because metals are conservative they may undergo biological
magnification in the food chain, reaching concentrations in
the upper trophic levels several orders of magnitude greater
than those which originally existed in the water. Finally,
depending on specific environmental conditions, certain
metals such as mercury may undergo microbiological trans-
formations to forms exhibiting significantly more toxicity
than original forms.

Heavy metals are known to enter receiving waters from a
variety of sources; but little information is available
regarding the typical loadings of these materials in urban
stormwater. The variability of heavy metals concentrations
among urban areas has already been suggested in Table 2.
The heavy metals data for the abovementioned Philadelphia
area watersheds (which are presented in detail in the Tech-
nical Appendix) are considered particularly significant,
since they are among the few existing examples of informa-
tion describing in-stream metals loadings due entirely to
urban unrecorded sources--in this case largely non-indus-
trial sources. As noted earlier, the metals concentrations
observed in the ten Philadelphia area basins are relatively
low. For example, the average lead concentrations for all
basins during both wet and dry conditions are below 0.05
mg/1l; and less than 10% of observed values exceed 0.1 mg/l.
In contrast, the lead concentrations reported in other
studies and computed by indirect methods may exceed 0.5 mg/1l
(see Table 2). This discrepancy could be indicative of a
strong tendency for heavy metals to settle out in stream
channels rather than passing through.
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TABLE 4
SUMMARY OF HEAVY METAL DATA FROM PHILADELPHIA WATERSHEDS

'Number of Metals for Which . ‘Number of Stations at Which

‘Criteria were Violated (1) : ' ' Criteria were Violated (1)
~ Dry Weather Wet Weather ' - Dry Weather - Wet Weather
station ~FMax  Avg =~ Max AV Metal . Wax - Avg Max  Avg
1 6 4 5 4 cagmium (ca) (¥ 6 0 5 2
2 6 3 a 4 Chromium (Czr) 5 1 2 0
3 5 3 5 4 copper (cw) (¥ 10 1 8 0
4 6 3 3 3 _Iron (Fe) 10 5 10 10
5 5 2 8 4 Lead (pb) (2 6 1 5 2
6 7 2. 6 3 Manganese (Mn) 10 9 10 9
7 6 3 5 3 nickel (vi) ‘B o 0 1 1
8 6 2 5 3 Silver (Ag) 0 0 0 0
9 6 1 6 3 zinc (zm) ¥ 10 10 10 10
10 4 4 4 3
Total 57

34 Total 57 27 51 34

n
~1
v
B

(1) Maximum permissible concentration based upon most stringent freshwater criteria set by
EPA's "Draft Quality Criteria for Water," October 1975.

(2) Most stringent criterion based upon toxicity to freshwater aquatic life.



In any case, it appears possible that the contributions of
ubiquitous urban factors such as traffic and litter to in-
stream heavy metal concentrations may actually be fairly
low, and that high concentrations tend to reflect site-
specific factors, to perhaps a greater extent than is true
for other water pollutants. As an example, the Philadelphia
area watersheds as a whole contain more than 50 square miles
of land and over 300,000 people; yet well over a third of
the total lead yield appears to be coming from a single 5-
square-mile basin containing less than 20,000 people.
Another interesting aspect of the Philadelphia data is that
average wet-weather concentrations fail to exceed average
dry-weather concentrations for a large proportion of the
metals monitored. A similar finding was observed in Durham
(Colston, 1974). Non-SRA pollutant sources are usually not
mentioned in connection with heavy metals, but may be re-

sponsible for a significant proportion of total in-stream
loadings. -

Relatively little definitive knowledge exists concerning the
long-term impacts of heavy metals on aquatic biota; and even
less is known about the possible shockloading effects of
temporarily high metals concentrations. A very important
point, however, is that even ambient concentrations on the
order observed in the Philadelphia basins may be serious.

In Table 4, these concentrations are related to the criteria
proposed by EPA for protection of agricultural water use,
aquatic life, and public water supply. The most stringent
criterion for each metal, expressed as a maximum concen-
tration, has been selected; and violation of this criterion
by either the maximum or the average concentration for a
given basin (station) has been noted. Table 4 tabulates the
number of metals for which each station is in violation, and
the number of stations in violation for each metal. It is
found that maximum concentrations violate the most stringent
criteria in about 60% of possible cases, and that average
concentrations violate criteria in 30% to 40% of possible
cases, for both wet and dry conditions. As shown in the
right-hand side of the table, the preponderance of viola-
tions occur for iron, manganese, and zinc, plus copper in
the case of violations by maximum concentrations. The most
stringent criteria for iron and manganese are based on
public water supply, whereas the zinc and copper violations
are related to aquatic life.
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Finally, the significance of heavy metal buildup in stream
channels and other benthic deposits is not well known, due
in part to lack of knowledge regarding the recycling pro-
cesses which affect bottom sediments generally. This aspect
of the heavy metals problem could well prove to be the most
serious, especially in cases such as the Philadelphia
basins where ambient concentrations are generally low.

