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FOREWORD

The Environmental Protection Agency was created because of in-
creasing public and government concermn about the dangers of
pollution to the health and welfare of the American people.
Noxious air, foul water, and spoiled land are tragic

testimony to the deterioration of our natural environment.

The complexity of that environment and the interplay between
its components require a concentrated and integrated attack

on the problem.

Research and development is that necessary first step in prob-
lem solution and it involves defining the problem, measuring
its impact, and searching for solutions. The Municipal
Fnvironmental Research Laboratory develops new and improved
technology and systems for the prevention, treatment, and
management of wastewater and solid and hazardous waste
pollutant discharges from municipal and community Sources,

for the preservaticn and treatment of public drinking water

supplies and to mirimize the adverse economic, social, health,

and aesthetic effects of pollution. This publication is one

of the products of that research; a most vital communications
1ink between the researcher and the user community.

This project focuses on methods of maximizing the use of water
resources in a planned urban environment, while minimizing
their degradation. Particular attention is being directed
towards determining the bioclogical, chemical, hydrological,
and physical characteristics of storm water runoff and its
corresponding role in the urban water cycle.

Francis T. Mayo
Director

Municipal Environmental
Research Laboratory
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PREFACE

The overall goal of this research was to evaluate the water
resource plan for The Woodlands, Texas, and to make recommend-
ations, as necessary, to maximize its effective utilization
through alterations in design and management. Any recommended
alterations were to be critically evaluated as to their compat-
ibility with the natural environment.

Collection and utilization of stormwater runoff for recrea-
tional and aesthetic purposes was a major feature of the water
resources plan at The Woodlands. Control of downstream flooding
was also of great importance and so storage reservoirs, in the
form of recreational lakes and wet weather ponds, were created
by the developers. Water quality was a concern if the impound-
ments were to be aesthetically appealing and/or suitable for re-
creation. Therefore, a major sampling and analytical program was
designed to monitor water quality and quantity at different loca-
tions in the developing area. The Storm Water Management Model
(SWMM) provided the focal point for combining the water quality
and quantity data into a predictive tool for design and manage-
ment purposes.

SWMM was originally developed for hichly urbanized areas and,
therefore, was calibrated for this project in an urban watershed

(Hunting Bayou). Subsequently, SWMM was modified to model runoff
and water quality from natural drainage areas, such as The
Woodlands. Because of the lag in the construction schedule at The

Woodlands, the dense urban areas were not completed during the
project period. Consequently, Hunting Bayou and other urban
watersheds were sampled to provide a basis for predicting pollutant
loads at The Woodlands in the fully developed state.

Water analyses included many traditional physical, chemical
and biological parameters used in water quality surveys. Patho-
genic bacteria were also enumerated since the role of traditional
bacterial indicators in stormwater runoff was not clear. Algal
bioassay tests on stormwater were conducted to assess the eutro-
phication potential that would exist in the stormwater impound-
ments. The source, transport and fate of chlorinated hydrocarbons
in stormwater runoff was also investigated.

Several of the large Woodlands impoundments will recieve re-
claimed wastewater as the major input during dry weather. Besides

iv



their use as a source of irrigation water, the lakes will be
used for non-contact recreation -- primarily fishing and boating.
Because the reclaimed wastewater must be disinfected, there was
a concern about disinfectant toxicity to the aquatic life in the
lakes. Consequently, comparative fish toxicity tests were con-
ducted with ozone and chlorine, the two alternatives available
at the water reclamation plant.

Porous pavement was considered by the developers as a method
for reducing excessive runoff due to urbanization and an experi-
mental parking lot was constructed. Hydraulic data was collected
and used to develop a model compatible with SWMM, to predict the
effects of using porous pavement in development. Water quality
changes due to infiltration through the paving were also deter-
mined.

Hopefully, the results of this project will contribute in
a positive way to the development of techniques to utilize our
urban water resources in a manner more compatible with our cher-
ished natural environment.



ABSTRACT
Stormwater runoff from urban areas has been recognized as
one of the major contributors to pollutant loadings in natural
rivers, lakes and estuaries. To evaluate these loadings, char-
acteristics of stormwater runoff from an urbanized area and an
undeveloped site were quantified for several key water quality
parameters at selected sites.

The Storm Water Management Model (SWMM) was modified to al-
low for modeling of 1) separate sewer systems, 2) effects of ur-
banization on baseflows, 3) performance efficiency of natural
drainage systems, 4) cost efficiency of natural drainage sys-
tems, 5) four more water quality parameters - COD, Kjeldahl
nitrogen, nitrates and phosphates, 6) hydrologic effects of
porous pavement areas. A new subroutine was programmed for each
of these objectives and included in the SWMM. All new subrou-
tines are user options.

The resulting SWMM version can model storm periods separ-
ated by zero or low rainfall, eliminate all dry weather flow re-
sulting from sewage, compute baseflow recessions, model flow in
natural nonuniform cross-sectional channels, determine costs of
natural drainage systems, model eight user selected water qual-
ity parameters for as many as 20 land uses, and evaluate the
performance of porous pavement.

The SWMM was applied to the urbanized Hunting Bayou water-
shed in Houston, Texas, and Panther Branch, an undeveloped
watershed where the new community of The Woodlands is being de-
veloped in its downstream reaches.

Because the original water quality predictions from SWMM
verification and calibration runs were too low for urbanizing
areas, a user option to input the actual loading rate and re-
moval factor for each pollutant under consideration was intro-
duced into the SWMM. This approach was verified by comparison
to observed data on Panther Branch and Hunting Bayou and then
applied to Swale 8, one of the tributary areas to Panther
Branch, which is currently being urbanized. A management strat-
egy to control storm water in a manner compatible with the
natural environment and proposed natural drainage network was
developed for Swale 8.

This report was submitted in partial fulfillment of Grant
No. 802433 by Espey, Huston and Associates through Rice Univer-
sity under the sponsorship of the U. S. Environmental Protection
Agency. This report covers the period from September 1, 1973,
to September 1, 1976, and work completed as of September 1, 1976.
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SECTION 1
INTRODUCTION

Numerous studies and ongoing data collection programs have
provided a comprehensive understanding of the changes in the
hydrologic characteristics of a watershed during and after
urbanization. Both guantity and guality of runoff are affected.
Increases in peak discharge rate and total volume of flow are
well documented, but the reduction in quality of urban storm-
water has only recently been recognized as a major problem.
Consequently, flooding from increased runoff and water quality

degradation are two major problems in urban hydrology.

The development of impervious areas such as roofs, streets
and parking lots in urban areas results in a severe limitation
of the infiltration capacity of an urban watershed. Stormwater
management has generally consisted of collecting all the runoff
in gutters and discharging it into a conveyance system of storm
sewers and channels which are tributary to a nearby stream, lake
or ocean. An efficient urban drainage system has generally
implied the use of storm sewers and lined and rectified ditches.
Although local flooding problems were solved by this system,
increased time of concentration and higher peak flows which are
generated tend to create severe flood problems downstream.

Also, impervious areas were found to have very few urban pollu-
tant assimilative properties. In fact, impervious areas tend to
generate urban pollution that is not amenable to street sweeping
and therefore, much more difficult to control (1). The increase
in flow velocities in improved channels creates a high erosion
and scour potential, thus aggravating pollution problems in
receiving waters.

An alternative drainage scheme termed natural drainage is
now being considered. The natural drainage concept is based on
the premise that typically narrow and deep drainage ditches and
storm sewers are undesirable. Therefore, existing drainage
channels are utilized to the fullest extent possible and any new
channels are constructed and l1ined with native vegetation to
function similarly to the existing channels. In order not to
exceed the capacity of natural drainage channels, runoff rates
must be approximately the same before and after urbanization or
the runoff rates must be reduced to runoff rates at natural
watershed conditions.



The major method to reduce runoff rates is the use of minor
detention and retention ponds. In areas where a number of con-
tiguous impervious surfaces exist or are planned, the use of
porous or pervious pavements becomes a viable alternative.
Porous pavements and minor ponds provide design storage so that
they may be used to reduce runoff to preurbanization levels,
but, more importantly, they can be used to capture the initial
runoff or "first flush" volume which most studies indicate to be
the most degraded in terms of pollutant concentrations. All of
these runoff controls are utilized at The Woodlands, a new
community being developed near Houston, Texas.

In 1973, the U. S. Environmental Protection Agency (EPA)
sponsored this study to quantify the effects of the runoff
controls discussed above. The Storm Water Management Model
(SWMM) , originally developed under EPA sponsorship for cities
with conventional drainage systems and combined sewerage, was
selected for this purpose because of its comprehensive modeling
capabilities. The present study was undertaken to modify the
SWMM in order to evaluate the effects of runoff controls as used
in natural drainage systems as practiced in surface drainage
design at The Woodlands and in Houston, Texas.

The SWMM was modified through inclusion of several new sub-
routines and debugging of existing subroutines. The resultant
model was then applied to Swale 8, the major watershed area at
The Woodlands where urbanization is progressing under natural
drainage concepts.

This final report summarizes the three years of research
and development effort expended in achieving the study objec-
tives.



SECTION 2
CONCLUSIONS

The Storm Water Management Model (SWMM) released February 1975,
referred to in this report as the original SWMM version was exten-
sively modified by this project. The capabilities of the modified
version have been expanded to model runoff and water quality from
natural drainage areas. The study areas where the new capabilities
were tested are The Woodlands and Houston, Texas. During the course

of this study the following conclusions were reached:

1. After correction of errors in infiltration rate compu-
tation, the modified SWMM prediction of observed peak
and total discharge were relatively accurate but the
pollutant concentration predictions, which are dependent
on exact hydrograph replication, could not be modeled
for the- study area.

2. Although runoff from natural drainage areas is of better
guality than that from areas with conventional storm
sewer drainage, the effect of construction activity in
both types of areas could not be determined by the orig-
inal SWMM version. The predicted values were always too
low. But, modeling of erosion from construction activi-
ties is now possible by use of the modified SWMM version.

3. Laboratory methods used to determine biochemical oxygen
demand data produced inconsistent results and therefore
the biochemical oxygen demand modeling proved unsatis-
factory. Data for chemical oxygen demand were more COn-=
sistent and subsequently used to model chemical oxygen
demand during this study.

4. It was determined that the functional relationship be-
tween pollutant mass and runoff volume could be linear-
ized by the use of logarithmic transforms. The resul-
tant linear equations can be used to determine loading
rates and total pollutant transport from a watershed
area.

5. The exponential pollutant removal or decay coefficient
can be considered as a constant in all geographical
areas. The modified SWMM allows for selection of the
value of this coefficient by the user.



10.

11.

12.

Water quality modeling capabilities of the SWMM have been
considerably improved. The modified SWMM can reasonably
predict mass flow rates (and pollutographs, if the hy-
draulic modeling results are accurate) for suspended
solids, chemical oxygen deamand, nitrates, phosphates,

or any other pollutant for which loading rates may be
determined. These capabilities were proved by modeling
observed events at the study areas where even transient
land use such as construction activities were succes-
sively modeled.

The modified SWMM can be used to model runoff events
generated by distinct periods of rainfall separated by
periods with zero rainfall. The original SWMM did not
have this capability.

The modified SWMM can reflect interaction between surface
water drainage and groundwater conditions by determina-
tion of recession flow rates from input recession char-
acteristics.

The modified SWMM can transport flow through natural
channels with a minimum of input data requirements.

Each natural channel is described by a series of coord-
inates and the program now calculates the area-discharge
curves which formerly had to be input for each natural
channel.

The modified SWMM can determine the cost efficiencies

in the use of natural drainage systems relative to those
for conventional drainage systems using either user
supplied or default unit cost estimates.

The modified SWMM can provide a detailed analysis of
storage and flow into and out of porous (pervious)
pavement systems. The drain outflow, surface runoff,
and storage volumes can be determined; but the lack of
comprehensive data precluded the modeling of water
quality in porous pavements.

The modeling schemes developed during this study require
considerable input data preparation and consequently the
modified SWMM, when applied to natural drainage systems,
is more user dependent.



SECTION 3

RECOMMENDATIONS

The water quality relationships developed in this study
should be verified with data from other watersheds across the
country to determine the possibility of data transfer. New oOr
revised coefficients may be developed for nonhomogeneous water-
sheds or different climatological regions. If linearization of
the log transforms of water quality data is found to be univer-
sally applicable, the prediction of water guality will be faci-
litated.

More data from Panther Branch and Hunting Bayou watersheds
are necessary to determine if the empirically derived relation-
ships used by the modified SWMM are generally applicable and
also to improve the accuracy of those relationships. Additional
information is also required on background levels of nonpoint
sources of pollution in forested areas especially with regard to
seasonal variation.

The water quality modeling approach developed should be
tested in other geographical areas before it can be accepted as
a universal and a reliable model. As a result of these tests,
areas requiring further development or refinement of the metho-
dology or programming will be identified.

The SWMM program structure should be modified to allow
analysis of at least 10 pollutants. Although this was accomp-

l1ished by this task for the Runoff Block the other progaram blocks
of the SWMM need to be modified so that all po]]utants‘generated
from a watershed can be transported in one run of the model.

The use of the modified SWMM should be promoted so that
other users may utilize the vastly improved capabilities and
flexibility of the model. The use of baseflow recessions in
designing for low frequency or dry weather flows should be con-=
sidered. Porous pavements should be evaluated, by means of the
modified SWMM, as urban runoff control facilities. The reduc-
tion of data requirements for modeling natural streams should be
emphasized and the use of the modified SWMM in modeling natural
drainage systems should be encouraged.

Water quantity and quality sampling at The Woodlands should
be continued at least until the watersheds have stabilized and

5



erosion rates are reduced to pre-development or uniform levels.
Data collection should also be continued at the porous pavement
area and a sufficient number of overflow events should be sampled
so that the porous pavement model can be tested in detail under
real world conditions. Also water quality sampling of the out-
flow from the drain as well as the water in storage should be
continued during dry periods so that operation of the porous
pavement system can be properly evaluated and changes in water
quality may be understood.

Sedimentation surveys of all stormwater detention reser-
voirs should be performed at regular intervals and preferably
after every major storm event. The sediment accumulation rates
in the reservoirs would be very helpful in not only modeling
runoff and water quality but also in determining the life ex-
pectancy of the reservoir.

Records of all construction activity should be maintained
so that the location and total area under construction during a
storm event will be known. This record will prove very helpful
in modeling water quality from each watershed.

The modeling of erosion in the SWMM needs to be refined.
The coefficients of the Universal Soil Loss Equation were derived
for agricultural areas and their applicability to urban and
forested areas is limited. Possibly, a new approach may have to
be considered. The significance of pollution from construction
activity has generally been underestimated. Further study and
methods to control erosion in urbanizing areas must be developed.

A significant portion of the effort expended during this
project has been the setup and error correction of the original
SWMM version. The SWMM has several users across the country who
provide input as to improvements and corrections to the model.
The University of Florida at Gainesville, Florida has been essen-
tially a clearing house for the updates being made to the SWMM.

In order to minimize computer compatability problems,
constant contact was maintained with the University of Florida
which has been very resvonsive to sudgested improvements and has
already implemented many of the changes in order to make latter
SWMM versions compatible on all computers. This has facilitated
the setup of each new version of the model.

The problems were not limited to compatability conditions
between different computers. The reason for each new version of
the SWMM has been modifications and error corrections to the pre-
vious versions. These changes have affected the results obtained
from the previous version of the SWMM as well as the data deck
structure; and therefore require a complete reevaluation of pre-
viously completed work and the associated time and financial



expenses. This situation became especially critical when the
problem with infiltration computation discussed in Section 6
was discovered.

Several programming anomalies and errors were identified in
the SWMM version used in this study, and subsequently corrected
in later versions of the model. Specifically, the major problems
include:

1. Erroneous values in the Transport Block of the
SWMM concernina the depth of flow in certain types
of conduits. For example, a circular conduit that
would be flowing 41.5% full would be carrying only
4% of its total flow capacity.

2. 1In the Transport Block, input values describing a
special type of channel would be read in over ex-
isting values stored in the program describina a
trapezoidal section. This error prohibited usina
the trapezoidal section whenever a special channel
was used.

3. Discovery of the existence of an undefined variable
being referenced by the program. This caused the
program to go into an infinite loop during some
calculations until the time limit was exceeded.
Considerable time was lost in tracing the variable
down so that corrective action could be taken.

4. Erroneous graphs would appear on the rainfall
hyetograph when more than one rain gage was
specified.

5. As described in Section 6, amount of infiltration
was dependent on the time of start of the storm
after the start of modeling. This meant that
infiltration would be greater if the storm began
at the start of modeling time rather than a few
hours later.

6. Length of integration timestep must be shorter than
rainfall timestep or rainfall values are in error.
This is due to the program's method of averagilng
rainfall intensities.

7. The SWMM Version II manual specified normalized
area increments but the proaram needed normalized
depth increments. This error was discovered only
after abnormal results were observed in several
runs.



The rest of the errors encountered were minor format corrections.

All the corrections mentioned, except for the infiltration
and the timestep changes, were included in the February 1975 re-
lease of the SWMM. The University of Florida has subsequently
included the infiltration changes in the May 1976 release of the
SWMM.

Additional debugging of the SWMM is necessary. A signifi-
cant debugging effort and review of the program code has resulted
as an adjunct to this study; but a comprehensive correction of
program errors, a time consuming and sometimes frustrating pro-
cess, was beyond the scope of this project. o



SECTION 4

GENERAL PROJECT INFORMATION

THE STORM WATER MANAGEMENT MODEL

The Storm Water Management Model (SWMM) was developed in
1971 by the University of Florida and the U.S. Environmental
Protection Agency. The SWMM is composed of five integral
computation blocks as shown in Figure 1.