Sediment and Hydrographic Modification

Sediment loadings in stormwater occur due to detachment and
transport of soil particles from earth surfaces, including
gullies and stream channels, and washing of particulate
matter from impervious surfaces. The rate at which sediment
is yielded from an earth surface is highly dependent upon
transient hydrologic conditions and upon the specific nature
of the surface. In addition, the loading produced at any
downstream point is governed by complex transport processes.

The problems caused by sediment loadings involve three )
factors: (1) the role of particulate matter as a medium for
transport of chemical pollutants in storm runoff; (2) the
direct impacts of suspended solids per se upon water use;
and (3) the impacts produced by settling of particulate
material in stream channels, impoundments, and other water
bodies. The first of these factors tends to be of greatest
importance for particulate materials yielded by impervious
surfaces and other stable urban land, since the quantity of
these solids is generally less critical than their chemical
composition. The most significant sources of bulk sediment
in many urban areas are construction activity and erosion of
watercourses due to hydrographic modification.

Sediment from construction sites is a widely recognized
problem which has already been addressed by legislation in a
number of states. The magnitude of erosion which can occur
as a result of exposure and disturbance of the land in
construction sites is extremely great. Without control
measures, the loading rate of suspended solids during con-
struction can be from 10 to 100 times as great on a per-acre
basis as the loading rate from the land before development..
Figure. 3 shows the pattern of sediment yields which occurred
during development of a 58-acre basin in suburban Maryland.
Figure 4 compares the sediment yields observed in a number
of urbanizing watersheds in Maryland and Virginia with data
for nearby rural basins. Typically, much of the material
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which is eroded from construction sites settles out on the
bottoms and banks of nearby stream channels, thus destroying
aquatic habitats and affecting water use in other ways.

A number of related effects are caused by hydrographic
modification. As associated with typical urban development,
hydrographic modification involves three aspects: (1)
covering of pervious soil with surfaces such as pavement and
structures which are impervious to rainwater; (2) alteration
of land drainage (e.g., construction of storm sewers in
conjunction with streets); and (3) direct alteration of
stream channels, in order to deal with flooding problems and
make land available for development. Creation of impervious
surfaces increases the quantity of direct runoff produced by
storm events; and all three aspects tend to speed the move-
ment of storm runoff through the surface water system. As a
result, the peak rates of stream discharge are increased,
often by a factor of 2 or 3 relative to pre-urbanization
conditions. One consequence, which is discussed at greater
length in Section 9, is a general process of erosion and
enlargement of watercourses, ranging from gully erosion at
headwater locations to gradual increase in the size of major
stream channels. This process involves significant yields
of sediment, which add to channel disruption and other
problems at downstream points.

The net effects of hydrographic modification are thus:
direct disruption of stream channels; indirect disruption
due to changes in the streamflow regime; and sediment
yields resulting from channel enlargement. These condi-
tions, along with sediment yield from construction sites,
are likely to have very important impacts on aquatic life.
In the study of Montgomery County, Maryland, streams by
Ragan and Dietemann (1975), changes in water chemistry due
to urbanization were found insufficient to explain the
marked shifts in fish species distribution which had occur-
red. Primary responsibility was assigned instead to stream-
flow and sediment as follows (p. 60):

"Changes in flow regime and sediment load have had a
dramatic impact on the stream system. A number of
studies reported in the literature have shown that
urbanization results in a substantial enlargement of
the stream cross-section. A survey showed that Paint
Branch, a tributary of the Anacostia, averaged nine
feet in 1948, but now has an average width of 37 feet.
Much of the gravel-bottomed channel delineated in 1948
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is now covered with silt, and bank erosion has des-
troyed much of the shelter for fish remaining in the
'unimproved' sections of the streams.

"...A 'river walk' survey conducted as part of the
study revealed that approximately 25 percent of the
stream length in the Anacostia watershed was either
channelized or included substantial construction aimed
at bank stabilization. It is believed that the shifts
in fish species in the urbanized areas reflect these
changes in habitat. Because of the impact that in-
creased rates of runoff have on the streams, on-site
detention in storage is a major need in the study area
and probably in most other urbanizing watersheds."

Prevention of hydrographic modification, which involves both
runoff control and prevention of direct channel alteration,
should thus be considered an essential element of stormwater
planning, along with control of sediment from construction
sites. As implied elsewhere, an important issue is that
stream channel phenomena are relevant to loadings of storm-
water pollutants generally, due to.the role of natural
channels as a "sink" for pollutants as well as a source of
sediment. In spite of the fact that a large proportion of
urban unrecorded pollutant yields are known to involve
particulate matter (including chemical pollutants adsorbed
onto suspended particles during.transport), stormwater
planning and research efforts do not appear to be well
integrated with ongoing work by hydrologists in sediment
transport and river mechanics. Despite the complexity of
these subjects, agencies should at least recognize the
general importance of channel-related effects, in the design
of analytical studies and especially in the formulation of
recommended plans for new urban development.

A final comment regarding hydrographic modification is that
construction of impervious surfaces tends to reduce stream-
flow during dry weather, as well as to increase wet-weather
flows (although this effect can be offset by imported
water, as discussed in Chapter 10). Effects upon base flow
may be important to the level of treatment required for
recorded effluents, since treatment levels may be, sensitive
to the -amount of dilution received during extreme dry con-
ditions. . Hydrographic modification should thus be con-
sidered in all aspects of water quality planning; and
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controls for new urban development should include measures
to assure that infiltration and dry-weather flows will be
sustained.

Application of Dirt and Dust Accumulation Data

Perhaps the richest available source of information per-
taining to urban unrecorded pollution is the literature
dealing with dirt and dust accumulation on street surfaces
(APWA, 1969; Sartor and Boyd, 1972; Shaheen, 1975). Ex-
tensive measurements of contaminant accumulations have been
conducted; and methodologies have been developed for utiliz-
ing these data to estimate stormwater pollutant loadings
(Amy and Pitt, 1974; McElroy, et al, 1975). Several impor-
tant issues regarding the use of these data are discussed in
the following paragraphs.

- 1. Nonlinearity of Relationships Between Pollutant
Accumulation and Time. Methodologies for estima-
tion of stormwater pollutant loadings on the basis
of dirt and dust accumulation commonly assume that
the amount of material present on impervious
surfaces increases at a constant daily rate over
time. (Examples are the STORM model, as utilized
up until the present writing, and the Midwest
Research Institute methodology discussed below.)
However, the recent study by Shaheen (1975) of
pollutant accumulation on roadways due to vehic-
ular traffic demonstrates that non-linear rela-
tionships may prevail, i.e., that the amount of
material may approach a limiting value rather than
1ncrea51ng indefinitely between runoff and street
sweeping events. Shaheen thus distinguishes
between.deposition and accumulation of materials
on street surfaces, as follows (page 49):

"Note that, although the deposition of traffic-
related materials occurs at a constant rate, the
accumulation of materials along the roadway tends
to level off after some period of time due, in
part, to traffic-related removal mechanisms...
However, all of the deposited pollutants are
available for transport to receiving waters during
storms and the deposition rates are valid esti-
mates of the contributions of motor vehicles to
water pollution.” '
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areas,

The second statement indicates that, since pol-

lutants removed from street surfaces may still be
available for transport by stormwater, it may be
appropriate to utilize deposition rates rather
than accumulation rates for water planning pur-
poses. This conclusion would not appear valid in
all cases, however, since materials transferred to
pervious surfaces might reach receiving waters
only after long intervals (which would allow time
for chemical stabilization), or not at all. The
issue of linear versus nonlinear accumulation
rates thus remains critical, especially when dirt
and dust data are utilized to estimate the pollu-

- tant loadings produced by storms which follow long

periods of dry weather.

Delivery of Washoff Pollutants to Downstream
Points. The possibility has been suggested that a
major proportion of pollutant loadings in storm-
water are deposited in stream channels, rather
than transported to downstream receiving waters.
This p0551b111ty would not necessarily detract
from the seriousness of pollutant loadlngs, in
fact, the accumulation of materials in stream
channels might result in more critical problems
than the conditions created by stormwater pollu-
tants while in transit. However, it is important
to note that this factor may cause loading esti-
mates based on dirt and dust data (or on pollutant
yields from small catchments) to overstate the
seriousness of problems at downstream points, such
as problems involving transient dissolved oxygen
depletlon.?,,

Omission of Other Stormwater Pollutant Sources.
As discussed elsewhere, washoff of materials from
roadways and other impervious surfaces is not the
only source of stormwater pollutant yields from

.urban land, and in at least some cases is not the
.predominant source. This fact should be kept in

mind when utilizing dirt and dust data.

The potential 1mportance of the flrst two of these issues
can be illustrated by comparing, for. a number of sample
the estimated pollutant accumulations on watershed
surfaces with the pollutant loadings observed in-stream.
Pollutant accumulations on impervious surfaces have been
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estimated using a methodology developed by the Midwest
Research Institute (McElroy, et al, 1975, pages 186-198),
which is based upon information from the URS studies (Sartor
and Boyd, 1972; Amy and Pitt, 1974). The urban watersheds
considered are the Pennsylvania, New Jersey, and Oklahoma
basins discussed earlier (which range in size from 0.1 to 21
square miles, and contain no recorded discharges or combined
sewers). Curb length density, required for computation of
solids loading rates, has been estimated on the basis of
population density for the Pennsylvania and New Jersey
basins, using a methodology developed by the American Public
Works Association (McElroy, et al, 1975, p. 194).