The Executive Block controls all activity within the model
because all input/output functions for the other blocks are
programmed into the Executive Block. The Runoff Block computes
the quantity and quality of runoff for a given storm and stores
the results in the form of hydrographs and pollutographs at the
inlets to the main sewer system. The Transport Block sets up
initial flow and infiltration conditions and then performs flow
quantity and quality routing to produce combined flow hydrographs
and pollutoaraphs for the total drainage basin and at selected
intermediate points. The guantity and quality of flow is stored
and treated by predefined criteria 1in the Storage Block. The
dispersion effects of the discharge in the receiving body of
water are computed in the Receiving Water Block. A more detailed
description is available in the SWMM User Manual Version II (2).

In general only one Or two computational blocks as well as
the Executive Block are used in a run but all blocks may be run
together. The use of independent computation blocks allows for
the examination of intermediate results. Implementation of the
SWMM requires a computer having core storage capacity of at least
350K bytes which translates to high costs per run, which in turn
could limit the number of options to be analyzed.

The data requirements to model an urban watershed are
listed in Table 1. Line printer tabulations and specified
hydroaraphs and pollutographs are predicted as output from the
progranm.

Since its original release, the SWMM has undercone several
major revisions; the most recent version became available in

November 1977. The February 1975 version of the SWMM was used most
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Item

Item

Item

Item

ITtem

Item

Item

from:

TABLE 1

MODELING REQUIREMENTS BY SWMM

Define the Study Area

Land use, topography, population distribution, census
tract data, aerial photos, area boundaries.

Define the System

Furnish plans of the collection system to define
branching, sizes, and slopes. Types and general loca-
tions of inlet structures.

Define System Specialties

Flow diversions, regulators, storage basins.

Define System Maintenance

Street sweeping (description and frequency). Catch-
basin cleaning. Trouble spots (flooding) .

Define the Receiving Waters

General description (estuary, river, or lake). Mea-
sured data (flow, tides, topography, water quality) .

Define the Base Flow (DWF)

Measured directly or through sewerage facility oper-
ating data. Hourly variation and weekday vs. weekend.
DWF characteristics (composited BOD and SS results).
Industrial flows (locations, average gquantities,
quality) .

Define the Storm Flow

Daily rainfall totals over an extended period (6 months
or longer) encompassing the study events. Continuous
rainfall hyetographs, continuous runoff hydrographs,
and combined flow gquality measurements (BOD and SS) for
the study events. Discrete or composited samples as
available (describe fully when and how taken).

SWMM Volume 1 - Final Report, July 1971
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extensively during this study, and all modifications to the SWMM
by this project have been incorporated into this version.

All modifications are included as user options so that the
basic integrity of the SWMM is retained. Some of the new compu-
tational methods are dependent on site specific data.

STUDY OBJECTIVES

In general terms, the primary objectives of Espey, Huston
and Associates, Inc. as part of the team involved in the overall
study of the natural drainage system at The Woodlands were to
modify and expand the capabilities of the SWMM and apply it to
The Woodlands site. With the data on storm runoff quantity and
quality which were collected by Rice University and the U. S.
Geological Survey at The Woodlands, the model was to be used to
evaluate the effectiveness of natural drainage systems in mini-
mizing changes in storm runoff quantity and quality and to
assist the engineers and planners in designing the drainage
system for future phases of development at The Woodlands.

In specific terms, the study objectives of Espey, Huston
and Associates, Inc. were:

1. Modify the SWMM as follows:
to include a separate storm water system

a.
b. to reflect the interaction between groundwater
conditions and surface drainage

c to reflect natural drainage concepts
d. to include the cost of natural drainage systems
e. to include the additional water quality para-
meters COD, Kjeldahl nitrogen, nitrates, and
phosphates
f. to include the effects of porous pavement.
2. Apply the SWMM to a developed Houston watershed as a

prelude to modeling The Woodlands.

3. Apply the SWMM to Phase I of The Woodlands which is
now under construction.

4. Use the SWMM to assist in the planning and develop-
ment of the next development area at The Woodlands.

STUDY APPROACH

The scope of this study covered a period of three years.
Initially the existing SWMM was evaluated by application to the
Panther Branch and Hunting Bayou Watersheds. Hydrographs were
developed for the following storms on Panther Branch, Hunting
Bayou, and Swale 8, which is tributary to Panther Branch, in

12



Phase I of The Woodlands:

Panther Branch Hunting Bayou Swale 8
10/28/74 9/08/68 4/08/75
11/10/74 9/17/68
11/24/74 11/05/68
12/05/74 10/22/70
12/10/74 11/09/70

3/26/74
5/08/75
6/30/75

Attempts to model several other storms were abandoned due to
data errors or extreme flow conditions.

The study objectives were accomplished in 12 tasks
generally divided into 3 categories as follows:

Evaluation of the SWMM

Task 1. Model observed storms on Hunting Bayou in Houston

Task 2. Model observed storms on Panther Branch in The
Woodlands

Task 3. Model Swale 8 in the developing area of The
Woodlands

Modifications to the SWMM

Task 4. Modify SWMM to be used to model areas served by
separate sewers including natural drainage

Task 5. Model the interaction between groundwater and
surface drainage

Task 6. Improve the modeling of infiltration to allow
periods of no rainfall

Task 7. Develop a subroutine to prepare area-discharge
data for natural sections

Task 8. Develop a subroutine to compare costs of natural
drainage relative to costs of conventional
drainage

Task 9. Develop a methodology to determine predictive

relationships for COD, Kjeldahl nitrogen, ni-
trates and phosphates and include modeling of
these parameters in the SWMM

13



Task 10. Model the effects of porous pavements on rainfall
and runoff relationships

Testing of the Modified SWMM

Task 11. Apply the modified SWMM to Hunting Bayou, Panther
Branch and Swale 8 to observed events

Task 12. Apply the modified SWMM to Swale 8 to model
future development trends

In accomplishing these tasks, several new subroutines were
developed and incorporated into the SWMM. Each of the new
subroutines is discussed in Sections 6 and 7 and listings of the
program code are included in Appendix A. A revised set of input
data coding instructions to allow the use of the new subroutines
is also attached as Appendix B. The computer runs performed
during this study were too numerous and were therefore not
included in this report. All modeling input data are displayed
in appropriate tables and figures in Section 8. All water
quality data used in this study are summarized in tables in
Appendix C. Appendix D contains hydrograph recession data;
sample output from a SWMM run, utilizing all new computational
schemes, is shown in Appendix E.

14



SECTION 5

STUDY AREA DESCRIPTION

HUNTING BAYOU WATERSHED

The Hunting Bayou Watershed is located on the eastern side
of Houston near the intersection of Highways 59 and 610, as
shown in Figure 2. The area is characterized by extremely mild
1and slopes (typically 0.1%) and impermeable soils with high
clay content. The area receives approximately 114 centimeters
(45 inches) of rain annually. Ninety-four percent of the total
800 hectare (1976 acre) area of the watershed 1is developed.
Land usage is varied, with significant amounts of land being
devoted to single and multi-family residential (48%), commercial
(32%), and industrial (14%) purposes. The area as a whole has
21% impervious cover. It contains very few storm sewers with
the vast majority of the area being drained by roadside grass-—
1ined swales. The two main channels of Hunting Bayou are
essentially trapezoidal with low flow channels. The banks and
channel beds are earthen and are 1ined with vegetation which
varies in density from moderate to very heavy depending upon
the season of the year and maintenance schedules.

Inasmuch as these characteristics are also representative
of the drainage system of The Woodlands, it was felt that this
area would provide adequate calibration of the hydraulic portion
of the SWMM. Most of the area is, in general, poorly maintained
and the stream channels are sometimes used as dumping areas for
waste materials such as oil and grease, old tires and other
refuse. Because of this the quality of storm runoff in the
area was significantly poorer than The Woodlands storm runoff.

The area modeled on Hunting Bayou, as shown in Figure 3,
is the entire watershed upstream of the U. S. Geological Survey
(USGS) gaging station No. 08075760 at Falls Street (Station H-
20). This station, which has been in operation since 1964,
continuously records flood hydrographs and rainfall. 1In the
past, there has also been a gaging station upstream (USGS No.
08075750) at the Cavalcade Street Bridge on the south tributary
of Hunting Bayou (Station H-10). This station was discontinued
in 1973. Both of these stations are shown in Figure 3.

15
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THE WOODLANDS DEVELOPMENT AND PANTHER BRANCH WATERSHED

The Woodlands is a new community being developed in Mont-
gomery County, Texas. The community is situated in a heavily
forested tract about 45 kilometers (28 miles) north of Houston.
The Woodlands encompasses 7,200 hectares (17,800 acres) (Figure
4) and is planned to be developed over a twenty-year period,
which began September 1972. A total of 33,000 dwelling units
are programmed with a projected population of 112,000 in 1992.
A concern for nature and convenience for man were two of the
major criteria used in the development of the General Plan for
The Woodlands. The basis for all aspects of development in The
Woodlands was a unique ecological inventory conducted from 1971
to 1973.

The Woodlands site is located in the Spring Creek drainage
basin. The major stream draining The Woodlands is Panther
Branch which is a tributary of Spring Creek. Panther Branch is
an intermittent stream with major no-flow periods occurring
during the summer months. A flow gaging station, P-30 (USGS
No. 08068450) was established near the lower end of The Wood-
lands site in May, 1972. The drainage area upstream of the
gage is 54.39 square kilometers (33.8 square miles).

Panther Branch and its tributary Bear Branch form the
principal drainage system upstream of the developing areas in
The Woodlands (Figure 4). A stream stage recorder, Station P-
10, is located below the confluence of Bear and Panther Branches
and has a drainage area of 24.30 square kilometers (15.10
square miles). The drainage area of P-10 is undeveloped forest
land while the P-30 drainage area includes Phase I development
of The Woodlands.

The basic drainage system planned for The Woodlands has
been designed on the basis of what has been termed the natural
drainage concept. This concept consists of the following
principles: 1) The existing drainage system in its unimproved
state is utilized to the fullest extent possible; 2) Where
drainage channels need to be constructed, wide shallow swales
lined with existing native vegetation are used instead of
cutting narrow, deep ditches; 3) Drainage pipes and other flood
control structures are used only where the natural system is
inadequate to handle increased urban runoff, such as in high-
density urban activity centers, and 4) Flow retarding devices
such as retention ponds, recharge berms and porous pavements
are used where practical to minimize increases in runoff volume
and peak flow rates due to development. The natural drainage
concept as outlined by these four principles seeks to minimize
changes in the runoff regime due to urbanization by providing
increased infiltration and storage capacity and higher resis-
tance to flow within the channels.

18



peysisjem youeadg Iayiued ¢ *bTd

\
\ NOILVLS ONIONYS Wv3uls &
S ” 30IAI0 Q3HSHILVM - - — =
B \
] \
| !
1§ HONVYE \
\ H3IHLNVD )
AN
~\ \
\ \
) \ 2 _ 0
] \ Z
e’ (sepw) 37VIS
~
a,
)
)
/ ~
-\ —
z_ ﬂ\nV/“//
] ~
_, HONVHE ¥V38 ~-
\
AN
_/
-
<7
N
\
\
\
AY
= i
T "
& -
gevl W4 N
WI3HI ~
NB8WVXIN

HONVYS Y3H LNVd P

19



SWALE 8 WATERSHED

The first area to be developed at The Woodlands is referred
to as Phase I and is located immediately upstream from Station
P-30. The largest individual drainage area in Phase I is Swale
8. With a drainage area of 195.46 hectares (483 acres), Swale
8 drains into Panther Branch through Lakes A and B.

As shown in Figure 5, the downstream third of the watershed,
west of Grogans Mill Road, is substantially urbanized primarily
in commercial and multi-family residential development.

The drainage system for Swale 8 was designed on the basis
of the natural drainage concepts described earlier. In conjunc-
tion with the natural drainage system, three major reservoirs
are located in the Swale 8 drainage area. Two reservoirs
(Lakes A and B), approximately 4.8 and 3.0 hectares in size (12
and 8 acres), respectively, are located at the Conference-
Leisure Center. The 3 hectare reservoir will empty directly
into the 4.8 hectare reservoir. The normal operating level of
the larger reservoir will be held at 1 meter (3 feet) below the
storm outflow depth thereby providing 1 meter of flood-control
storage. The effects of this storage are very significant in
reducing the impact of urbanization on the quantity and quality
of runoff from Swale 8 downstream from the lake. Lake C, a 2.8
hectare (7 acre) reservoir on the east side of Grogans Mill
Road has also been completed recently. One meter (3 feet) of
storage is provided in it for runoff control.

Two stream gaging stations are operated by the U. S.
Geological Survey in the Swale 8 watershed. Station D-50
measures the outflow from Lake A and Station D-10, located on
the east side of Grogans Mill Road, measures the inflow into
Lake B from Swale 8.

DATA COLLECTION

As described previously, all stream flow stations are
maintained by the USGS. The continuous records at these stations
proved very useful during this study; the period of record for
each station is as follows:

P-10 10/73 to present
P-30 4/72 to present
H-10 4/64 to 9/73

H-20 4/64 to present
D-10 10/74 to present
D-50 11/74 to present

Monthly grab samples for water quality were also collected by
the USGS.
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During the initial phases of this project, several problems
with a discharge rating curve for Station P-10 were exper-
ienced; but a satisfactory rating curve was finally developed.
The long processing time to convert gage heights to discharge
rates was substantially reduced by the development of a computer
rating curve program. The computer program, with the aid of an
input rating curve would convert gage heights to discharge rates
from which the storm hydrograph was developed.

The temporal and spatial distributions of several key
water quality parameters were defined for individual storm events
through comprehensive sampling by Rice University. Parameters
analyzed included but were not limited to suspended solids, COD,
Kjeldahl nitrogen, nitrates, and phosphates. Because of the
processing time, these data were not available immediately,
resulting in a lag of several months between data sampling and
water quality modeling. However, all the data had been processed
and were available prior to the end of the project. A summary
of all storms sampled by Rice University is listed in Table 2.
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TABLE 2. STORM EVENT HYDROLOGY SUMMARY

- - “Rainfall,| Total Stream- [Base Peak | Runoff,
_#_|___Date Site inches | flow,acre-ft" [Flow,CFS Flow,CrS; acre ft
1 1/18/74 woodlands P-30 2.02 2334.0 40.0 1260.0 | 2131.0

2 3/20/74 Hunting Bayou 0.15 2.507 5.0 9.6 0.857
3 3/26/74 Hunting Bayou 0.75 42.06 9.5 40.0 24.8
4 4/11/74 Hunting Bayou 0.35 12.41 4.0 11.0 5.47
5 4/22/74 Woodlands P-30 0.45 5.8 0.2 9.7 5.39
6 | 10/28/74 Woodlands P-30 3.46 937.0 1.6 382.0 928.4
7 112/05/74 | woodlands P-30 1.59 1267.0 4.5 332.0 [1238.0
Woodlands P-10 1.52 833.0 2.1 280.0 | 822.0
8 3/04/75 Woodlands P-30 0.33 3.318 1.75 4.9 1.8
Lake A 0.26 No Discharge No Discharge -
Lake B 0.26 0.135 0.0 0.38 0.135
9 3/13/75 Woodlands P-30 0.75 119.0 1.3 49.0 111.0
pP-10 0.69 79.09 0.64 56.0 77.0
Lake A 0.81 2.38 0.0 2.0 2.38
Lake B 0.81 1.77 0.0 12.7 1.77
10 4/08/75 woodlands P-30 2.76 2829.0 0.48 1100.0 2826.0
P-10 2.43 1614.0 1.0 1170.0 1610.0
Lake A 3.97 93.39 0.0 114.0 93.4
Lake B 3.97 93.2 0.0 123.0 93.2
11 5/08/75 Hunting Bayou 0.81 28.9 4.6 72.5 23.8
Westbury 0.7% 7.16 0.0 36.0 7.16
12 06/30/75 Hlunting Bayou 1.85 115.7 14 136 94.0
Westbury 1.23 11.23 0 47 11.23
13 09/05/75 Wwoodlands P-30 .35 9.825 0.14 10.3 9.48
woodlands P-10 .25 0.918 0.02 0.38 0.822
Lake A 1.11 No Discharge 0 - 0
Lake B 1.11 1.51 0 8.8 1.51
14 10/25/75 Woodlands P-30 2.89 117.35 0 64 117.35
Woodlands P-10 2.82 57.09 0 22 57.09
Lake A 3.37 18.86 0 15 18.86
Lake B 3.37 No Data - - -
15 03/07/176 Woodlands P-30 .713 14.88 1.45 18.5 12,6
Woodlands P-10 .68 11.24 .3 7.9 10.37
Lake A .69 No Discharge - - 6.5
Lake B .69 0.884 0 3.8 .884
16 03/08/76 Woodlands P-30 .53 99.3 8.4 32.5 59.0
Woodlands P-10 .48 58.3 5.3 23 29.1
Lake A .71 6.78 0 3.4 6.78
Lake B .71 2.71 0 6.6 2,71
17 04/04/76 Woodlands P-30 . 366 45.95 .18 64 45.56
Woodlands P-10 .29 .764 .11 .37 0.537
Lake A 1.17 14.54 0 10 14.53
lLake B 1.17 5.10 0 19 5.103

@ poral Streamflow is calculated to include components of overland runoff and base flow.

L .
g percentage of rainfall as runoff.
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SECTION 6

MODIFICATIONS TO THE SWMM

MODELING A SEPARATE STORM WATER SYSTEM

The SWMM was originally developed for drainage systems
which included combined sewer systems. In the case of separate
sewer systems, it was necessary to model urban stormwater
systems which do not include the dry weather flow (DWF) compo-
nent of combined sewer systems. Consequently, subroutine INFIL,
to compute infiltration into the sewer, and subroutine FILTH,
which estimates DWF based on population, were not called in the
Transport Block and Card Groups 30 through 44 were omitted in
all runs, thus providing a considerable reduction in input data
requirements.