' The first column in Table 5 pertains to the estimated annual
deposition of various pollutants on impervious watershed
surfaces. Although the Midwest methodology may be intended
primarily for analysis of short-term situations, the compu-
tation of annual deposition rates should be no less valid
than computation of short-term buildup of materials, since
the Midwest methodology assumes that buildup occurs at a
constant daily rate. (That is, accumulation is not dis-
tinguished from deposition in this methodology.) The second
column in Table 5 pertains to the pollutant loadings ob-
served in-stream, during all periods in a typical year when
surface runoff is present. In each column of the table,
only the range of values obtained for individual watersheds
is listed. :

For the Pennsylvania and New Jersey basins, the estimated
rates of pollutant deposition on impervious surfaces tend to
be strikingly higher than the in-stream loadings observed
during storm periods. In each of four cases--BOD, COD,
total phosphate (PO4T), and ammonia (NH3)--the range of
deposition rates does not overlap with the range of in-
stream loading rates, and runs higher than the latter by a
factor of about 8. The ratios of deposition rates to in-
stream loading rates for individual watersheds range from
about 4 to 25. On the other hand, the estimated deposition

rates for nitrate (NO3) are significantly lower than the in-
stream loading rates. For the Oklahoma basins, the ranges
are much more similar. However, the deposition rates for
individual basins still tend to be consistently higher than
the in-stream loading rates. The former typically exceed
the latter by a factor of 2 or greater for BOD and soluble
orthophosphate (P040), and 1.5 or greater for COD.
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TABLE 5

COMPARISON OF SURFACE POLLUTANT ACCUMULATION RATES

Pennsylvania/New Jersey
(12 Basins)

BOD5
coD

PO4T
NH

3

Tulsa, Oklahoma
(15 Basins)

BODg
cop
PO40

* Estimated using methodology
(McElroy, et al, 1975)

WITH IN-STREAM LOADING RATES

loadings in Pounds/Acre/Year

Estimated Accumulation on Observed In-Stream Loading
Watershed Surfaces* - (Wet Conditions)
115 - 162 9 - 32
851 -~ 1139 ’ 42 - 159
l6.8 - 23.8 0.7 - 4.9
4.5 - 6.4 12 - 39
15.2 - 21.5 , 1.1 -~ 4.4
17.3 - 138 12 - 48
83 - 663 60 - 470

1.3 - 10.6 1.1 - 8.0

developed by Midwest Research Institute



These discrepancies could be due to the linearity assumption
in the Midwest methodology, to settling of materials in
stream channels, or. to other factors. The figures are cited
only to suggest that simplistic application of dirt and dust
data to predict in-stream pollutant loadings can potentially
result in very large errors, for either short-term or long-
term loadings.

Another important point is that the availability of pol-
lutant deposition data should not draw attention away from
the need to consider hydrologic conditions when evaluating
transient phenomena. In order to illustrate this issue, it
is worthwhile to examine in some detail a table contained in
-the Conclusions section of the Shaheen report (1975, page
5). This table is reproduced here in its entirety as Table
6. For each of a variety of pollutants, Shaheen has esti-
mated the daily mass flow rate per person due to secondary
sewage effluent, and the daily rate of deposition on street
surfaces due to vehicular traffic, also on a per capita
basis. These figures. are presented in the third and fourth
columns of Table 6, respectively. In the fifth column,
Shaheen considers a situation in which three days' accumu-
lation of street surface materials are delivered to surface
waters by a two-hour storm runoff event. The relative
contributions of sewage effluent and street surface material
during this two-hour period are compared by multiplying the
latter by 36 (equal to 72 hours divided by 2 hours) and
forming a ratio to the sewage flow rate. Traffic is shown
to be a much more important source of pollutant loadings
during the two-hour period than sewage effluent, for all
constituents except BOD, phosphorus, and Kjeldahl nitrogen.
Shaheen thus concludes (page 4):

"Traffic-related deposits by themselves would... con-
stitute a significant source of pollution on a shock-
load basis for each parameter listed; thus the im-
portance of traffic contributions to urban water pol-
~lution is established."

Although Shaheen's computations are valid, the above con-
clusion may be misleading, in that the importance of "shock-
loading" per se is not established. A two-hour storm
period in which all materials on street surfaces are de-
livered to receiving waters would involve a substantial
volume of runoff; thus, stream discharge could be many times
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TABLE 6

SIGNIFICANCE OF RUNOFF,FROM TRAFFIC~RELATED ROADWAY DEPOSITS TO
URBAN WATER POLLUTION
(Comparison with Secondary Sewage Treatment Plant Effluent)

(a)

Sewage Compos@tioh Average Per Capita Mass Flow Rates
Final (b) Trafffc-ReIacea Traffic(d]

Parameter © _Raw - Effluent Final Effluent De?ositionsgcz Impact Ratio
- (mg/1) (mg/1} (g/cap-day] - g/cap-day era¥¥1c7ﬁff1uent)

Suspended Slids 235 24 9.08 : 26.3 104

BOD 140 14 : 5.30 0.06 0,41
[ole} ] 200 20 7.57 1.41 6.7
Kjeldahl-N 30 3 1.14 0.004 0.13
Phosphate-P 10 7 2.64 0.016 0.22
Lead - 0.03 0.011 . 0.31 ‘ 1015

Zinc - 0.08 -0.030 0.039 Lo 47
Copper - 0.03 0.011 0.003 9.8
Nickel - 0.01 0.004 0.005 45
Chromium - 0.01 0.004 0.002 - 18

(a)

(b)

(c)

Estimates of raw sewage and final effluent concentrations are for separate domestic sewage and
have been derived from Fair and Geyer (4), EPA's manual on phosphorus removal (5) and a recent
publication on elemental analysis of wastewater sludges (6).

Average per capita flow rates of pollutants in final effluent have been calculated assuming a
per capita flow of 100 gallons of sewage per day. )

Average per capita depositions of traffic-related pollutants available in urban stormwater run-
off have been calculated assuming a per capita driving distance of 24.3 axle-miles per day and
deposition rates of traffic-related pollgtants given in Table 1. The per capita driving distance

. was derived from 1968 figures of 66 x 10  axle-miles per day from a population of 2,714,000 in

a)

the Washington, D.C. Metropolitan area (7). For example:

5,43 x 10°° 1bs. BOD . 24.3 axle-mi. . 454
axle-mi, cap,-day ib

g = 0.060 grams/capita-day

Runoff, during a two-hour storm event, of traffic-related materials deposited on roadways over a
three-day period has been compared with sewage final effluent discharged to receiving waters dur-

"ing this gsame two-hour storm. oo

Source: Shaheen, Donald G. "Contributions of Urban Roadway Usage to Water Pollution.”

i;ggared for the U.S. Environmental Protection Agency. EPA report No. 600/2-75-004.



higher than during typical dry weather. The greater dilu-
tion of effluents could offset the addition of street sur-
face materials, with the result that increases in pollutant
concentrations might not occur.

As an example, consider a typical urban watershed in south-
eastern Pennsylvania with a population density of 10 persons
per acre (6,400 persons per square mile). It is assumed
that water for domestic supply is imported into the basin
from elsewhere; that treated municipal effluent is released
to surface waters within the basin; and that sewage effluent
and street surface washoff are the only two sources of water
pollutants. Under these conditions, streamflow during
nonstorm conditions would average about 1.71 cfs per square
mile (cfsm), of which 0.99 cfsm would consist of sewage
effluent. Based on Sheehan's data, typical pollutant con-
centrations during dry weather would be as shown in the
left-hand column of Table 7. For the two-hour storm period,
it is estimated conservatively that a rainfall sufficient to
wash off nearly all street surface pollutants would produce
at least 0.1 inch of runoff (from the watershed as a whole).
Assuming that this runoff is present in the stream system
for only two hours--which is also implied by Shaheen--the
average discharge during this period would be 34 cfsm. The
resulting average pollutant concentrations, produced by both
sewage effluent and washoff loads, are shown in the middle
column of Table 7. The ratio of each of these figures to
the corresponding dry weather concentration is shown in the
right-hand colunn.

The ratios in Table 7 convey a very different impression
from that created by the ratios in thé right-hand column of
Table 6. Given the fact that 2-hour pollutant concentra-
tions must be much higher than long-term concentrations in
order to be limiting for aquatic biota, the figures in Table
7 would not necessarily lead to the conclusion that shock-
loading would be critical to water quality under the assumed
conditions. The purpose of this hypothetical example is by
no means to imply that control of street surface contami-
nants is unimportant. Rather, it is simply to suggest that
transient problems due to this source may be less important
than simplistic computations would indicate; and that in any
case such problems should be analyzed with a high degree of
sensitivity to hydrologic conditions.

Measurements of pollutant accumulation on roadway surfaces
have clearly performed an invaluable service in raising the
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Suspended Solids

BOD

- COD

Kjeldahl-N
Phosphate-P
Lead

Zinc

Copper
Nickel

Chromium

TABLE 7

COMPARISON OF HYPOTHETICAL STORM AND NONSTORM CONDITIONS

Hypothetical Pollutant Concentrations

Typical Ratio of
Dry Weather 2-Hour Storm Concentrations:
(mg/1) : (mg/1) Storm/Dry Weather
13.9 73.5 5.3
8.1 0.6 : .07
11.6 4.5 .39
1.7 0.1 .06
4.0 ) 0.2 .05
.017 .859 50.
.046 .110 _ 2.4
.017 .009 © .53
.006 .014 2.3
.006 .006 1.0

Source: Betz Environmental Engineers, Inc., based on Table 6



level of knowledge regarding urban runoff problems. There
are a number of ways in which such data could be utilized in
current water planning studies; and their potential value
for this purpose is, of course, a matter of subjective
judgment. The opinion here is that use of such data for
analytical purposes should generally receive much less
emphasis than collection and analysis of in-stream water
quality data. As is discussed in Section 7, the latter data
would include: (1) chemical and biological information for
surface water locations at which unrecorded pollutant
sources actually appear to be causing problems; and (2)
measurements of pollutant contributions from selected high-
vield land areas.

The basis for this opinion is, first, that present pre-
dictive methodologies based on deposition and/or accumula-
tion rates do not appear to yield reliable estimates of in-
stream pollutant loadings (unless the rates are calibrated
using in-stream data), and thus have only limited value for
establishing wasteload allotments and determining the pol-
lutant reductions needed to meet water quality criteria.
Second, street dirt and dust is only one aspect of the urban
runoff problem, albeit perhaps the predominant aspect in a
major proportion of areas. This means that the range of
control alternatives which can be evaluated using the above-
mentioned methodologies is seriously limited. (Admittedly,
the effectiveness of many of these potential controls cannot
be quantified accurately using any known data sources. The
primary concern here is that controls for sources other than
streets will be overlooked.) Third, washoff of diffuse
materials from streets and other impervious surfaces may be
the aspect of urban unrecorded pollution which is least
amenable to control. Thus, it may be wise in many cases to
focus upon other aspects of the urban runoff problem.