In modeling natural drainage systems, the lack of catch
basins allowed a further omission of input data. Card Group 17,
catch basin data, in the Runoff Block data deck was a blank card.

The modifications to the SWMM to model a separate storm
water system are relatively simple and no difficulties were en-
countered with this phase of the project.

INTERACTION BETWEEN GROUNDWATER CONDITIONS AND SURFACE DRAINAGE

In the absence of storm sewers and their associated infil-
tration rates in a natural drainage area, hydrograph recessions
were used as indicators of the interaction between groundwater
conditions and surface drainage. Several investigators in-
cluding Holtan and Lopez (3) consider hydrograph recession rates
to be a function of total volume of water in storage in surface
depressions, vegetative and soil layers and in groundwater. The
rate at which these storage volumes are drained is determined to
be the recession rate of the hydrograph beyond the point of
inflection when all surface runoff is assumed to have ceased
(4).

The physical process of draining water from storage can be
approximated by a linear reservoir whose outflow rate is a
function of storage. This relationship is defined by Riggs (5)
and others as follows:

24



dy = q,K
where
g_ is the discharge at some initial time
e is the discharge at any instant
K is the recession constant

+ is the number of time units elapsed since 95

In the above equation, the numerical value of K depends on the
time unit selected. Consequently, the equation was redefined as
follows:

_ oKt
94t T 9o
In this case all units are as defined previously except K, which
is now defined as A ln g . This equation can be linearly re-
Aﬁt

presented on a ln g versus t graph.

From studying a large number of observed hydrographs,
Barnes (6) determined that the different outflow rates from
water stored in depressions, surface soil, and groundwater could
be approximated by 3 separate straight line functions on a
semilogarithmic plot. Later studies (4,7) have substantiated
this assumption and Figure 6 depicts this characteristic at
Station P-10.

This approach was utilized in the inclusion of baseflow
modeling by the SWMM in subroutine BASFLO. A maximum of 5
recession rates are allowed. Each recession rate was made a
function of flow. User input data were developed by first
transforming all discharge values for all hydrographs at P-10
and P-30 to the natural logarithmic values and then graphically
determining the slaope, K, on plots of 1ln g versus t for each
hydrograph recession segment which indicated a linear relation-
ship. Therefore, each recession is composed of a number of
straight lines which begin at a specific 1n g and end at another
specific 1ln g as shown in Figure 6. The slope values were then
graphed against the beginning 1ln g values and straight line
equations of the form K = Ko + m ln g for 1ln g versus slope were
derived by means of least squares analysis as shown in Figures 7
and 8. Because extreme data points are critical in least
squares methods, all extreme data points were subjectively
deleted prior to the derivation of the equations.
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Subroutine BASFLO requires input values of starting 1ln g
and the slope, m, and intercept, Ko, coefficients to compute the
recession rate, K. Five sets of data may be input.

A flow chart of all computations performed in Subroutine
BASFLO is shown in Figure 9. 1In general, the hydrograph at the
downstream end of the system, which is output from the Transport
Block, is input to subroutine BASFLO which then performs the
following sequential computations.

1) Consecutive flow rates are compared to determine the
hydrograph peak.

2) For each flow rate, q; after the hydrograph peak,

the slope with respect to the previous flow rate,
q. is compared to the slope to the next flow rate,

i-1’

d;,,- As long as the absolute values of the slopes
are increasing with each time step, the computations
proceed with no interruption. A decrease in the ab-
solute values of the slopes indicates that the point

of inflection has been located.

3) Using this flow rate as the beginning flow rate, sub-
routine BASFLO searches the input data table to deter-
mine during which recession interval the present re-
cession begins and selects the corresponding recession
rate coefficients.

4) The value of the recession rate, K, is computed and
the recession equation applied to determine the new
flow rate, q,-

5) If no further surface inflow to the stream occurs as
a result of a second rainfall, for example, the flow
rates are receded into the domain of a new starting
flow rate and a new set of recession rate coeffi-
cients.

6) This procedure is continued until the hydrograph
starts rising again or until the computational time
steps are exceeded.

The recession flow rates computed in subroutine BASFLO re-
place all flow rates after the point of inflection on the hydro-
graph and the resulting total storm hydrograph is output and
graphed if so desired.

For streams which receive low flow contributions from
groundwater aquifers, subroutine BASFLO includes an option to
include these flow rates as a constant rate, a linearly varying
rate, or an exponentially varying rate. The option to use
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varying rates is in recognition of the fluctuations sometimes
observed in water tables, and especially in perched water tables
as are found at The Woodlands.

The use of subroutine BASFLO is dependent on the availabil-
ity of onsite or site compatible data for recession rates. If
these data are not readily available the modeling accuracy is
diminished.

Changes in the recession rates resulting from urbanization
range from the elimination of depression storage by leveling and
grading, to total prevention of groundwater recharge by use of
an impervious pavement. These effects have not been quantita-
tively evaluated due to the deceleration of urbanization at The
Woodlands. At a later date these data should become available,
but until then, the user must supply recession rate reduction
factors based only on engineering judgment or data from other
sources.

The simulation of observed recessions at P-10 and P-30 for
two storms each are shown in Figures 10 and 11. These results
indicate a close correspondence with the observed events and
this should be so because the recession rate coefficients to
determine individual recessions were derived from all observed
events at the same locations. The closeness of fit indicates
that hydrograph recessions at P-10 and P-30 can indeed be approx-
imated by average recessions.

At the initiation of this project, 6 surface soil water
measuring wells were installed at different locations in The
Woodlands but unfortunately the cost of maintenance on the
sampling program was too high to be cost effective and conse-
quently no data on the accretion or depletion of surface soil
water are available.

A number of factors affect the uniformity as well as the
reliability of recession curves; some of the major factors are
listed below:

1. In areas with a marked vegetative growing season and
in agricultural areas, marked variations in evapo-
transpiration losses result in recession rate varia-
pility. Therefore, data from streams in these areas
should be carefully selected.

2. Channel and bank storage effects will affect the re-
cession rates and must be considered when inter-basin
transfer of data is necessary.

3. If more than one aquifer supplies water to a stream,
the contribution from each aquifer must be considered
separately.
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4. snow melt rates, if applicable, should also be eyal—
uated if baseflow recessions during snowmelt periods
are being investigated.

INFILTRATION

Another aspect of the interaction between groundwater and
surface drainage is the modeling of infiltration in the SWMM.
Infiltration, which usually starts at a high rate and decreases
during rainfall to a lower constant rate, occurs in a three step
sequence: 1) entry of water through the soil surface, 2) trans-
mission through the soil and 3) the filling of the storage
capacity of the soil, The surface entry rate may be reduced by

the inwashing of fines or other particles and by raindrop impact.
Therefore, infiltration will be limited to the lowest transmittal
rate encountered by the water. The available storage in a soil
depends on the porosity and thickness of the soil horizon. The
average infiltration capacity, f , during the time interval is
taken to be the value at the cenfer of the time interval

(t + 0.5 At) and is calculated by Horton's (8) equation:

—kt+*
£ = (£, - £)e KE¥ * 5,
c i o
where

fc = infiltration capacity at time t¥*

fi = maximum infiltration rate

fO = minimum infiltration rate

k = decay rate

£* = time from the start of rainfall to the midpoint of the
time interval = t + 0.5 At

After calibration of the SWMM for a study watershed, the
only input data that were varied were precipitation and the coef-
ficients for Horton's infiltration equation, especially the
starting infiltration rate. Horton's equation, a function of
time only, has been found to fit a large number of experimental
infiltration capacity curves obtained from different soils with
different types of vegetal cover and in widely separated regions.
The equation was derived from experimental infiltration tests in
which the supply cf water exceeds the infiltration capacity.
Therefore, a limitation of the equation is that rainfall inten-
sity must always exceed the infiltration capacity. In naturally
occurring rainfall, the rainfall intensity can be less than the
infiltration capacity and periods of zero rainfall can occur
within a storm event.
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In the infiltration model in the revised SWMM version after
the input parameters (fi, fo’ k) are initialized, the infiltration

capacity decays as a function of the time elapsed from the start
of computations. But the decay of the infiltration rate during a
storm event of nonuniform intensity will be a function of present
rainfall intensity, past rainfall, and time. In the SWMM, if the
rainfall intensity is less than the infiltration capacity, the
capacity will decrease at the constant decay rate (k) as if the
rainfall intensity were equal to the infiltration capacity.

In applying the model it was found that increasing the
maximum infiltration capacity in some cases had no effect on the
volume of infiltration. A manual calculation through one time
interval showed that the infiltration volume should have in-
creased. Upon investigation, a programming anomaly was dis-
covered. In the SWMM, the decay of infiltration capacity started
at time zero, not at the start of rainfall. If rainfall started
at four hours after the start of modeling, the infiltration
capacity calculated by the SWMM would have decayed for four hours
and will be at or near the minimum capacity at the actual start
of rainfall. This may be the reason why previous sensitivity
studies showed that varying the maximum infiltration rate pro-
duced no effect on the runoff volume (9).

The SWMM's infiltration model was modified by EH&A to use
Horton's equation in an integrated form in association with a
temporal parameter that follows the progress of infiltration on
each subcatchment as described below. In the integrated form,
Horton's equation is:

_ _ _ -kt
M = fot + (fi fo) (1 e )

where M is the accumulated volume of water, in inches, infiltra-
ted up to a time, t; and the other variables are the same as
defined previously.

During each time interval, At, the volume of water the soil
is capable of infiltrating, in inches, (Mt + At —Mt) is calcu-

lated. This volume of water is compared to the total volume of
water available for infiltration. When the available volume is
greater than the infiltration volume,

D, > (M

1 M)

t + At Tt

the excess is calculated and the results are comparable to the
present infiltration model in SWMM.

If the infiltration volume is greater than the available
volume,

M, ) > D

Vi -
I\'t + At t 1
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the time increment, tC < t, is calculated such that the infil-
tration volume is equal to the available volume,

(Mt ot —Mt) = Dy

and runoff is set equal to zero. The time (t + tc) is then used

as the starting point of infiltration in the next time interval.

The University of Florida has already incorporated this
infiltration modeling scheme in the May 1976 version of the SWMM.

COSTS OF NATURAL DRAINAGE SYSTEMS

One of the major factors to be considered by engineers and
planners in designing natural drainage systems is the relative
cost of such systems with respect to conventional drainace
systems which generally consist of sewer networks, improved and
realigned channels. When the SWMM is being used for design pur=
poses, the ability to determine these relative costs through Sub-

routine CSTANL could be very beneficial.

The description of the drainage system in the Transport
Block of the SWMM is in two dimensions only; elevations and
excavation depths are not used. Therefore, Subroutine CSTANL
uses unit area costs to determine total project costs.

Unit area costs for natural and conventional sewered drainage
systems and for right-of-way acquisition and clearing are user SUp-
plied, if available, OT the default values based on 1970 costs at
The Woodlands are used. Dated cost data are adjusted for present
conditions by use of the Engineering News-Record Cost Index. These
unit costs are applied to each subcatchment drainage area to deter-
mine the total costs for natural and conventional drainage sSys-
tems for each subcatchment. The ratio of natural drainage costs
to conventional drainage costs is also determined. This ratio may
then be used to evaluate the desirability of either drainage system
for each subcatchment.

A flow chart of computations in Subroutine CSTANL is shown
if Figure 12. The computations proceed as follows:

1. Unit costs of conventional and natural drainage
systems are input to the model. 1If these costs
are not available, the default values of $686/
hectare ($1700/acre) for conventional and $121/
hectare ($300/acre) for natural systems are used.
These values are based on 1970 data for The Wood-
lands.

2. If the cost data are not current, the Engineering
News-Record Cost Index is utilized to update the
cost data.
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Fig. 12 Subroutine CSTANL system logic
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3. If total right-of-way acquisition and clearing costs
are not available, they are computed by use of unit
costs for land acquisition and clearing.

4. The total costs of conventional and natural drainage
systems for each area are computed and the ratio of
one to the other indicates the relative efficiencies
of each drainage system.

The results from Subroutine CSTANL are subject to the accuracy of
the input cost data.

AREA-DISCHARGE DATA FOR NATURAL SECTIONS

The SWMM uses normalized area-discharge curves for flow
routing through symetrical cross-sections in the Transport Block
(9). These curves are programmed into the SWMM through Block
Data for thirteen element types such as circular, rectangular
and trapezoidal sections (2). Also there are two user supplied
element types for modeling natural stream or other nonsymetrical
cross-sections. The normalized area-discharge curves for these
sections must be manually calculated, as shown in Figure 13, and
input to the SWMM. When modeling a natural drainage system the
user will often find that the flow is not confined within the
natural channel. Also the overbanks of a natural cross-section
will generally have Manning's roughness coefficient, n, values
significantly different from that of the channel. Therefore,
calculation of an area-discharge curve for a natural cross-
section must consider the complex relationships between depth of
flow and flow area and between depth of flow and a composite
Manning's n value. Following project objectives, subroutine
NATSEC was developed to generate normalized area-discharge curves
for irregular or nonsymetrical cross-sections for which Manning's
n varies with stage. The cross-section, as shown in Figure 14,
is described by a two dimensional linear coordinate system and
three Manning's n values, one n value for each overbank and one
for the channel.

When the depth of flow is within the channel the flow cal-
culation is a direct application of Manning's uniform flow equa-
tion. If the flow depth is such that flow is not contained
within the channel, Manning's equation is applied separately to
each section as shown in Figure 14. The total discharge is
assumed to be the sum of individual discharges. This assumption
was used by Chow (10) in his derivation of an equation for an
equivalent roughness in a channel with composite roughness.

Input to subroutine NATSEC consists of a set of progres-—
sively increasing coordinate points and the desired number of
area increments. A maximum of 25 coordinate points and 50 area
increments are allowed. Also the horizontal stationing for the

left and right overbanks is required.
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The storage arrays have been expanded to allow the storage
of normalized area-discharge data for ten natural cross-sections.
Further versatility is provided by allowing the user to geometri-
cally enlarge or reduce each cross-section by use of an input
proportional constant.

The subroutine calculates the full flow area by dividing
the cross-section into the triangles, rectangles or trapezoids
defined by the input coordinate system and the maximum water sur-
face elevation. The maximum water surface elevation is taken to
be the lower elevation (lower Y value) corresponding to the two
end points of the cross-section (lowest or highest X value). The
areas of these uniform geometrical shapes are then calculated and
summed to give the full flow area. Each incremental area is
determined by dividing the full flow area by the user specified
number in increments. The subroutine subtracts the area incre-
ment from the full flow area and uses an iteration process to
calculate the depth of flow corresponding to the new flow area.
With the depth of flow defined for an incremental area the sub-
routine calculates the corresponding hydraulic radius from the
known geometry.

To define the relationship between depth of flow and an
equivalent roughness value the equation developed by Lotter (11)
for a composite cross-section is used. Lotter assumed that the
total discharge is equal to the sum of the discharge of the sub-
divided areas. Thus, the egquivalent roughness is:

n

S
z
=1 i

i

= equivalent roughness

total wetted perimeter
= wetted perimeter of subsection

hydraulic radius of total section
hydraulic radius of subsection

roughness of subsection

nw 85 wWww PMYo3
o

total number of subsections

Subroutine NATSEC allows a natural cross-section to be
divided into three subsections, two overbank sections and a
channel section with Manning's n value input for each section.

Using the calculated depth-area relationship and depth-

roughness relationship the subroutine calculates the normalized
flow-area curves as follows:
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subscript s refers to a subsection
subscript f refers to a full section
discharge

area

hydraulic radius

roughness coefficient

B P O
o

I

In the above equation the slope terms cancel out because
channel and overbank slopes are assumed to be equal. The output
from subroutine NATSEC is a tabular version of the normalized
area-discharge curves in Block Data of the SWMM. Subroutine
NATSEC was used to great advantage in modeling runoff from The
Woodlands where all of the channel system described to the SWMM
consists of natural channels.

MODELING OF POROUS PAVEMENT

The earliest applications of porous pavements were for
nonstorage purposes; they were used on top of a regular pavement
to provide improved drainage and reduce the possibility of skid-
ding or hydroplaning. The use of porous pavements as stormwater
management systems was initiated by Franklin Institute in Phila-
delphia, Pennsylvania under sponsorship of the U. S. Environ-
mental Protection Agency(12).

The primary benefit derived from porous pavements is an
appreciable reduction of runoff rate and volume from impervious
urban areas. If the pavement and base are designed adequately,
all of the runoff may be captured, detained and released at a
slower rate to prevent increases in flood flows. Concurrently,
the stored water may be allowed to infiltrate into the natural
ground.

Porous pavements may also be used in areas that are already
urbanized such as downtown areas of most cities as well as ex-
isting shopping centers where the storm sewer network was in-
stalled prior to excessive impervious cover development. Under
these conditions, the storm sewers may become overloaded and if
parking lot or roof storage is not a design criterion, the dis-
posal of excess runoff becomes a problem that porous pavements
could solve. This benefit is enhanced in areas with combined
sewerage because the probability of sewer overloading and the
resultant discharge of raw sewage into the receiving waters is
reduced.
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In areas of slight topography or with minimal soil depths,
the cost of installing storm sewers is very high because both
sewer size and excavation volumes are hich. The use of porous
pavements in these areas reduces both sewer size and excavation
depth, thus resulting in a net savings in drainage costs.

If the stormwater requires treatment, it may be stored in
porous pavement systems isolated from the natural ground by an
impermeable membrane until the treatment plant capacity becomes
available. Thus, treatment plant capacity does not need to be
expanded. Also detention of highly polluted initial runoff by
the porous pavement and dilution by less polluted subsequent run-
off can result in reduced pollutant concentrations throughout the
storm.