A final comment regarding intensive street sweeping pro-
grams, and other broad-scale control measures which entail
substantial municipal expenditures, is that implementation
of such controls in the short run is likely to depend pri-
marily upon local goodwill and general awareness of water
quality issues. Technical ‘inputs such as cost-effectiveness
comparisons of control alternatives are not likely to be
critical to the implementation of these measures, except
perhaps in metropolitan areas with long histories of water
planning and currently very well-funded programs. Thus, it
can be argued that technical planning efforts be directed
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primarily toward: (1) gaining a better understanding of
existing water quality problems; (2) detecting and docu-
menting the worst source areas, in such a fashion that con-
trol can feasibly be achieved even if opposition occurs; and
(3) developing highly selective control measures which do
not entail major public or private cost. These issues are
discussed further in Section 7.

Localized Pollutant Sources

Discussion of pollutant loadings due to urban land drainage
has tended to emphasize pollutant-generating factors which
are relatively ubiquitous in urban areas. A typical example
is the following description by Loehr (1974):

"Street litter, gas combustion products, ice control
chemicals, rubber and metals lost from vehicles, de-
caying vegetation, domestic pet wastes, fallout from
residential and industrial combustion products, and
chemicals applied to lawns and parks may be sources of
contaminants in urban runoff."

A concern here is that such discussion may have created the
impression in some minds that the relevant control measures
for urban runoff problems are limited to actions which
affect pollutant generation from extensive land areas.
Although such measures may in fact be necessary, it is
important to note the potential role of localized, or "site-
specific," pollutant sources which can be addressed by
fundamentally different types of controls. Site-specific
sources can be defined loosley as pollutant sources which:
(1) yield relatively large quantities of pollutants relative
to the land area involved; and (2) are not necessarily
associated with general types of land use or economic ac-
tivity.

The importance of continuous sources (i.e., non-SRA sources)
fitting this description is commonly recognized; two ex-
amples are malfunctioning on-site septic systems, and land-
fills which produce significant quantities of leachate. The
existence of site-specific SRA sources appears to have
received relatively little attention, however, due in part
to the fact that very few studies of urban runoff pollution
have attempted to determine the specific origin of pollutant
loadings in a given watershed. One case in which a detailed
investigative process was carried out is considered highly
instructive, and thus is described here in detail. 1In 1969,
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the Water Resources Research Institute at Rutgers University
began an intensive study of BOD loadings from unrecorded
pollutant sources in urban areas of New Jersey. Several
small, predominantly residential basins with no known ef-
fluent discharges were selected for study, one of which was
the Mile Run watershed in New Brunswick. The findings were
reported as follows (Whipple, et al, 1974, pp. 26-31).

"The upstream portion of Mile Run above its Livingston
Avenue crossing was chosen for study since it drained
an area which was predominantly residential in char-
acter and seemed to contain no gross pollution...This
drainage area selected is approximately one mile
square, of which 38.5% is devoted to residences, and
only 19.2% to industrial and commercial uses. Street
surface area accounts for some 14.0% of total land...

"During the early sampling of Mile Run, certain pecu-
liarities were noticed. Heavy oil slicks were observed
to occur during rainstorms with strong odors of fuel
oil at the gaging station. In addition, BODs were
running approximately three times what was expected. A
COD test run on a sample on November 7, 1969, showed a
relatively high result. This was the first indication
of organic loading other than street runoff. On
November 10, 1969, samples were taken at Georges Road
and Livingston Avenue on a non-rain day. The results
were revealing (see Table III-1). The BOD at Georges
Road was some six times the BOD at Livingston Avenue.
In addition, the pH at Georges Road was abnormally
high. On November 14, 1969, for a relatively small
rainfall a BOD above 25 mg/l was recorded, again con-
siderably high. It was concluded that there was some
additional source of pollution affecting data collected
on Mile Run.

"Phe source of the organic load imparted to the stream
was investigated to locate the area and the possible
source...On March 10, 1970, the BOD concentration was
above 100 mg/l at Georges Road and the temperature
difference was 11 degrees C from the Livingston Avenue
sample...Obviously, some heated organic load was en-
tering above Georges Road crossing...

"An on-site investigation was conducted to determine

the possible source along the stream banks on the
morning of April 28, 1970. The investigation revealed
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a small hot water source, possibly accounting for the
temperature rise at Georges Road, and fuel o0il pollu-
tion, obviously entering in the Ward Street-Fulton
Street area due to fuel o0il commerce in the area.
Drainage ditches in that area were heavily coated with
Sludge fuel oil which emptied into Mile Run during
times of runoff and appeared to be dumped into ditches
as waste. The north bank of Mile Run in this area
appeared to be leaking oil from its bank and there was
evidence of waste o0il being dumped from atop the bank.
What was difficult to determine was the cause of a
heavy brown scum buildup at two locations in the stream
just below Squibb and just below Georges Road.

"Obviously the pollution in Mile Run is far greater
than can be attributed to the housing. The mean 5-day
BOD during a two-year period of observation was about 9
mg/l in dry weather and 17 in wet weather. The average
BOD loading varied to a much greater extent, being
about 26 lbs/day/sg. mi. in dry weather and about 800
lbs/day/sq. mi. in wet weather, giving a weighted mean
annual BOD loading of about 277 lbs/day/sq. mi. It is
apparent that the storm runoff is of controlling
importance. The changes in suspended solids and COD
during rainfall are even more dramatic than those of
BOD...The influence of industrial wastes was evidenced
not only by the high BOD, but also by direct observa-
tions of heated and colored discharges, banks darkened
with oil, oil slicks and rapid changes in BOD at
certain times of the day.

"It is apparent that the pollution levels in such areas
are mainly dependent upon the degree and kind of com-
mercial and industrial development, and the effluent
controls employed. No methodology can be visualized to
forecast such loadings from commonly available planning
parameters."”

The Mile Run case 1is clearly an extreme rather than a
typical situation. The important point, however, is that
site~specific sources such as these could be operative on a
smaller scale in many areas. Two critical characteristics
of these sources are the following. First, as indicated by
the last sentence of the above quote, their effects are
difficult to predict and identify on the basis of gener-
alized relationships or modeling programs. (Note that,
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unless unusually detailed calibration procedures and moni-
toring were utilized, a stormwater model would attribute the
pollutant loadings in Mile Run to ordinary washoff or ero-
sion processes, or else would leave the high loadings un-
explained.) Second, the controls which are appropriate for
these sources ordinarily consist of very selective measures.
Broad-scale controls tend to be either irrelevant, as would
be true for street sweeping in the Mile Run case, or unnec-
essarily inefficient, as would be true in this case for
runoff detention and treatment. Several classes of site-
specific sources with these characteristics can be identi-
fied as follows.

Dumping of liquid and solid waste on land surfaces.
Waste disposal or storage of pollutant-generating
materials on land surfaces can occur either on-site or
off-site relative to points of waste generation (e.g.,
homes or businesses). Whether or not such activities
involve impervious surfaces, an important distinction
from other pollutant sources is that localized waste
accumulations tend to be less costly to remove than
diffuse materials such as street dirt; and there is
generally a higher probability that further accumu-
lations can be prevented.

Major sanitary sewer leaks and bypasses. Pollutant
generation by sanitary sewer systems, other than com-
bined sewer overflow and discharge of treated effluent,
is important in many areas. Potential problems include
both sewer leakage during dry weather, and major over-
flows during wet conditions due to inflow of storm-
water. Lager and Smith (1974, p. 67) have descrlbed
separate sewer systems in the following way:

"Most sanltary sewers in the United States are de facto
"combined sewers. Stormwater enters these sewers through
cracks, unauthorized (and sometimes authorized) roof

and area drains, submerged manhole covers, improperly
formed or deteriorated joints, eroded mortar in brick
sewers, basement and foundation drains, and poorly
constructed house connections."

Inflow of surface and groundwater during wet conditions
may cause total wastewater flow to exceed the capacity
of pipes, pump stations or treatment plants downstream,
with the result that bypasses are necessary.  In many
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communities, bypasses have been created on a casual
basis, without records being kept as to location and
design characteristics.* The extent of these problems,
which are important primarily for older urban areas,
may be difficult to predict on the basis of generalized
relationships, although empirical information for this
purpose has been developed by some private consulting
firms.

Direct discharge of liquid waste to storm sewers and
receiving waters. Many of the pollutant—-generating
activities included in this category are illegal
according to federal, state, or municipal statutes, but
nevertheless occur. Unauthorized discharges to surface
waters may be either intermittent or continuous, and
may or may not involve fixed conveyance facilities. An
example of intermittent discharge without conveyance
facilities is dumping of septic system waste into
surface waters by professional scavenging operations.
An important problem in some areas is illegal con-
nections to storm sewers, which allow untreated wastes
to pass more or less directly to receiving waters.
Improper use of storm sewers and underdrains for
disposal of wastes such as crankcase 0il is also not
uncommon.

Discharges in excess of permits. Even effluent dis-
chargers presently covered by permits can constitute
unrecorded pollutant sources if the discharge levels
exceed permitted amounts. This can occur for a variety
of reasons, including accidental spills and treatment
system malfunctions. Although it is not possible to
generalize regarding violation of NPDES permits, a
relevant observation is that the estimates of "nonpoint
source” pollutant loadings which are inferred in mass-
balance and modeling studies are often significantly
higher than loadings observed in comparable basins
without recorded effluent dischargers.