Because impermeable pavements preclude the survival of any
vegetation, natural vegetation and drainage patterns can be re-

tained by the use of porous pavements. Consequently, the clear-
ing of large areas for parking lots is unnecessary and second-
ary aesthetic benefits are also derived. Other benefits in the

form of construction cost reductions, elimination of curbs and
gutters, enhanced water supply, traffic safety resulting from
skid resistance and improved visibility on wet pavements, and
possible use of solid wastes for base material are discussed by
Thelen et al. (12).

Development of Model and Theory

An extensive modeling effort was undertaken to develop a
comprehensive analysis of flow ard storage in porous pavement
systems and thereby define the environmental effects of this type
of pavement. The mechanics of flow through a porous pavement
system has not received much attention; and only after a complete
understanding of porous pavement operations will the total app-
licability of this system be determined.

A deliberate attempt was made to keep the model as simple
as possible and yet to provide adequate quantification of the
hydrologic responses of a porous pavement. Also, the effects of
a variety of different pavement characteristics and configura-
tions can be evaluated. This will allow for the investigation of
various porous pavement systems to determine the optimum system
especially during planning phases of the project.

The hydrologic responses of a porous pavement may be sim-
ulated by a system of hydraulically connected control volumes for
which the inflows and outflows are mathematically defined. The
porous pavement, the subgrade and the natural ground (or the
drain system) are considered to be sequential but internally
independent storage reservoirs.

The basic equation of continuity or conservation of mass is
applied to each reservoir:
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ac -0
where
I = inflow intc the reservoir
0 = outflow from the reservoir
ds _ .
ST change in storage volume

As shown in Figure 15, the porous pavement area would
serve to control runoff from contributing impervious areas.
Therefore, inflow to the porous pavement system, RUNOFF is
defined as:

RUNOFF = PAV + HYD
where

PAV
HYD

direct rainfall onto the porous pavement
surface runoff hydrograph from contributing areas

i

Contributing areas to the porous pavement will generally be de-
veloped and impervious in nature. Consequently, the surface
runoff hydrograph from contributing areas 1is determined by use

of the method developed by Izzard (13). This method, selected
for its programming ease, utilizes a dimensionless hydrograph
from paved areas as shown in Figure 16. The key parameters in

this method are time to equilibrium, te; equilibrium flow, S
equilibrium surface detention volume, Ve; the intensity of rain-

fall, i; and the length of overland flow, L. The following
equations define these parameters:

_ _iL
de T 73200
where: 9 is in cfs, i in in/hr, and L in ft.
v = k LY4/3 j1/3
e 3.51

where: k is an empirically derived lumped coefficient for the
effects of slope and flow retardance of the pavement, Y
is the flow depth.

_ e
te T 30 g

©)

Using t/te values based on the computation interval and Figure
16, the q/qe values and the corresponding g values are determined

for the rising limb of the hydrograph. The g factor, defined as:
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g = 60 qe ta

\Y
o

where: ta time after rainfall

Vo = equivalent to Vg without the rainfall intensity
component

is used to determine the q/qe and corresponding g values for the
recession limb of the hydrograph. The dimensionless hydrograph
in Figure 16 is represented by the following equations in the
model:

0 < t/t, < 0.15 a/a, = P
where: A = 32.2 1ln (t/te) - 8.36
B
0.15 < t/te < 0.35 q/qe = e

I

where: B 11.64 1n (t/te) - 5.203

0.35 < t/t_ < 0.55 q/q, = 1.992(t/t)) - 0.432
0.55 < t/te < 0.75 q/qe = 1n C
where: C = 0.533 + 2.46 e®
T = t/t
e
0.75 < t/t < 1.0 /9, = 1n D
where: D = 1.628 + 1.023 e
T = t/te
e/t > 1.0 a/a, = (2.0 8 + 1.0)73/2

The rainfall hyetograph is input as average intensity per compu-
tation interval for all intervals during which rainfall occurs.
Runoff hydrographs are computed for each interval, successively,
and summed to determine the cumulative storm hydrograph from
each paved area. The cumulative hydrographs from all paved
areas are added to obtain the total storm hydrograph from con-
tributory areas to the porous pavement. The inflow hydrograph
is converted to units of depth based on the area of the porous
pavement and the computation interval. The rainfall depth onto
the porous pavement, PAV, is added to surface runoff depth, HYD,
to determine RUNOFF. An alternative user optional input table
of RUNOFF depths per computation interval may also be utilized.
This option is useful in those instances where storm hydrograph
data are available from observation or computed by other methods.
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As considered in this model, the outflows from the porous
pavement system are composed of four outflow functions defined as
follows:

= +0
Ototal 0vert + 0hor + 0surf evap

0vert is the vertical seepage into the pavement, base, or ground.

This seepage is determined as the difference in surface water
depth at the beginning and end of each time interval. The var-
iable head permeability equation as defined by Taylor (14) is

where

permeability of flow element
cross-sectional area of surface water
cross-sectional area of flow element
thickness of flow element

1 depth of surface water at time t

2o = depth of surface water at time t = t, + t

o

[=2R=a b N VI

In a porous pavement system the cross-sectional areas of surface
water and flow element are always equal and so the equation is
reduced to

K= 2.3 log

D"’D"
N =

L_
At
This equation may be arranged to solve for h as follows:

h2 = hl
108
where E = KAt

Then, vertical seepage is equal to the change in water depth
during At or,

Overt = B1 = h2

0hor is the lateral outflow to a drain or into the natural ground

as a result of water storage in the base and pavement. This con-
dition is analagous to bank recharge from a rising stream and for
homogenous isotropic aquifers of finite width, the influence of
each increment of rise in the stream is determined by the fol-
lowing set of equations (15):
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d’h _ 5
T

dx2
h(o,t) = 0 for t = 0
h(o,t) = Hi for t > 0

dh(L,t)
ax

h(x,0) = 0
where

hydraulic head or water depth

distance from boundary

coefficient of storage of aquifer

aquifer transmissivity

change in water depth at boundary = 0Vert

TN X o
o nn

i
L

total width of aquifer

Integrate the first equation and apply boundary conditions to det-
ermine that the constant of integration is equal to zero and the
result is:

dh _ S dh x
dx T dt

The Darcy flow equation can be extended by continuity to define
net flow rate as follows:

_ dh
vV =K ax
_ _ dh dh
Q—AV—KAE—}Z K h dax
_o-xndn_gdn
q=0=Khgx - Tx
where
vV = velocity of flow
K = permeability of flow element
%2 = change in hydraulic grade
Q = total mass flow rate
A = total flow area
h = depth of flow
w = width of flow
g = flow rate per unit width
T = transmissivity of flow element
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Substitute

define
3h _ hy-hy
ot At
and S is the storage coefficient of the natural ground. Then

at a distance x from the porous pavement side, the discharge
per unit width is defined as:

Because the volume of flow remaining in the porous pavement
system is the only item of interest, the value of x was arbi-
trarily set equal to 1.0.

Then lateral outflow = q P At = S(E%%EQ) P At

where P is the pavement perimeter. 0 is the surface runoff

surf
resulting from ponding on top of the porous pavement, which
occurs either because the inflow rate is greater than the
porous pavement permeability or the total storage capacity in
the porous pavement system is exceeded. The model requires a
depth-storage relationship to determine when the storage is
exceeded. On a horizontal pavement, the model determines the
depth-storage relationship by use of input pavement and sub-
grade depths and porosities; on a sloping pavement, this rela-
tionship has to be independently computed and input to the
model.

The surface runoff from a horizontal pavement is defined
by the weir equation:

0 = CLH3/2 where
C = input weir coefficient
L = input weir length
H =h-nh
o
ho = dead surface storage on the porous pavement
h = depth of flow on the porous pavement

On a sloping porous pavement Manning's Equation is used to
determine the surface runoff.

1/2

1.486 _2/3
v/

n S

Q = yL
where

computed depth of flow
input width of flow

Y
L
n input roughness coefficient
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s = input energy slope

Oevap is the volume of water lost to evaporation. Either

monthly, weekly or daily evaporation rates may be input to the
model; the monthly and weekly rates are divided into average daily
rates. The daily evaporation rate is increased by 25% to allow
for heat absorption by the dark asphalt. The model only

allows for evaporation from 6 a.m. to 8 p.m. with the maximum

rate at 2 p.m. As shown in Figure 17 a triangular distribution

of evaporation is developed by the model by use of the equation:

E,
E = —=

P 7
where
Ep = peak eveporation rate, inches/hr
Et = total daily evaporation, inches
for 0 < t_ =6 E=20
c
< L t -6
for 6 < t_ = 14 E = E c
c D ( )
8
for 14 < t_ £ 20 E = E 20-t
c p(—¢)
for 20 < t_ £ 24 E=0
where
tc = clock time in hours
E = instantaneous evaporation rate

Model Operation

The paths of water flow through the porous pavement system
are shown in Figure 18. For each computational time interval,
all inflows and outflows are accounted for. The total runoff
hydrograph, in inches per computational time interval, is either
input to the model or may be computed as the sum of the runoff
hydrograph from contributory areas and direct rainfall onto the
pavement as described previously.

The following sequential computational steps as illustrated
in the flow chart, Figure 19, are then performed:
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Fig. 18 Pavement cross-section and modeled flow
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READ SUBAREA WATERSHED PARAMETERS
AND RAINFALL INTENSITY

y

COMPUTE IZZARD'S HYDROGRAPH
PARAMETERS FOR EACH SUBAREA

READ DIMENSIONLESS
h HYDROGRAPH TABLE

COMPUTE OVERLAND FLOW HYDROGRAPH
FOR EACH SUBAREA

SUM FLOW HYDROGRAPHS FROM ALL
SUBAREAS AND COMPUTE THE
INFLOW VOLUME PER aT

y

ADD DIRECT RAINFALL ON POROUS
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TOTAL INFLOW PER aT, I

COMPUTE
Overt TO BASE
Bhs Kp ::> n " ghor T?ODiﬁagSPHERE
evap
/ O s TO DRAIN
Yes
) 0vert

Fig. 19 Subroutine PORPAV system logic
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Evaporation losses in inches per computational time
interval are computed and subtracted from the sum of
the runoff depth and previous surface storage, if any.

The volume of runoff after allowing for infiltration
is compared to the permeability in inches per time
interval of the porous pavement. As in most cases the
permeability is much greater than the inflow runoff
rate and all of the water moves into the pavement con-
trol volume. In those cases where the permeability
has been severely reduced and is less than the inflow
rate, the inflow into the pavement is computed as the
vertical seepage into the pavement and the excess is
stored on the surface of the pavement for later compu-
tation of surface runoff from the pavement.

The inflow into the pavement control volume is added
to the storage volume in the pavement and then com-
pared to the permeability, in inches per computational
time interval, of the base. If the base permeability
is greater than the inflow into the pavement, then all
of the flow is transferred into the base control vol-
ume. This is true for most porous pavement systems
operating according to design. In those instances
when the base permeability is less than the inflow
volume, the inflow into the base is computed as the
vertical seepage into the base. The lateral outflow
from the pavement is also computed if an impermeable
membrane is not installed along the pavement perimeter.
The difference between the inflow into the pavement
and the outflows (vertical and lateral) from the pave-
ment is stored in the pavement.

The inflow into the base control volume is added to
the storage volume in the base and then compared to
the permeability in inches per computational time in-
terval, of the natural ground. 1If the bottom is
sealed with an impermeable membrane, then the permea-
bility is set equal to zero, and no flow is lost to
the natural ground. The flow volume remaining in the
base after vertical seepage into the natural ground,
is compared to the drain capacity, in inches per com-
putational time interval. If the natural ground per-
meability and/or drain capacity are inadequate to re-
move all of the flow in the base, the vertical seepage
into the natural ground and drains, as well as the la-
teral outflow, if any, is computed. The difference
between the inflow into the base and the outflows (ver-
tical and lateral) from the base is stored in the sub-
grade.

All stored volumes are compared to available volumes.
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If storage volume in the base is exceeded, the excess
is stored in the pavement; if storage volume in the
pavement is exceeded, the excess is added to the sur-
face storage on the pavement, if any exists. Surface
runoff is then computed either as broad channel flow or
Weir flow from the pavement to an adjacent drainageway.

After continuity conditions are satisfied by comparing all
inflows to outflows, this computational procedure is repeated for
each time interval in the inflow hydrograph. The surface and
drain outflows are stored in retrievable arrays. The primary
output objective at present is the surface runoff, if any. But
the other output variables allow for a thorough examination of
the hydraulic operational characteristics of the porous pavement
system, including the analysis of the desirability or adequacy of
the drains and the discharce rate from the drains.

Model Application

Subroutine PORPAV, as the porous pavement model is called,
has been applied to the porous pavement parking area in The
Woodlands. All existing data for this porous pavement area is
not sufficiently comprehensive to test all of the model capa-
bilities. No record of drain capacity is available. Also, the
available data on storage of runoff in the porous pavement system
are in terms of percent of depth that the probe is submerged.
These data have to be converted to inches of depth of water
storage to make the data useful. If the probe were exactly as
long as the base thickness then the conversion would be rela-
tively simple. But such is not the case; the probes have to be
calibrated. Consequently these data could not be used to verify
and calibrate subroutine PORPAV. A further problem arises from
the fact that due to the size of the observation wells (6 inches
diameter), whenever a water sample is withdrawn a significant
drop in water elevation in the well is observed. Therefore,
comparisons of observed and simulated events were limited to
general tests, e.g., if surface runoff was observed. Pavement
and base permeabilities had to be reduced and a design storm
applied as shown in Table 3 in order to generate surface run-
off. Contributary area boundaries were also enlarged so that the
hydrograph prediction capabilities of the model could be hypothe-
tically tested.

The porous pavement installation at The Woodlands is con-
structed as a layer of open-graded asphalt concrete underlain by
a gravel base course with appreciable storage capacity. The
whole system is isolated from the natural ground by an imperme-
able polyethylene liner. Water is removed from the base by an
artificial drain. As shown in Figure 20 the pavement area is
rectangular, approximately 64 meters (210 feet) by 39.6 meters
(130 feet) in size. Two contributory areas are identified,
1865.38 sq. meters (6120 sq ft) and 1828.8 sg. meters (6000 sq ft
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TABLE 3.

INPUT DATA TO POROUS PAVEMENT MODEL

® & @ POROUS PAVEMENT AT THE WCODLANDS » @ » DESIGN STORMe & o

NUMBER OF CONTRI3UTORY SUBAREAS = 2
NUMGER OF RAINFALL TIME INTERVALS = 7
NUMEER OF COMPUTATIONAL STEPS = 150
NUMBER OF KUNCFF TIYE INTERVALS = -o*
SUBAREA CHARAGCTERISTICS
SUBAREA ROUGHNESS scope ££/ft  Lenstw, £t wiptw, ft
1 L 050 +030 34,0 10,0
2 17 .010 80,0 75,0
INPUT RAINFALL DATA, in/hr
1,500000 3,000000 4,500000 6,000000 4,500000 3,000000 1,500000
COMPUTATIONAL TIME INTERVAL 2,000 MINUTES
INPUT EVAPQORATION DATA
STARTING TIME 12,HR 30,¥IN
EVAPORATION DEPTH FOR 39 DAYS 1S 5,000 INCAES
PORGUS PAVE ENT CHARACTERISTICS
PIRM, JEPTH PORUS- INIT, MAX,
CALFF in ITYin/hr STOR, STOR,
PAVEMENT 15,330 2,500 30,000 0,000 750
SUBGRADE 30.600 12,000 50,330 0,000 6,000
NATURAL GROUNKD .5400 36,000 5,300 ~0,900 1,800
ARTIFICIAL DRaAIN 6.000 3,060
WIDTH OF PAVEMENT = 130,000
LENGTA GF PAVE'IENT = 210,000
SLOPE OF PAVEMENT = 030
COWNSTREAM FLCY WINTh OF PAYEMENT = 15,000
MANNING COZFFICIENT FOR PAJEMEMT = 050
WEIR CCEFFICIENT FOR FAVEM=NT = -0,000
DEAD STORAGE 0% PAVEMERT = 1500
INITIAL STORAGE 0N PAVEMENT = -0,0600
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in area, respectively.

Based on general criteria, initial testing of the model in-
dicated that storage and outflow were adequately simulated for
observed events. The design input rainfall hyetograph and cor-
responding runoff hydrograph from each contributory area are
shown in Figure 21. Flow and storage in each control volume as
predicted by the model for two different permeabilities in each
pavement element are depicted in Figures 22 and 23. Figure 22
illustrates the porous pavement system operation when pavement
and base permeabilities are 101.6 cm/hr (40 in/hr) and 203.2
cm/hr (80 in/hr), respectively. As shown in Figure 22, the de-
sign storm used (based on 100 year rainfall for the Houston area)
did not generate any surface runoff because of the high infil-
tration rates available. Therefore, the permeabilities were re-
duced to 38.1 cm/hr (15 in/hr) and 76.2 cm/hr (30 in/hr) for
the pavement and base, respectively. The resulting model pre-
dictions include surface runoff as shown in Fiqure 23. Table 4
shows a sample segment of the model output.

The environmental effects of porous pavement could not be
determined due to the lack of sufficient data. However, specific
trends were evident. Runoff which accumulated in the porous
pavement system exhibited significant (on the order of magnitude
of four) nitrate, nitrite, and Xjeldahl nitrogen concentrations
in comparison to surface runoff. Water stored in the sand sub-
base was high in orthophosphates and total phosphates. Soluble
COD concentrations seemed to be much lower in water stored
within the porous pavement system. Samvle average water quality
is illustrated for the storm of 20 February 1976 in Figures 24
and 25. Suspended solids data were nct compiled and consequently,
the effect of this parameter is unkncwn.