* In Allegheny County, Pennsylvania, for example, over 600
known sewer bypasses have been identified, and the actual
number of bypasses is estimated to be much greater.
(Personal communication with Dennis Burke, P.E., of The
Chester Engineers, Coraopolis, Pennsylyania.)
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The importance of these localized sources relative to other
unrecorded pollutant sources is difficult to judge except on
a case-by-case basis. However, the present study has
yielded one item of evidence which suggests indirectly that
sources other than washoff of diffuse materials may be
generally significant. Chemical data for the 15 urbanized
basins in Tulsa, Oklahoma, cited earlier have been subjected
to a pooled regression analysis in which individual pollu-
tant concentrations were related to precipitation variables
such as: time since start of rainfall, average intensity of
rainfall, and time since the previous storm. The most
notable finding was a failure to observe strong positive
associations with time since the previous storm, even when
the other factors (which did bear strong relationships to
pollutant concentrations) were controlled. Association with
time since the previous rainfall would be expected if water
quality is dominated by sources for which the available-
supply of pollutants fluctuates markedly with the occurrence
of storm events--as tends to be true for street dirt and
similar materials. This finding, which has been noted in a
few other studies, could be due partly to nonlinearity of
pollutant accumulation rates, but is nevertheless considered
significant. (Further discussion is contained in the
Technical Appendix.) The conclusion is that the nature of
stormwater pollutant sources should be considered carefully
in each case, rather than simply assumed.

Conclusions

The present summary review has dealt primarily with pollu-
tant generation; an extensive discussion of water quality
issues is contained in the Technical Appendix. The overall
conclusion is that loadings and problems due to unrecorded
sources are highly variable, and may be due to site-specific
factors as well as to factors such as traffic and litter
which are generally ubiquitous in urban areas. :

Agencies with limited resources may be well-advised to avoid
focusing upon transient water quality problems which occur
during and immediately after surface runoff events, unless
such problems are directly demonstrated to be important.
Dissolved oxygen has historically been over-emphasized in
water planning; a carryover of this pattern to analysis of
unrecorded pollution problems could be unfortunate since
transient DO phenomena are especially difficult to predict
and evaluate. With regard to other "shockload" effects of
urban runoff, the importance of these effects may not be
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demonstrable even if temporarily high pollutant concentra-
tions are established, due to the extreme lack of knowledge
regarding response of aquatic biota to conditions lasting
less than 24 hours. (Note that high concentrations due to
"first flush" effects are usually very short in duration,
when receiving waters consist of free-flowing streams.) An
important point is that transient impacts are highly sensi-
tive to receiving-water characteristics, and therefore
should not be a major focus of analysis unless an agency is
prepared to consider these characteristics in detail.

Given the fragmentary data reviewed here, it appears reason-
able to hypothesize that analysis of transient problems per
se is usually not essential in urban areas which do not
contain combined sewers or notably poor environmental con-
ditions, and for which the receiving waters do not consist
of estuaries or standing water bodies.* The alternative is
to focus upon the long-term problems created by SRA and non-
SRA sources, utilizing annual and/or seasonal pollutant
loading estimates. Preparation of such estimates on the
basis of observed data does not necessarily require the use
of loading simulation models. Similarly, analysis of the
effectiveness of control measures for both SRA and non-SRA
sources can be conducted on a long-term basis, using tools
such as the Hydroscience methodology cited in Section 9.

It is true that existing water quality criteria in some
areas are limited largely to dissolved oxygen and pathogens.
However, current water quality management planning studies
are not compelled to perpetuate the biases of the past. Aan
extremely important output of these studies could in fact be
the recommendation of additional criteria which will provide
more adequate protection of water quality.

An important finding of the present review is that the water
quality impacts of new urban development, once in place, may
be substantially less than the average effects of existing

* A major exception to this generalization may be urban
areas located in climatic regions where rainfall is not
well-distributed throughout the year. Extended pollutant
buildup on impervious surfaces may cause transient DO
problems to occur widely in these areas even if there is
reasonable public cleanliness.

57



development. Given this finding, it is considered feasible
to adopt a strategy for new development in which many of the
major control measures would be based explicitly upon water
quantity considerations rather than water quality per se.
This strategy is outlined in detail in Section 9. Eﬁffﬁ_
regard to existing water quality problems, the recommended
strateqy when technical planning resources are limited is to
devote these resources primarily to analysis of: (1) in-
stream water quality problems; and (2) selected high-yield
pollutant sources. This approach and its underlying ra
tionale are discussed in Section 7.
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- SECTION 6

REVIEW OF PLANNING METHODOLOGIES

Introduction

The ultimate goal of the present project has been to develop
a "planning methodology" for use in water quality management
planning studies. Such a methodology.is defined broadly as
any systematized approach which provides assistance in
guantifying present and future water quality problems, and
in evaluating possible control strategies. As noted earli-
er, the present emphasis is upon urban land, particularly
the impacts of future urban development. A broad objective
of the planning methodology is to promote and facilitate the
use of preventive water quality control measures.

This section discusses the planning methodologies which have
been reviewed. The four general types of methodologies con-
sidered are the following: (1) environmental synthesis
techniques (e.g., suitability mapping): (2) stormwater
modeling; (3) development and use of statistical relation-
ships; and (4) other predictive tools. As a result of this
review, and the review of urban stormwater problems dis-
cussed in Section 5 and in the Technical Appendix, the
present report will recommend the use of a variety of pre-
dictive tools, rather than a single unified methodology.
Suitability mapping and similar techniques are found not to
be favorable for general use in w