The fate of pollutants stored in the porous pavement system
could not be determined because nc data were available for water
quality during periods between storm events. Generally, the
water would have drained out of the porous pavement system within
a short time after a storm event. The drain water also was not
sampled so that the effect of runcff retardation within the
porous pavement system could not be determined.

Subroutine PORPAV at present only allows for dilution of
pollutant concentrations by retarding runoff. In general the
drain from a porous pavement system will discharge into a re-
ceiving body of water specifically designed for this purpose,
e.g., channel, pond or wastewater treatment plant. Therefore,
surface runoff would be the only consequential flow with regard
to downstream runoff quantity and gualitv. Subroutine PORPAV
will determine outflow hydroaraphs from both the drain as well
as surface runoff as shown in Table 5.
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SECTION 7

WATER QUALITY

DATA ANALYSIS

With regard to specific data concerning pollutant avail-
ability that may be used to define the required water quality con-
stituents to be used in the SWMM, two studies (1, 18) have been
published that provide useful information. These two studies

contain street sweeping data and determined the amount of pol-
lutants available per gram of dust and dirt swept from the street,
The results are tabulated in Table 6 for various water quality
constituents by land-use category.

Obviously there are significant differences between the re-
sults of the two studies. Sartor and Boyd report higher values
in nearly every instance. An explanation might lie in the
differences in experimental methcds and geographical areas.
Specifically, APWA used onlv dust and dirt smaller than .32 cm
(1/8 in) in Chicago. Furthermore, in the APWA study, the mixed
samples were filtered before testing; Sartor and Bovd say only
that their samples from 10 different cities were "homogenized."
If the latter samples were not filtered, the higher values would
have resulted. The coefficients for pollutant availability
prediction equations as used in the original SWMM were based
primarily on the APWA data. It was concluded that because of the
significant variances in observed data, a different approach to
water guality prediction was necessary.

Toward this end, an extensive study of water quality data
was undertaken. A survey of available literature was made to
determine sources of water quality data for storm runoff. Spec-
ific information desired was water quality and flow data taken at
discrete time intervals during storm events for urban watersheds
with seperate sewer systems. Storm hydrographs and pollutographs
were found for two watersheds, Third Fork Creek at Durham, North
Carolina (16) and K.N. Clapp Drainage Basin at Lubbock, Texas
(17). Point sample data collected by the U.S. Geological Survey
for the following watersheds were also analyzed:

1) Little Vince Bayou at Pasadena, Texas
2) Willow Waterhole Bayou at Houston, Texas
3) Vince Bayou at Pasadena, Texas
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TABLE 6

SUMMARY OF POLLUTANT POTENTIAL
OF DUST AND DIRT BY LAND USE

Residential
BOD mg/g  COD mg/g
Sartor & Boyd 11.9 27.75
APWA 4.3 40.
Average 8.1 31.37
Commercial
BOD mg/g  COD mg/g
Sartor & Boyd 8.6 26.
APWA 7.7 39.
Average 8.15 32.5
Industrial
BOD mg/g COD mg/g
Sartor & Boyd 10.3 53.
APWA 3.0 --
Average 6.65 --
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PO4 mg/g

1.13
.05
.59

PO, mg/g

1.03
.07
.55

PO4 mg/g
1.41

NO3 mg/g

.064
NA

NO3 mg/g

.6
NA

NO3 mg/g
.072



4) Plum Creek at Houston, Texas
5) Brickhouse Gully at Houston, Texas
6) Waller Creek at Austin, Texas

As described in Table 2, the data collected by Rice Univer-
sity consists of a total of 14 storms divided during the three
year project duration as follows:

Project No. of
Year Station Storms Storm Dates
1 P-30 2 1/18/74, 4/22/74
H-20 3 3/20/74, 3/26/74,
4/11/74
2 P-10 3 12/05/74, 3/13/75,
4/08/75
P-30 4 12/05/74, 3/04/75,
3/13/75, 4/08/75
D-10 3 3/04/75, 3/13/75,
4/08/75
D-50 3 3/04/75, 3/13/75,
4/08/75
H-20 1 5/08/75
3 pP-10 2 9/05/75, 10/25/75
P-30 2 9/05/75, 10/25/75
D-10 2 9/05/75, 10/25/75
D-50 2 9/05/75, 10/25/75
H-20 1 6/30/75
W.s.* 1 6/30/75

*W.S. is station for Westbury Square drainage area.

Data summaries for all the Clapp Basin storms and for all
Rice University data are included in Appendix C.

During the first year of this project, the Lubbock and
North Carolina data, the USGS point sample data and the data
collected by Rice University for the Panther Branch gaging sta-
tion, P-30, at The Woodlands for the storm of 1/18/74 were ana-
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lyzed to determine the effect of flow on the concentration of
specific water quality constituents. Plots were made which
relate the concentration of a given constituent to the instanta-
neous unit discharge, which is defined as the flow at the time

of the sample divided by the drainage area. Plots were developed
for suspended solids, BOD, COD, and nitrates. These plots are
shown in Figure 26. Table 7 contains the legend showing the
plotting symbol used for each watershed.

The suspended solids data shown in Figure 26 show high sus-
pended solids concentration for the Third Fork Creek and for
Panther Branch. For Third Fork Creek the high concentrations
appear to be due to the fact that the samples were collected by
a submersible pump located at the bottom of the stream. Hence
during storm events the samples were taken from the lower por-
tion of the flow in the stream. For Panther Branch, the high
suspended solids concentrations apparently reflect the large
amount of upstream construction activity. 1In general the data
for all the watersheds indicate an increase in suspended solids
load as the flow rate increases.

For the BOD data no trend is readily apparent. However,
generally the BOD values are less than 10 mg/l. No BOD data
were available for Panther Branch. The COD data again show that
the Third Fork Creek watershed had significantly higher COD
values than other areas. Again this is probably due, at least
in part, to the sampling procedure. For the Clapp Basin in
Lubbock a relatively consistent trend is shown indicating an
increase in COD concentration with increased flow rate.

The nitrate data indicate a relatively consistent increase
in concentration as the flow rate increases. It should be
noted that the nitrate data for Panther Branch were not plotted
on this figure because the concentrations were consistently less
than 0.05 mg/1.

The general trend of increasing concentration with increas-
ing flow rate observed in Figure 26 provides an insight to water
quality conditions at any instantaneous flow rate but to apply
this method to a total hydrograph would assume an unlimited
supply of available pollutant. Such is not always the case as
evidenced by later data at Station P-10 which indicated a washout
of nitrates after a specific volume of flow had been discharged
from the watershed. The above inferences were the first indi-
cation that perhaps mass of pollutant transported during a storm
event would be a more reliable parameter than concentration.
This approach was adopted during the latter phases of this
effort and, as described at the end of this section, it proved
to be the most reliable method available.

Because no definite conclusion regarding water quality
predictions could be easily derived, further research became
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TABLE 7

PLOTTING SYMBOLS FOR
UNIT AREA DISCHARGE RELATIONSHIPS
Used in Figure 26

Watershed Symbol
Little Vince Bayou at Pasadena, TExas O
Willow Waterhole Bayou at Houston, C)\
Texas
Vince Bayou at Pasadena, Texas ]
Plum Creek at Houston, Texas +
Panther Branch at The Woodlands, Texas FAN
Brickhouse Gully at Houston, Texas A
Waller Creek at Austin, Texas O
Third Fork Creek at Durham, o)

North Carolina

K. N. Clapp Drainage Basin at
Lubbock, Texas
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necessary. Several different approaches were attempted including
the relationships between pollutant loading and the following
parameters:

1) Rainfall a) Intensity
b) Duration
c) Total
2) Runoff a) Volume - cu. ft. and in.

b) Peak flow
c) Velocity

d) Rate
3) Land Use a) Type
b) Slope

c) Curb length

d) Population density
e) Impervious cover
f) Vegetation density

Most of these efforts proved to be fruitless and were discontinued.
Only the runoff volume relationship (2a) was judged to be reliable
and was subsequently developed in conjunction with pollutant

mass loadina to the fullest extent possible as described later

in this section.

Another approach involved the determination of temporal
relationships of pollutants to discharge. Plots of all observed
hydrographs and pollutographs on the same time axis were used to
compare time at peak and time at specific volume percentages;

a sample plot for suspended solids is shown in Figure 27. This
analysis did not provide any capability to predict pollutant
generation.

Ratios between flow at peak concentration and peak flow, RO'
and also between time at peak concentration and time at peak fléw,
RT' were determined for suspended solids and Kjeldahl nitrogen

during selected storms as listed in Table 8. The ratios were
not sufficiently constant so no conculsions could be derived.

A correlation between inches of runoff per day and pounds of
pollutant per acre was attempted as shown in Table 9 and Figure
28 for nitrates. Although correlation trends were indicated,
the results were inconclusive and not applicable to specific
storm event water quality predictions.

A final correlation between pounds of pollutant per inch of
runoff and peak discharge as shown in Figure 29 for Hunting
Bayou indicates the existence of a peak discharge at which the
pollutant rate per unit of runoff may be a maximum. But further
data 1s necessary to verify this conclusion. A similar relation-
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TABLE 9 NITRATE YIELD AS A FUNCTION
OF DAILY RUNOFF

Date Station Yield Rate Daily Runoff
1b/ac in/day
1/18/74 P-30 .009 .37
3/26/74 H-20 .029 .26
4/11/74 H-20 .0058 .096
4122774 P-30 .0002 .003
5/08/74 H-20 .020 .3
6/30/74 H-20 .0592 . 886
10/28/74 P-30 .0044 174
12/05/74 P-10 .0017 .183
12/05/74 P-30 .0037 .215
3/13/75 P-10 .0012 .053
4/08/75 P-10 .0018 .538
4/08/75 P-30 .053 .610
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ship between total pounds of pollutant and peak flow proved to
be unusable.

As part of this work effort, a computer program for data
processing was developed, the source code 1li ting for which is
also included in Appendix A. The final output from this program
was a line plot of the comparison between two parameters that
are user selected. A large number of runs were performed to
plot hydrographs, pollutographs, mass flow graphs (loadographs) ,
and comparisons of each pollutant against any other parameter.
The last series of runs included plots of the logarithmic trans-
forms of cumulative pounds of pollutant versus cumulative runoff
volume in cubic feet for each storm. Because this endeavor
seemed to hold promise of success, all the data for Stations P-
10, P-30, and H-20 were plotted for these two parameters.

These plots are reproduced in Figures 30 through 34. It
was found that a straight line approximation could be fitted to
these curves for suspended solids, COD, Kjeldahl nitrogen,
nitrates and phosphates. The linear equation coefficients were
determined by least sgquares analysis of data points that were
subjectively screened to eliminate extreme values. The corres-
ponding linear equations are also represented in Figures 34
through 34.

A further development was realized when the end point on
each cumulative pounds versus cumulative runoff curve was plotted
with respect to other similar points with the pollutant load
reduced to a unit area. 1In other words, plots of unit pollutant
load in pounds per acre against runoff volume in inches tend to
fall on a line whose slope is determined by land use as shown in
Figure 35.

COD and Kjeldahl nitrogen exhibit remarkably linear charac-
teristics in Figures 31 and 32. Suspended solids, nitrates and
phosphates seem to exhibit some nonlinearity but linearization
is still reasonable. As expected, cumulative load will increase
with cumulative runoff volume since M = cQ t

where
M = mass of pollutant
¢ = concentration of pollutant
Q = discharge
t = time interval

But application of this equation throughout a pollutograph dura-
tion would imply a constant concentration, c. This is seldom
the case in observed pollutographs.

In Figures 30 through 34 the concentration is made up of
two components, a uniform base concentration component, Co' and
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a second concentration exponent, C,, which varies exponentially
with discharge. This relationship can be expressed mathemati-
cally as

log M Co C, log (Qt)
The uniform base concentration is not an unreasonable concept
since most streams do tend to reach a constant concentration
during low flow periods.

The paucity of data precludes the derivation of any general
conclusions at this time, but it is evident that the modeling of
mass flow rates (loadographs) are substantially facilitated by
this method.

In spite of the fact that logarithmic transformation is a
linearization process, it is believed that pollutant washoff, as
well as many other phenomena in nature, is an exponential func-
tion of its environmental parameters. Therefore it is not un-
expected that the logarithmic transforms would exhibit linear
tendencies.

The coefficients of the linear equations, as listed in
Table 10, are widely varying at each station and for each
parameter; but the exponent (slope) coefficient for P-10 and P-
30 is approximately unity. This would indicate a greater depen-
dence upon flow with increasing urbanization.

It should be emphasized that these equations are site spe-
cific and further data are necessary before any definite conclu-
sions can be derived.

The relationship between the slopes of the three lines
representing pollutant loadings at P-10, P-30 and H-20 is impor-
tant. P-10 and P-30 have almost similar loading rates with H-20
being greater by several orders of magnitude except in the case
of suspended solids and COD where the differences are not as
great.

Some inferences regarding urbanization may be derived from
Figure 35:

1. The pollutant loading rate in lb/ac per inch of runoff
is directly, but not always linearly, proportional to
increasing urbanization.

2. The variance in pollutant loading rates is roughly
similar for nitrates, phosphates and Kjeldahl nitrogen
for each type of land use. 1In the case of COD the
variance is not as marked and for suspended solids it
is almost negligible. The latter case may result from
severe channel erosion on Panther Branch.
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TABLE 10

WATER QUALITY EQUATIONS

Station Parameter Equation

P-10 S8 log M = 0.84 log Qt -.,1.42
COD log M = 0.98 log Qt - 2.34
KN log M = 1.01 log Qt - 4.13
NO3 log M = 0.99 log Qt - 5.19
PO4 log M = 1.00 log Qt - 5.40

P-30 Ss log M = 1.05 log Qt - 1.83
COD log M = 1.08 log Qt - 2.65
KN log M = 1.11 log Qt - 4.47
NO3 log M = 0.98 log Qt - 4.73
PO4 log M = 1.01 log Qt - 5.45

H-20 SSs log M = 1.47 log Qt - 5.45
COD log M = 1.33 log Qt - 3.75
KN log M = 1.07 log Qt - 3.81
NO, log M = 1.25 log Qt - 5.60
PO4 log M = 1.08 log Qt - 4.40



3. Both linear and curvilinear relationships are repre-
sented indicating a nonlinear dependence of nitrates
and Kjeldahl nitrogen to runoff.

4. The one major data point for Swale 8 (D-50) shows that
pollutant generation from the Swale 8 watershed is
similar to that from the Panther Branch watershed.

The water quality predictive methods discussed in this
subsection are a novel approach to this problem. The available
data show definite trends but much more data are necessary
before general conclusions can be drawn. Consequently the
derived relationships are based on insufficient data and should
only be used after this restriction has been considered.

The modifications to the SWMM by EH&A to model water quality
are based on this new approach. As described in the following
subsection, Figures 30 through 35 facilitated the selection of
the appropriate coefficients to be used as input to the modified
SWMM.

WATER QUALITY MODELING

As stated previously, the present SWMM predicts the concen-
trations of suspended solids, BOD, total coliform, COD, settle-
able solids, nitrates, phosphates, and grease in storm runoff.
The basic theory used to predict these constituents assumes that
the amount of pollutant washed off in any time interval is pro-
portional to the amount remaining on. the ground. This results
in a first-order differential equation which integrates to the
following: Kt

P -P=P (1 -ce
(@] (@]

)

where

PO is the initial amount of pollutant per unit area

P is the remaining amount of pollutant per unit area at
time, t and
k 1is the decay rate.

In the verification of the water quality predictive capa-
bility as described in the initial documentaiton of the SWMM
(9), it was found necessary to add an availability factor which
yielded the following basic equation which is used with appro-
priate conversion factors to predict suspended solids and BOD:

kt

P -P = AO PO (1 -e )

o
where Ao is an availability factor which is defined as a per-
centage of the pollutant amount, Po’ that is available for

capture by storm runoff. Coliform densities are predicted
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directly by multiplying the suspended solids concentration by an
appropriate conversion factor. A more detailed discussion of the
overall procedure for predicting water quality constituents in
the SWMM is provided in the SWMM program documentation (9).

The indeterminate results of water quality data analyses
described in the previous subsection indicated that a radical
approach to water quality prediction computations in the SWMM was
required for this study. Obviously, the dust and dirt accumula-
tion rates developed for Chicago cannot be universally applicable.
Also the 4.6 value for the runoff exponent implies identical
rainfall intensities and wash off rates for all storms that are
modeled. This is not always true, especially in Texas where
rainfall intensities have a very wide range. Another compli-
cation arose from the fact that in undeveloped areas the lack of
streets and curbs makes water quality prediction difficult
because dummy curb lengths, based on average feet of curb per acre
of drainage area, had to be utilized. Also it was felt that
more than 5 land uses were necessary to adequately describe a
watershed.

A simplified approach to water quality prediction in SWMM
has been developed. Pollutant build up is not considered in the
modified SWMM. The revised model does not require input Jdata on
dry days, street cleaning frequency, land uses, or curb leng*:h.
Instead the pollutant availability at the beginninag of the stcorm
is input. The user can determine, external to the model, the
effect of dry days, street cleaning frequency and land use, while
curb length is no longer a parameter. Also the transposition of
data to different geographical areas becomes a user option.

Concurrent with the changes described above, the number of
land use options has been increased to 20. Because loading rates
for each land use are user input, any combination of land uses is
feasible. 1In a developed area, for example, all 20 land uses may
be of urban nature. The selection of land uses to any level
of detail is therefore possible. However, the program structure
presently only allows for transfer from the Runoff to the
Transport Block of.information on only eight land uses. The
pollutant removal factor or wash off exponent, k, 1s now an in-
put parameter.

The water quality modeling scheme is accessed by using a
value of 2 for ISS in Card Group 9 of the Runoff Block. The
pollutant removal factor, k, is also input for each pollutant.
This allows for model flexibility in the case where pollutants
wash off a subcatchment at different rates for the same rainfall
or runoff. The loading factors in lbs/ac are input for each
land use specified and all pollutants being modeled. As in the
original SWMM only one land use per subcatchment is permitted;
also, the area of the subcatchment is substituted for curb length
on the land use data cards.
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The results from the water quality analyses as described
earlier have proved to be very helpful in selectina the pollutant
loading factors as well as the removal coefficients.

The cumulative pounds of pollutant versus cumulative discharge
curves, Figures 30 through 34, and the pounds of pollutant per
acre of contributing area versus inches of runoff, Figure 35,
can be used to select the input data for water quality predic-
tion in the new EHGA version of the SWMM. An estimated runoff
rate and the information in Table 11 can be used to determine
the removal coefficients.

The loading rates determined from Figures 30 through 34
are only approximate because of minor variability in the data
caused by factors not considered in these analyses, e.g., soil
characteristics, flora and fauna, etc. The approximate loading
rate determined from the figures can be verified by comparison
of the modified SWMM output to observed data; this procedure was
followed in all applications of the new water quality modeling
vVersion.

Because the Transport Block of the SWMM can only route two
pollutants and coliform counts, the model would have to be run
at least three times at each station to develop output for sus-
pended solids, COD, nitrates, phosphates and Kjeldahl nitrogen.
In order to reduce this volume of computer operations, it was
decided that Kjeldahl nitrogen would not be routed through the
Transport Block. The modeling of Kjeldahl nitrogen, or any other
pollutant if desired, is only dependent upon the input data for
the EH&A version; for example, if the loading rate and removal
coefficient for nitrates are input as data for COD then the COD
results from the model may be interpreted as results for ni-
trates. This new capability of the SWMM enhances its scope of
application since any two pollutants (which are or may be treated
as conservatives) can now be modeled with every run. For the
purposes of this study the two pollutant pairs selected were sus-
pended solids and COD as the first pair, and nitrates and phos-
phates as the second.

As described in the following section water quality was
modeled for an observed storm at each of the three study areas.
Calibration of the new water quality model is a relatively
simple task. Modeling results based on initial loading rate and
removal coefficient estimates are used to refine subsequent
loading rates and removal coefficients until the observed pollu-
tograph is reproduced. I[n applying the model it was determined
that pollutograph peak and loading rate were directly propor-
tional while pollutograph shape and removal coefficients were
inversely proportional. Consequently, increasing the loading
rate by a factor of 2 resul:ed in a pollutograph peak increase
to double the initial peak, and increasing the removal coeffi-
cient by a factor of 2 decreased the pollutograph duration to
one half the previous ducration. The pollutograph peak was

86



(¥1,61) Auedwo) yoaessay SYN :WOxJ

0°06 €°89 0°'1

v'L8 S P9 6°0

1°%8 1°09 8°0

0°08 £'¢cg L0

0°06< 8 ¥L 8'6% 9°'0

0°06 €°89 L'€Y S0

1'¥8 1°09 6°9€ v'0

0°06<C 2 92 8°6% 1°62 £°0

0°06< 0'06< 0 06< 1°¥8 1°09 6°9¢ S'02 20

0°06<  0°06 1°%8 8 VL 1°09 6°9¢ S°03 6°01 1°0

0°'9 0°'S 0'% 0°'¢ 0°2 0°1 S0 S2°0 (1y/"ur)
(1Y) uotjeIng Frouny 91BY Frouny

NOILVINA ANV HIVd J4A0NNE A4
SHOVAANS LHIYLS WOdd TIAOWHE SINVNIWVINOD A0 INHDYHAd IT dTdVL

87



raised in conjunction with an increase in the removal coefficient
but a general relationship to quantify the rise could not be
determined. Therefore the calibration runs are basically a

trial and error procedure to determine the ideal loading rate

and removal coefficient combination that would reproduce the
observed pollutograph. It must be emphasized that the loading
rate and removal coefficient thus derived are valid only for the
storm used for calibration. Application of these results to
other storms is possible only if prevailing antecedent conditions
and rainfall-runoff intensities are similar for both storms and
if the study areas are identical or at least homogeneous.

In analyzing the water guality modeling results, it became
evident that although the pollutographs could be modeled to
reproduce observed pollutographs the actual and computed mass
transport graphs did not correspond. It was determined that
this condition resulted from slight variations in the runoff
quantity model results. For example a slight difference between
observed and computed runoff rates concurrent to a high rate of
mass transport results in a large increase or decrease in pollu-
tant concentrations. Consequently pollutographs are highly
dependent on the accuracy of the hydrograph model output.

To improve the modeling of total mass loading of a pollu-
tant, the EH&A version was used to model pollutant mass flow
rates. Again the loading rate and decay factor were adjusted to
reproduce mass flow rates as determined from the observed flows
and concentrations.

The above discussion identifies the need for the user to be
completely aware of the modeling objectives. If pollutant mass
flow rates or total loadings are desired, then water quality
modeling is essentially independent of water quantity modeling;
but if pollutant concentrations are desired, then both guantity
and quality modeling results determine the accuracy of the
pollutant concentrations. Detailed analyses of each storm
modeled during this study are included in the following section.

In summary, the modified SWMM water quality model is very
capable because of its flexibility in determining pollutant
loading from various land uses. The user selected input data
determine the relative dependability of the output thus elimi-
nating some of the previous "black box" computations which
although generally applicable could not be adequately calibrated
for stations P-10, P-30 and H-20. It is expected that as more
water quality data become available the relationships in Figures
31 through 55 will be substantiated and verified.
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SECTION 8
MODEL APPLICATION

GENERAL CONSIDERATIONS

The specific types of data which are required as input to
the SWMM have been described in Table 1. This input information
is a quantified description of the watershed to provide a compu-
tational basis for the model. The basic model inputs required
are the rainfall hyetograph for the storm to be modeled, a phy-
sical description of each subcatchment to be modeled including
the drainage area, percent of impervious cover, ground slope,
Manning's roughness factors, estimated retention storage for
both the pervious and impervious surfaces, and the coefficients
to define Horton's soil infiltration equation. Also required
are input data to define the hydraulics of the storm sewer
system for each subcatchment and for the main sewers or open
channels. These inputs include gutter length, slope, bottom
width, and roughness coefficient. For sewers and open channels
the cross-sectional area and side slopes, channel slope, and
roughness factor must be defined. For water quality modeling a
code defining the specific land use in each subcatchment as well
as the street-cleaning frequency, the number of dry days prior
to the storm event, the number of catch-basins per unit area and
the quality of their contents must also be specified.

An important portion of the input data concerns the coef-
ficients to be used in Horton's infiltration equation. This
equation is used to calculate the infiltration rate of rainfall
into the soil as a function of time by Horton's (8) relationship
as described in Section 6.

The initial and final infiltration rates, fi and fo' and

the decay rate, k, were deduced from USGS rainfall-runoff re-
cords. This was done by calculating effective infiltration
rates for numerous storm events in the Houston area as listed in
Appendix C and plotting these values versus storm duration in
order to determine a graphical representation of Horton's equa-
tion as shown in Figure 36. As expected, it was found that the
initial infiltration rate was highly dependent on antecedent
soil moisture conditions.

In order to adequately describe the hydraulic efficiency of
the drainage system, it was necessary to choose Manning's rough-

89



IN./HR

LOSS RATE

1.8 [ [ |
T
o '
Le b— .. ® COLE CREEK @ GUHN
' | - o COLE CREEK & DIEHL
i ; | 0 BRICKHOUSE @ CLARBLAK
| | - O KEEGANS @ KEEGANS
1.4 |- [—— . X KEEGANS @ ROARK
| Y WHITE OAK |
| | |
12 f—— —_ i | e —
i |
"o_‘"_‘fi s . O - - i} _
: l | ? E |
?,l o | | |
— N ]
o Yo | ‘_T L e B
(1] ;
" |
|
l- - R i ——
o : o
2l o % ]
X y | X
X ° -
ol % |
0 [ 6
DURATION/2 , HRS
Fig. 36 Infiltration loss rates

90



ness coefficients for each drainage element. Gutters and open
channels were assigned an initial value of 0.10, while a value
of 0.03 was used for sewers. These values were adjusted during
model calibration to accomodate higher peak flows. Combined
Sewers are not used in any of the study areas and therefore all
initial flow quantity and quality was set equal to zero.

As a prelude to modeling either Hunting Bayou or Panther
Branch, specific modeling criteria had to be determined. Sever-
al SWMM runs were made with regard to minimizing cost but re-
taining modeling validity. Data for a dummy watershed consisting
of two subcatchments, Table 12, were developed. The SWMM was run
for these data at 2, 5, 10, and 20 minute integration time
intervals, for average and extreme storm rainfall intensities.
The results of this sensitivity analysis, shown in Tables 13 and
14, indicated that there was no substantial gain in modeling
accuracy for the 2 and 5 minute integration time interval but
the cost increases for modeling at the 2 and 5 minute time
intervals was considerable. Consequently, it was determined
that a 10 minute time interval was the limit for modeling accu-
racy at minimum cost, and all further SWMM runs were made with
regard to this condition.

HUNTING BAYOU MODELING

Most of the input data concerning the Hunting Bayou drain-
age system was taken from existing engineering maps of the area,
and site inspection of the study area. A map showing the sub-
catchments and drainage network which were used as input to the
model is shown in Figure 37. Five storms were modeled initially.
The rainfall data for these storms, listed in Table 15, were
obtained from reports published by the U. S. Geological Survey
(20,21,22,23). No water quality data was available for these
storms because all five storms occurred during 1968 and 1970
prior to the initiation of this project. Consequently, only
water quantity was modeled.

As more recent storms on Hunting Bayou were sampled for
water quantity and quality, the water quality prediction capabi-
lities of the SWMM were tested. Three storm events have been
modeled. Rainfall data for these storms are also listed in
Table 15.

The total drainage area of 799.86 hectares (1976.8 acres)
is divided into 24 subcatchments ranging in area from 10.11
hectares (25 acres) to 55.85 hectares (138 acres). Other signi-
ficant subcatchment data are listed in Table 16. Each subcatch-
ment was assigned a land use class for modeling water quality in
SWMM. These land use classes are shown in Table 17.

The drainage system includes 23 gutters and pipes in the
Runoff Block and 44 manholes and conduits in the Transport
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TABLE 12, SWMM INPUT DATA FOR SENSITIVITY ANALYSIS

SUBCATCHMENT DATA

Subcatchment No. 1 2
Width (ft) 4000.0 4000.0
Area (ac) 400. 400.
Percent Imperviousness .5 1.0
Slope (ft/ft) 0.15 .009
Resistance Factor

Impervious .400 . 300

Pervious .250 .250
Surface Storage (in)

Impervious .062 .062

Pervious . 184 . 184
Infiltration Rate (in/hr)

Maximum .75 .75

Minimum .05 .05

Decay Rate (in/sec) .00115 .00115
Total Tributary Area (acres) 800.00

GUTTER AND PIPE DATA

Gutter Number 1 2
Width (ft) 6.0 6.0
Length (ft) 2000. 2000.
Slope (ft/ft) .001 .001
Side Slopes

Left 3.0 3.0

Right 3.0 3.0
Manning n .050 .050
Overflow (in) 90.00 90.00

WATERSHED QUALITY DEFINITIONS

Subarea Number 1 2
Land Use Classification 1 4
Total Gutter Length (100 ft) 20.00 20.00
Number of Catchbasins 0.00 0.00

Number of Constituents 8
Number of Dry Days 7
Street Cleaning Frequency 0.0
Passes Per Cleaning 0
STD Catchbasin Volume (cu ft) -0.00
Catchbasin Contents BOD (mg/1l) -0.0
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TABLE 17
LAND USE DATA, HUNTING BAYOU WATERSHED

Subarea Land Use Total Gutter Number of
Number Class. Length (100 ft) Catchbasins
1 1 59.00 0.00
2 1 64.00 0.00
3 1 24.00 0.00
4 1 79.00 0.00
5 3 96.00 0.00
6 1 155.00 0.00
7 1 61.00 0.00
8 3 30.00 0.00
9 1 90.00 0.00
10 3 35.00 0.00
11 5 22.00 0.00
12 3 31.00 0.00
13 3 20.00 0.00
14 1 45.00 0.00
15 5 68.00 0.00
16 1 55.00 0.00
17 1 134.00 0.00
18 1 60.00 0.00
19 3 99.00 0.00
20 3 35.00 0.00
21 1 41.00 0.00
22 1 113.00 0.00
23 3 86.00 0.00
24 1 78.00 0.00

Land Use Class is defined as follows:
1 Single and multi-family residential areas
3. Business and commercial activity areas
5. Undeveloped urban open land
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Block. Table 18 lists all the gutter and pipe data and Table 19
shows the Transport element characteristics.

The subcatchment, gutter and pipe, and transport element
data were essentially identical for all runs. The storm related
data include rainfall, Table 15, and infiltration coefficients,
Table 20. Infiltration rates were estimated from the observed
rainfall and runoff. Initially, the antecedent precipitation
index was used to establish a starting infiltration rate but
this parameter proved to be unreliable as a deterministic pre-
dictor and was subsequently discarded. Therefore all infiltra-
tion rates were originally estimated and then calibrated by
consecutive modeling runs.

Comparisons of observed and computed hydrographs for five
storm events which were modeled are presented in Figures 38, 39
and 40. A comparison of observed and computed total runoff
volumes and peak flow rates is shown in Table 21. The overall
agreement is reasonable. The average absolute error in volume
of runoff was 26% of the observed value, while the average error
in peak flow prediction was 20% of the observed peak. The tem-
poral agreement of the hydrographs was very good. For instance,
the times of peak flow agreed within ten minutes in four of the
five instances. The average error was twenty-two minutes. How-
ever, the computed values tended to predict faster returns to
low flow conditions than were actually observed.

The original SWMM water quality predictions for the storm
of 5/8/75 could not reproduce the observed data; Figure 40 shows
the observed and computed results for suspended solids at Sta-
tion H-20. The EH&A version, with loading rates as shown in
Table 22, was run for the same storm and the predicted results
for suspended solids, COD, nitrates and total phosphorus are
compared to observed data in Figures 41 through 44 and in Table
23. As discussed in the preceding section, even if the pollu-
tographs are adequately reproduced the pollutant mass transport
rates are not sufficiently high. Consequently the pollutant
mass transport rates were computed and compared to pollutant
mass transport rates as determined from the observed discharge
rates and concentrations. The total observed and computed
pounds of pollutant transported during the storm are also com-
pared in Table 23.

As seen in Figures 41 through 44, the rather large temporal
difference between observed and computed pollutographs is mini-
mized in the pollutant mass transport rate graphs; the reduc-
tions ranged from 75% for suspended solids to 100% for nitrates.
With the exception of COD, the predictions of total pounds of
pollutant removed were also improved by the use of mass flow
rate graphs. 1In the case of COD, an extremely high pollutant
removal factor seems to be necessary to reduce the total pounds
pPrediction. No physical explanation for this phenomenon could
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TABLE 20. INFILTRATION PARAMETERS,
HUNTING BAYOU WATERSHED

INFILTRATION RATES
STORM Initial Final Decay
DATE STATION in/hr in/hr /sec

9/08/68 H-10 1.00 0.10 .0005
H-20 1.00 0.10 . 0005
9/17/68 H-10 0.75 0.10 .0005
H-20 0.75 0.10 .0005
11/09/70 H-10 2.50 0.10 .0005
H-20 2.50 0.10 .0005
3/26/74 H-20 0.10 0.02 .0005
5/08/75 H-20 0.30 0.10 . 0005
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be determined. The predictions of total pounds of pollutant re-
moved were improved 67% for nitrates and 75% for total phosphorus.

PANTHER BRANCH MODELING

The data input to the SWMM for the Panther Branch drainage
system was developed from existing engineering maps and numerous
site inspections of the watershed. Because of the low relief in
topoaraphy, drainage area boundaries had to be visually determined
in some areas.

The modeled drainage system for Panther Branch is shown in
Figure 45. The total drainage area of 874.40 hectares (21607
acres) is divided into 57 subcatchments ranging from 8.5 hectares
(21 acres) to 552.80 hectares (1336 acres) as shown in Table 24.
Other subcatchment data are also shown in Table 24. The input
parameter called "width of subcatchment" is d=fined as the width
over which overland flow occurs. Values for this parameter were
first estimated by the method described in the SWMM User's Manual
(2). These values were subsequently reduced by approximately
40% to achieve calibration. The land use classes for each sub-
catchment used for water quality modeling are listed in Table 25.

The Panther Branch drainage system is made up of 57 gutters
whose characteristics are listed in Table 26, and 61 transport
elements as described in Table 27.

Five storm events on Panther Branch have been modeled.
Similar to the data for Hunting Bayou, all subcatchment, gutter
and transport element data for Panther Branch were identical for
all runs. The storm related data comprised of rainfall and
infiltration coefficient data are listed in Tables 28 and 29,
respectively. Infiltration rates were determined similar to those
for Station H-20.

Observed and computed total flow volumes and peak flow rates
for five storm events, which occured between 10/28/74 and 12/10/74,
are compared in Table 30. Water quality data were available for
the storms of October 28, 1974 and December 5,1974. The SWMM
was used to model both water quantity and quality for these two
storm events and only quantity of flow for the remaining three.
Comparisons of observed to computed hydrographs are presented in
Figures 46 and 47. The computed flow peaks and volumes agree
well with the observed flows; the average absolute error in the
volume of runoff was 14 percent of the observed peak. The tem-
poral distribution of runoff between observed and computed hydro-
graphs was good except for the storm events of October 28, 1974
and November 24, 1974, when the flow peaks between observed and
computed hydrographs were approximately three hours apart.

An inspection in March 1975 revealed severe erosion at the
area being cleared for Lake Woodlands on Panther Branch. A re-
taining wall that had been built to keep Panther Branch within
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TABLE 24.

Subcatch- Width

ment No. (ft)
1 4680.0
2 2100.0
3 3240.0
4 3540.0
5 5280.0
6 1620.0
7 7800.0
8 4380.0
9 2340.0
10 6660.0
11 4380.0
12 3600.0
13 2400.0
14 3780.0
15 4140.0
16 4680.0
17 1920.0
18 3780.0
19 4980.0
20 5280.0
21 6600.0
22 2460.0
23 10560.0
24 6480.0
25 5820.0
26 2400.0
27 7320.0
28 4200.0
29 2100.0
30 2280.0
31 1920.0
32 3420.0
33 2400.0
34 900.0
35 1080.0
36 3900.0
37 1800.0
38 1980.0
39 3780.0
40 3300.0
41 2640.0
42 7620.0
43 1800.0
44 1080.0
45 540.0
46 840.0
47 2400.0
48 3600.0
49 2460.0
50 2040.0
51 1800.0
52 2040.0
53 1980.0
54 12500.0
55 2400.0
56 3780.0
.0

Resistance
Area Percent Slope Factor
(ac) Imperv. (ft/ft) Imperv., Perv.
534, 1.0 .009 .200 .400
99. 1.0 .006 .200 .400
153. 1.0 .005 .200 . 400
405. 1.0 .009 .200 .400
578. 1.0 .009 .200 .400
243, 1.0 .006 .200 . 400
899. 1.0 .016 . 200 .400
338. 1.0 .014 .200 .400
195. 1.0 .015 .200 . 400
584. 1.0 .015 .200 .400
920. 1.0 .C12 .200 . 400
248, 1.0 .013 .200 .400
393. 1.0 .013 .200 . 400
275. 1.0 .016 . 200 .400
609. 1.0 .011 .200 .400
353. 1.0 .018 .200 .400
598. 1.0 .020 .200 .400
598. 1.0 .015 .200 .400
998. 1.0 .015 .200 .400
612. 1.0 .015 .200 . 400
825. 1.0 .010 .200 . 400
244, 1.0 .030 .200 .400
851, 1.0 .018 .200 .400
564, 1.0 .020 . 200 .400
870. 1.0 .008 .200 . 400
526. 1.0 .003 .200 .400
1366. 1.0 .008 .200 . 400
390. 1.0 .013 .200 .400
140. 1.0 .013 .200 . 400
101. 1.0 .012 . 200 . 400
256. 1.0 .009 .200 .400
421, 1.0 .012 .200 .400
148, 1.0 .008 .200 . 400
26. 1.0 .008 .200 .400
301. 1.0 .008 .200 .400
297. 1.0 .008 .200 . 400
151. 1.0 .011 .200 . 400
81. 1.0 .015 .200 .400
257. 1.0 .011 .200 . 400
214, 1.0 .022 .200 . 400
354, 1.0 .013 .200 .400
998. 1.0 .018 . 200 .400
96. 1.0 .012 .200 .400
175. 1.0 .012 .200 .400
21. 1.0 .012 .200 .400
39. 1.0 .008 .200 .400
169. 1.0 .013 .200 . 400
448, 1.0 .013 .200 .400
99, 1.0 .025 .200 . 400
162, 1.0 .019 .200 .400
266. 1.0 .010 .200 . 400
281, 1.0 .011 .200 . 400
158. 1.0 .028 .200 . 400
584. 1.0 .020 .200 .400
99. 1.0 . 040 . 200 . 400
374. 3.0 .012 .200 . 400
61. 1.0 .013 .200 .400

Total Tributary Area (acres), 21606.70
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Surface Storage

(in)
Imperv. Perv.
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
. 005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .056
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050
.005 .050

SUBCATCHMENT DATA, PANTHER BRANCH WATERSHED

Infiltration Rate
(in/hr) (in/sec)

Max. Min.
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
50 .01
50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
.50 .01
50 .01
.50 .01
.50 .01

Decay

.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115
.00115



TABLE 25. LAND USE DATA,
PANTHER BRANCH WATERSHED

Subarea Land Use Total Gutter Number of
Number Class. Length (100 ft) Catchbasins
1 5 50.00 0.00
2 5 30.00 0.00
3 5 45.00 0.00
4 5 40.00 0.00
5 5 55.00 0.00
6 5 22.50 0.00
7 5 130.00 0.00
8 5 47.50 0.00
9 5 35.00 0.00
10 5 100.00 0.00
11 5 62.50 0.00
12 5 31.00 0.00
13 5 25.00 0.00
14 5 41.00 0.00
15 5 40.00 0.00
16 5 46.00 0.00
17 5 27.50 0.00
18 5 70.00 0.00
19 5 50.00 0.00
20 5 55.00 0.00
21 5 71.00 0.00
22 5 30.00 0.00
23 5 85.00 0.00
24 5 60.00 0.00
25 5 62.50 0.00
26 5 40.00 0.00
27 5 82.50 0.00
28 5 57.50 0.00
29 5 22.50 0.00
30 5 22.50 0.00
31 5 80.00 0.00
32 5 35.00 0.00
33 5 24.00 0.00
34 5 10.00 0.00
35 5 20.00 0.00
36 5 60.00 0.00
37 5 20.00 0.00
38 5 30.00 0.00
39 5 40.00 0.00
40 5 42,50 0.00
41 5 50.00 0.00
42 5 97.50 0.00
43 5 30.00 0.00
44 5 15.00 0.00
45 5 10.00 0.00
46 5 10.00 0.00
47 5 15.00 0.00
48 5 35.00 0.00
49 5 40.00 0.00
50 5 35.00 0.00
51 5 22.50 0.00
52 5 30.00 0.00
53 5 25.00 0.00
54 5 62.50 0.00
55 5 15.00 0.00
56 1 50.00 0.00
57 5 20.00 0.00

Land Use Class is defined as follows:
1. Single and multi-family residential areas
5. Undeveloped urban open land
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TABLE 26. GUTTER DATA, PANTHER BRANCH WATERSHED

Gutter Width Length Slope Side Slopes Manning Overflow

Number (ft) (£ft) (ft/ft) L R n (in)
1 5.0 5000. .003 6.0 6.0 .200 60.00
2 5.0 3000. .002 6.0 6.0 . 200 60.00
3 5.0 4500. .003 6.0 6.0 .200 60.00
4 5.0 4000. .004 6.0 6.0 .200 60.00
5 5.0 5500. .002 6.0 6.0 .200 60.00
6 5.0 2250. .009 6.0 6.0 . 200 60.00
7 5.0 13000. .003 6.0 6.0 .200 60.00
8 5.0 4750, .003 6.0 6.0 . 200 60.00
9 5.0 3500. .007 6.0 6.0 .200 60.00

10 5.0 10000. .005 6.0 6.0 . 200 60.00
11 5.0 6250, .003 6.0 6.0 . 200 60.00
12 5.0 3100. .003 6.0 6.0 .200 60.00
13 5.0 2500. .009 6.0 6.0 .200 60.00
14 5.0 4100. .001 6.0 6.0 .200 60.00
15 5.0 4000, .003 6.0 6.0 . 200 60.00
16 5.0 4600. .002 6.0 6.0 .200 60.00
17 5.0 2750. .006 6.0 6.0 .200 60.00
18 5.0 7000. .004 6.0 6.0 .200 60.00
19 5.0 5000. .003 6.0 6.0 .200 60.00
20 5.0 5500. .005 6.0 6.0 . 200 60.00
21 5.0 7100. .002 6.0 6.0 .200 60.00
22 5.0 3000. .003 6.0 6.0 .200 60.00
23 5.0 8500. .002 6.0 6.0 .200 60.00
24 5.0 6000. .003 6.0 6.0 .200 60.00
25 5.0 6250. .001 6.0 6.0 .200 60.00
26 5.0 4000. .003 6.0 6.0 . 200 60.00
27 5.0 8250. .001 6.0 6.0 .200 60.00
28 5.0 5750. .001 6.0 6.0 .200 60.00
29 5.0 2250. .013 6.0 6.0 . 200 60.00
30 5.0 2250. .004 6.0 6.0 . 200 60.00
31 5.0 8000. .005 6.0 6.0 .200 60.00
32 5.0 3500. .003 6.0 6.0 .200 60.00
33 5.0 2400. .001 6.0 6.0 .200 60.00
34 5.0 1000. .001 6.0 6.0 .200 60.00
35 5.0 2000. .004 6.0 6.0 . 200 60.00
36 6.0 2700. .001 6.0 6.0 .200 60.00
37 6.0 2000. .001 5.0 5.0 .200 60.00
38 5.0 3000. .007 6.0 6.0 . 200 60.00
39 5.0 4000. .001 6.0 6.0 .200 60.00
40 5.0 4250. .006 6.0 6.0 .200 60.00
41 5.0 5000. .005 6.0 6.0 .200 60.00
42 5.0 9750. .004 6.0 6.0 . 200 60.00
43 5.0 3000. .002 6.0 6.0 .200 60.00
44 5.0 1500. .004 6.0 6.0 .200 60.00
45 6.0 1000. .003 6.0 6.0 .200 60.00
46 6.0 1000. .001 6.0 6.0 .200 60.00
47 5.0 1500. .010 6.0 6.0 . 200 60.00
48 7.0 3500. .001 6.0 6.0 .200 60.00
49 8.0 4000. .001 5.0 6.0 .200 60.00
50 5.0 3500. .007 6.0 6.0 .200 60.00
51 8.0 2250. .001 6.0 6.0 .200 60.00
52 8.0 3000. .001 6.0 6.0 .200 60.00
53 5.0 2500. .006 6.0 6.0 .200 60.00
54 8.0 6250. .001 6.0 6.0 .200 60.00
55 5.0 1500. .003 6.0 6.0 .200 60.00
56 5.0 5000. .005 6.0 6.0 .200 60.00
57 8.0 2000. .001 6.0 6.0 .200 60.00
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TABLE 27. TRANSPORT ELEMENT CHARACTERISTICS,
PANTHER BRANCH WATERSHED

Ext.Elem Description Slope Distance Manning Geoml Geom2 Geom3 ? of AFull Full QMax
Nuaber (fe/fe) (fe) n Barrels (sq ft) cfs) (cfs)
4 Ditch .0038 4000.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 478,268 478.268
5 Ditch .0018 5500.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 329.167 329.167
8 Ditch .0025 4750.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 387.927 387.927
9 Ditch .0020 1500.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 346.972 346.972
12 Ditch .0026 3100.0 .1800 6.0 -0.0 -0.0 1.0 554.062 395.609 395.609
14 Diteh .0012 4100.0 . 1800 8.0 -0.0 -0.0 1.0 984,998 578.816 578.816
161 Ditch .0022 1000.0 . 1800 8.0 -0.0 -0.0 1.0 984.998 783.721 763.721
16 Ditch .0022 3600.0 . 1800 9.0 -0.0 -0.0 1.0 1246.639 1072.922 1072.922
56 Ditch .0008 1000.0 . 1800 9.0 -0.0 -0.0 1.0 1246.639 646.996 646.996
25 Ditch .0008 6250.0 . 1800 9.0 -0.0 -0.0 1.0 1246.639 646.996 646.996
27 Ditch .0012 8250.0 . 1800 9.0 -0.0 -0.0 1.0 1246.639 792,405 792.405
21 Ditch .0023 7100.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 372.086 372.086
23 Ditch .0018 8500.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 329.167 329.167
24 Ditch .0028 6000.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 410.543 410.543
29 Ditch .0014 1200.0 . 1800 7.0 -0.0 -0.0 1.0 754.139 4137.894 437.894
28 Ditch .0014 5750.0 . 1800 9.0 -0.0 -0.0 1.0 1246.639 855.895 855.895
30 Ditch .0036 2250.0 . 1800 6.0 -0.0 -0.0 1.0 554.062 465.512 465.512
34 Ditch .0008 3000.0 . 1800 9.0 -0.0 -0.0 1.0 1246.639 646.996 646.996
134 Ditch .0008 3000.0 .0800 10.0 -0.0 -0.0 1.0 1539.060 1927.987 1927.987
35 Ditch .0009 2000.0 .0800 10.0 -0.0 -0.0 1.0 1539.060 2044.939 2044.939
37 Ditch .0006 4000.0 .0890 10.0 -0.0 -0.0 1.0 1539.060 1669.686 1669.686
43 Ditch .0030 1000.0 .0800 6.0 -0.0 -0.0 1.0 554.062 956. 144 956. 144
44 Ditch .0006 1000.0 .0800 9.0 -0.0 -0.0 1.0 1246.639 1260.709 1260.709
46 Ditch .0010 3500.0 .0800 10.0 -0.0 -0.0 1.0 1539.060 2155.555 2155.555
47 Ditch .0012 4000.0 .0800 10.0 -0.0 -0.0 1.0 1539.060 2361.292 2361.292
49 Diteh .0010 2250.0 . 0800 10.0 -0.0 -0.0 1.0 1539.060 2155.555 2155.555
50 Ditch .0007 3000.0 .0800 10.0 -0.0 -0.0 .0 1539.060 1803.467 1803.467
52 Ditch .0007 6250.0 .0800 10.0 -0.0 -0.0 1.0 1539.060 1803.467 1803.467
551 Ditch .0007 1100.0 .0800 6.0 -0.0 -0.0 1.0 554.062 461.861 461.861
55 Ditch .0007 900.0 .0800 10.0 -0.0 -0.0 1.0 1539.060 1803.467 1803.467
70 Manhole .1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
71 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
72 Maxlnhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
73 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
74 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
75 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
76 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
77 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
78 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
79 Manhole .1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
80 Manhole .1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
81 Manhole . 1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
82 Manhole .1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
83 Manhole .1000 ~-0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
84 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
85 Manhole .1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
86 Manhole ..1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
87 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
88 Manhole .1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
89 Manhole .1000 -0.0 .0130 0.0 -0.0 «0.0 1.0 0.000 0.000 0.000
90 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
91 Manhole . 1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
92 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
100 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
93 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
94 Manhole . 1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
95 Manhole . 1000 -0.0 .0130 0.0 -0.0 -0.0 1.0 0.000 0,000 0.000
96 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
97 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
98 Manhole . 1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0,000
99 Manhole .1000 -0.0 L0130 0.0 -0.0 -0.0 1.0 0.000 0.000 0.000
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INFILTRATION PARAMETERS,

PANTHER BRANCH WATERSHED

TABLE 29.
STORM
DATE STATION
10/28/74 P-10
P-30
11/10/74 P-10
P-30
11/24/74 P-10
P-30
12/05/74 P-10
P-30
12/10/74 P-10
P-30

INFILTRATION RATES

Initial
in/hr

OO OO b OO WwWw

120

DN Lo OO0 LW Ui

Final
in/hr

OO0 OO OO OO OO

.01
.01

.01
.01

.01
.01

.01
.01

.01
.01

Decay
/sec

. 0005
.0005

.00115
.00115

.00115
.00115

.00115
.00115

.00115
.00115



TABLE 30.

Date of Storm

10/28/74

11/10/74

11/24/74

12/05/74

12/10/74

P-10
P-30

P-10
P-30

P-10
P-30

P-10
P-30

P-10
P-30

HYDROGRAPH MODELING RESULTS,
PANTHER BRANCH WATERSHED

Total Runoff

Peak Flow Rate

(ft* x 10%) (cfs)
Observed Computed Observed Computed
24.40 29.03 342 360
39.34 36.16 376 410
64.48 53.44 979 600
72.87 73.61 897 705
52.2¢4 57.72 680 645
73.70 78.97 774 735
36.06 32.66 273 315
45.52 48.55 329 370
44 .42 33.61 464 380
51.73 43.02 517 425
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the original channel had been eroded away. This allowed Panther
Branch to change its course and flow through the construction
area which was being used as a sand pit. Downstream from the
area there was heavy deposition of sand that had been washed
away from the site. Erosion from consturction areas was the ma-
jor source of suspended solids observed at P-30. During the
study, peak concentrations of suspended solids declined at
Station P-30. Further storm sampling may determine whether or
not the erosion continues to be reduced.

A major drawback in applying the SWMM to The Woodlands is
that the area below Station P-10 was in a transient state due to
the development of Phase I. The continually changing land use
affects the quality of runoff. For this reason the decision was
made to regard Station P-10 as a control point. The area above
this gage is in a relatively stable condition and will give a
more accurate measurement of the pollutant loading due to the
land use rather than from a construction area. Storm water run-
off from a construction area can vary in quality from storm to
storm depending on the stage of construction. Accounting for
all construction areas and their erodibility prior to the storm
event being modeled proved to be difficult. Consequently, it is
presumed that several construction areas where the natural
ground had been disturbed and stripped of the protective vegeta-
tive cover contributed more suspended solids than SWMM could
predict from the available input data.

Investigation was also carried out on the time of occur-
rence and peak concentration of suspended solids. Except for
the storms of April 11, 1974 and April 22, 1974, the observed
suspended solids concentration peak occurred before the observed
peak flow. The comparison would indicate that the peak concen-
tration at Stations P-10 and P-30 occurred at a flow of 0.065
times the peak flow of the storm.

During the storm of October 28, 1974, measured at Station
P-30, the rainfall caused two peaks in flow to occur, as shown
in Figure 46. In modeling the second peak the original SWMM
calculated a suspended solids peak concentration of 272.9 mg/l.
Suspended solids for this storm had an observed peak of 1000
mg/1.

The December 5, 1974 storm had a modeling advantage in that
it was the only storm analyzed where an upstream gage (P-10) and
a downstream gage (P-30) had samples taken simultaneously.

Since the entire drainage area had the same land use before
development began, most differences between the upstream gage
and the downstream gage can be attributed to the changing land
use in the Phase I development area.

Using the original SWMM version, the computed peak concen-
tration of suspended solids at Station P-10 was 14z mg/l compared
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with an observed value of 130 mg/l. This is a good agreement and
also the time of peak concentration was the same. The falling
limb of the observed pollutograph occurred too rapidly resulting
in a difference of about 11,330 kilograms (25,000 pounds). This
is about a 40% error.

Suspended solids production at Station P-30 was about three
times greater than at Station P-10. As shown in Figure 48 the
SWMM again calculated a low value for suspended solids. The SWMM
was consistently low on the suspended solids concentration for
the Phase I development area.

The EH&A modified water quality version of the SWMM was also
used to model the 12/5/74 storm at Stations P-10 and P-30. The
observed and computed pollutographs for suspended solids, COD,
nitrates and phosphates are compared in Figures 49 through 52
for station P-10 and in Figures 53 through 56 for Station P-30.
As was done for Station H-20, after the pollutographs were ade-
quately matched, the corresponding pollutant mass transport rates
were computed and are also shown in Figures 49 through 56. Again
the correlation between observed and computed pollutant mass
transport rates from pollutographs reproduction was unsatisfac-
tory. And so the pollutant mass transport rate predictions were
improved until the reproductions were acceptable. The loading
rates used are shown in Table 31 and the output results are
summarized in Table 32.

At Station P-10, the optimized suspended solids pollutograph
yielded very high pollutant mass transport rates (Figure 49) but
the optimized mass flow rate follows the data except for a single
peak. Suspended solids predictions at Station P-30 were more
compatible to observed data with slight differences for occur-
rence of peak pollutant mass transport rates. This condition was
also observed for COD at Station P-30 where the total pounds of
COD were also predicted too high. Modeling of phosphates at both
P-10 and P-30 proved to be difficult. The best approximations
after several attempts are shown in Figures 52 and 56. The
modeling of nitrates, especially at Station P-30 was not entirely
satisfactory. It is believed that only parts of the entire
Panther Branch watershed supply nitrates and therefore the model
which predicts nitrates from throughout the watershed would have
to be adjusted for this condition.

SWALE 8 MODELING

Existing drainage and planning maps were used to develop
the input data for Swale 8. Site inspections to determine
drainage area boundaries and extent of construction were con-
ducted on a periodic basis. This watershed is in a transition
stage. During the project term, the channel was enlarged and
construction of Lake C was underway. Lakes A and B had already
been filled.
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SUSPENDED SOLIDS (mg/l)

SUSPENDED SOLIDS (mg/1)

Fig.
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The drainage system for Swale 8 described in the SWMM is

shown in Figure 57. The total drainage area of 185.87 hectares
(459.3 acres) was divided into 10 subcatchments ranging from
9.30 hectares (23 acres) to 26.71 hectares (66 acres). All sub-

catchment data is listed in Table 33. Land uses for the upstream
subcatchments were classified as open space, whereas the last
three downstream subcatchments were designated as multi-family
residential and commercial as shown in Table 34. Gutter data

for all subcatchments are listed in Table 35. Seventeen drain-
age system elements, Table 36, were used to model the entire
area. Of these, two elements were storage units, Lakes A and B,
and all 6 channels were trapezoidal in shape as a result of
channel enlargement. Table 36 lists all transport system ele-
ment characteristics.

One storm event on Swale 8, that of 4/08/75, was modeled
because the only other observed storm event, 3/13/75, had a peak
inflow into Lake B of 0.06 cubic meters per second (2.0 cfs)
from 2.06 centimeters (0.81 inches) of rainfall. The storm
related temporal data for rainfall and infiltration are listed
in Table 37.

The transitional phase of development in Swale 8 gave rise
to several problems in modeling runoff. The most severe problem
is the total lack of lake volume data. The topographic maps
prior to lake construction show the natural ground contours, but
the reservoir areas were used as borrow pits for fill material
for the dams as well as other construction at The Woodlands.
Consequently, the original storage capacity of the reservoirs
was not known and no subsequent reservoir surveys have been
conducted; therefore, the elevation-area-capacity data for these
lakes was necessarily only approximate. Also groundwater was
being pumped into the Lake A and B system and again the pumpage
rate was not recorded.

A further complication arose from the fact that the outflow
structure for Lake A is controlled by different outlets at dif-
ferent water surface elevations. The outflow rating curve (dis-
charge as a function of water surface elevation) is composed of
three segments, one controlled by the low flow orifice, the
second controlled by weir flow through the flood discharge out-
let which in turn is limited at extreme flows by the capacity of
the outfall conduit and resulting in the third segment of the
rating curve. The SWMM is not capable of modeling this complex
outflow scheme.

Under the conditions described above, the modeling of
runoff storage in the lakes proved to be difficult. Several
attempts to model the outflow from Lake A (Station D-50) for the
storm of 4/08/75 proved to be unsuccessful as shown in Figure 58.
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TABLE 34. LAND USE DATA, SWALE 8 JATERSHED

Subarea Land Use Total Gutter Number of
Number Class. Length (100 ft) Catchbasins
1 5 649.20 0.00
2 5 1320.80 0.00
3 5 646.40 0.00
4 5 1860.90 0.00
5 5 1222.90 0.00
6 5 778.00 0.00
7 5 1755.70 0.00
8 2 1100.00 0.00
9 2 1550. 30 0.00
10 3 1455.20 0.00

NOTE: Land Use Class is defined as follows:

1. Single and multi-family residential areas
3. Business and commercial activity areas
5. Undeveloped urban open land
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TABLE 37.

RAINFALL AND INFILTRATION DATA,

RAINFALL DATA

in inches at 20 minute intervals

SWALE 8 WATERSHED

STATION
D-50

.02 .02 .03 .05 .05
.06 .08 .00 .24 .80
.80 .00 .00 .00 .00
.00 .00 .00 .00 .00
.00 .82 .12 .12 .12
.12 .12 .12 .12 .12
INFILTRATION RATES
Initial Rate, in/hr 0.75
Final Rate, in/hr 0.01
Decay Rate, /sec 0.00115
2001 T 1 T ) ]
o . L
' i ; ' ‘ ! ?
2'80 . o o
3 ' ‘_,."\\: i
w 120 -~ > |
i
& | |
‘§ !
o 80 - -
%) i
o ; :
40 f—— ! |
L L
! ‘ i . . ; ‘ . R . 'L _;
4 5 6 7T 8 9 10 Il 12 13 14 5 B 17 18
TIME (hrs)
———— OBSERVED
————— COMPUTED
Fic. 58 Storm of 4/08/75 - Station D-50, hydrograph

143



The extent of assumed data was just too large in magnitude to
even approximate the proper operation of Lakes A and B.

Consequently all further modeling was conducted only on
that drainage area of Swale 8 upstream from Lake B (Station
D-10). The results of this modeling effort are discussed in
the following subsection.

EXISTING AND FUTURE DEVELOPMENT MODELING FOR SWALE 8

Due to various external influences, urban development at
The Woodlands did not proceed as rapidly as had been expected.
Consequently, site development plans were available for Phase I
(Stage 1) only. In early 1976 a major portion of the Swale 8
watershed was being platted for development. Therefore all
future development modeling was conducted for Swale 8.

The continued operation of Station D-10 promised to be
beneficial in evaluating model predictions but unfortunately
Lake C was constructed upstream of this gage. Data for Lake C
has all the same problems associated with data for Lakes A and
B. Therefore the model predictions were biased by approximate
input data. Nevertheless, the SWMM was run for a phased devel-
opment scheme for Swale 8. Three development scenarios were
evaluated; existing conditions (development in Subcatchment 8
only and construction in Subcatchment 7), immediately develop-
ing conditions (development in Subcatchments 7 and 8 and con-
struction in Subcatchments 3, 4, and 5), and future but not
ultimate conditions (development in Subcatchments 3, 4, 5, 7 and
8 with no construction areas). Ultimate conditions would assume
100 percent urbanization and no development plans are available
for these conditions.

Water quality predictions by both original and EH&A ver-
sions were attempted. Using plat maps provided by The Woodlands
Development Corporation, the proposed urbanization area and curb
lengths were measured. For Subcatchments 3,4, and 5 the proposed
area to be urbanized amounted to 76, 73, and 72 percent, respec-
tively. The average curb length per urbanized area was deter-
mined for these three subcatchments and applied to all other
areas where curb lengths were not available. These computed and
proposed curb lengths were used for pollutant generation by the
original SWMM model. The changes in land use and increase in
imperviousness were also computed and input to the SWMM. All
of these data are listed in Table 38.

As described earlier, the EH&A quality prediction version
required the input of loading rates for each pollutant. The
curves shown in Figures 31 through 55 were used to derive each
of the desired loading rates listed in Table 39. Land use and
imperviousness data was the same as that for the original ver-
sion (Table 38).
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TABLE 38. LAND USE DATA FOR FUTURE DEVELOPMENT, SWALE 8

Sub- Total Urban Urban Curb
catchment Area Area Area Length
{Acres) (Acres) (%) (Feet)

1 23 0 0 2760

2 47 6 13 8480

3 23 17 76 3540

4 65 39 73 10720

5 41 30 72 14480

6 29 4 15 -
7 81 27 37 12440
8 25 14 56 4320
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Observed and computed hydrographs for the storm of 4/08/75
are compared in Figure 59. Observed and computed mass flow
rates as determined by the original SWMM version for all three
development conditions are compared in Figure 60.

As shown in Figure 59, the total hydrograph for the storm
of 4/08/75 is composed of two hydrographs resulting from two
distinct periods of rainfall separated by 3 hours and 20 minutes
of no rainfall. Only the first period of rainfall, runoff and
water quality was modeled. Based on previously described exper-
ience with pollutograph differences resulting from computed hy-
drographs, it was decided that only mass flow rates would be
modeled.

Loading rates determined from the results of modeling at
Station P-30 were used in the first run. It became evident that
the initial loading rate estimates for developed areas were too
low indicating the extreme effects of lake and golf course con-
struction, as well as channel improvement. These activities
were concentrated in the Swale 8 watershed and well diluted in
the Panther Branch watershed; for example, the observed peak
mass flow of suspended solids at Station D-10 was three times
the peak mass flow computed from loading rates derived at Sta-
tion P-30. Also, the areas already developed have not been
stabilized - when rainfall intensities are sufficiently high,
even the freshly sodded areas will erode severely; consequently,
the loading rates for developed and construction areas in the
Swale 8 watershed were much closer than expected. At Station
D-10 the suspended solids loading rates from developed areas
were 82% of the rate from construction areas. The same ratio at
Station P-30 was 78%. The relatively high rates for developed
areas indicate the severe erosion potential from recently devel-
oped areas. The results of modeling the storm of 4/08/75 for
Swale 8 are shown in Figures 61 and 62 and in Table 40. Predic-
tions based on loading rates determined for the 12/05/74 storm
at Station P-30 are also presented.

The EH&A version of the SWMM was also run for the two devel
opment conditions described earlier. The storm of 4/08/75 was
used to provide a basis for comparison between existing and
future conditions. The pollutant mass transport rates predicted
from future development are shown in Figures 61 through 66. As
anticipated, the modeling of Subcatchment areas 3, 4 and 5 as
construction areas changes the pollutant loads considerably; the
changes range from an increase of 77% for suspended solids to a
decrease of 8% for nitrates. After the construction phase of
development has been completed, the peak pollutant loads do not
decrease as may be expected, but the total pounds of pollutant
does decrease. These dramatic environmental effects of con-
struction activities are graphically illustrated in Figures 61
through 66 and listed in Table 41.
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One reason for the increase in peak pollutant mass transport
rates is the change in the runoff hydrograph. As seen in Figure
67, the hydrograph peak is increased by approximately 40%.
Another reason is the increase in the input loading rates as
listed in Table 39 for developed areas, which result in a
doubling of peak pollutant mass transport rates for COD, ni-
trates and phosphates. The 20% increase in the suspended solids
pollutant mass transport rate is a result of hydrograph modifi-
cation due to urbanization.

To determine the relative magnitude of pollutants at Station
D-10, a further investigation of water quality in Swale 8 was
also conducted. For existing conditions, equal pollutant loading
rates were applied to each land use area individually and then
together. This analysis provided an insight into the relative
pollutant generative capacity of each land use and also the ef-
fects of flow and pollutant routing in the SWMM. Both polluto-
graphs and pollutant mass transport rates were compared and as
shown in Figure 68 and Table 42, it is evident that any pollu-
tant is transported from the residential area at the highest
concentration and unit pollutant mass transport rate. The in-
Crease in imperviousness in an urban area is a major reason for
this increase because the runoff intensity is increased. Due to
the effect of drainage area and routing characteristics, the
results presented in Figure 68 and Table 42 apply to the Swale 8
watershed only. A similar analysis of another watershed should
be performed if this type of information is desired for that
watershed.

In summary, the EH&A water quality modeling version greatly
improved the capabilities of the SWMM. Water quality modeling
results are much more dependable and observed events can be ade-
quately simulated. Each of the storms used to test the new SWMM
version, and as described in this section, was selected to pre-
sent a range of flow, water quality and land use data; thus the
model was tested over a range of different conditions.
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RUNOFF HYDROGRAPHS
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SECTION 9
SUMMARY

This study has indicated the magnitude of environmental
impact by construction activity. The SWMM was used in an attempt
to model this impact and the resulting effort was only partially
successful. The need for further data accumulation was highlighted.
The need for specific data requirements was identified and estab-
lished, and a thorough review of the methodology and programming
for the SWMM was conducted.

Runoff quantity and quality from areas not served by combined
sewers can now be modeled by SWMM with a significant reduction in
input data requirements. The SWMM can now be used to determine
baseflow recessions, as well as to gquantify the effects of ground-
water depletion by urbanization. Generally the increase in base-
flow recession rates is directly proportional to groundwater
storage depletion by urbanization or other activity by man. The
SWMM can also be used to design and evaluate natural drainage
systems, and again the input data is significantly reduced. Only
a coordinate cross section description and the channel character-
istics are required.

A further development of the SWMM also allows for an evalu-
ation of the relative efficiency of economies between natural
and conventional drainage systems.

The porous pavement system model can assist in the planning
of urban development by determining the hydrologic response to a
design storm. The runoff rate and flow volume reduction can be
evaluated. Also, to quantify the effect of pavement clogging by
extraneous sources, the permeability and porosity of the pavement
or base may be reduced accordingly. The status of flow and
storage in the porous pavement system at all times, as shown in
Table 3, will indicate the efficiency of operation as well as
provide guidance in sizing the pavement and base thickness and
areal extent.

The model output can facilitate decisions to be made regarding
stormwater quality control. Porous pavement systems should be
designed to retain, as a minimum, the intial 30 percent of
runoff. Physical, chemical or biological treatment may be utilized
within the system or the stored stormwater can be pumped or
drained to a treatment plant when treatment capacity becomes avail-
able. The possibility of evaluating dilution effects on pollutant
concentrations in the stored stormwater needs to be investigated.
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A novel approach to water guality prediction has been devel-
oped. As more data becomes available, the predictive capabilities
of this method can be refined and specific pollutional char-
acteristics can be accentuated. The limited data at The Woodlands
and at Hunting Bayou indicate the strong potential for this type
of approach.

If the water quality relationships derived in this study are
comprehensively developed, and the data used are sufficient to
cover all types of land uses as well as geographical areas, then
the universalization of site specific data will be simplified and
the applicability of the SWMM will have been tremendously improved.
This remains as the best avenue for further research because of
the dual functions it serves - to improve definition of nonpoint
source water quality characteristics as well as to indicate the
transferability of data. It is suggested that new methads of water

quality prediction, such as the one developed during this project,
be given immediate attention.

The intensive construction activity throughout The Woodlands
for the duration of this project provided an insight to the ex-
treme pollutional loading, especially in suspended solids, that
a receiving water body experiences when soil is moved and drain-
age systems are altered even though the changes are minimal.

The desirability of porous pavement usage and natural drainage
system implementation has been established and the hydrologic
characteristics of these innovations have been sufficiently
quantified to allow their detailed design.

Water gquantity and quality from undeveloped areas (Station
P-10) were modeled very well by use of the SWMM. The relatively
low pollutant concentrations were well duplicated for most obser-
ved events even though the curb length for pollutant generation
is a calibrated parameter. The new natural section routine
facilitated input data preparation for the Transport Block.

The marked increase in suspended solids in the runoff from
developing areas proved to be difficult to model. The coeffic-
ients of the Universal Soil Loss Equation have to be calibrated
to model erosion; and more importantly, erosion from agricultural
areas 1s different when compared to erosion from construction
areas. Consequently, the SWMM could not be calibrated to model
erosion. The relative sucess on modeling the magnitude of
erosion by the modified method is inherent in the input data for
this method. The user selected loading rates are necessarily
high.

The most severely polluted runoff comes from urbanized areas
(Station H-20). The modified (EH&A) method was more accurate than

original SWMM to generate the high concentrations in this case.
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The lakes constructed in the Swale 8 watershed have performed
well their design function to retard excess runoff from urbanized
areas and to act as clarifiers for suspended sediment removal.
Although the lack of comprehensive data prevented a detailed
analysis of Lakes A and B, the inflow and outflow hydrographs
and pollutographs show how truly effective the lakes can be. It
is believed that Lake C behaves similarly, thereby compounding
the modeling problem but alleviating the problem of receiving
water pollution from construction activity.

Future development in Swale 8 watershed is not expected to
significantly increase the pollution transport rate from the
watershed. Of course the assumption is made that only natural
drainage systems will be constructed and the development plans
will not be altered.

The SWMM has undergone extensive evaluation and modification.
It has proved to be applicable in most areas; the only limit-
ations being areas with a transient land use and other areas
where extremely high suspended solids concentrations are generated.
The modifications to the SWMM have improved its capabilities
considerably. The model can be applied universally but the model-
ing results are highly dependent on the availability of local
data.
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