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8.00 MODELS AND MODELING

This chapter will provide the user with a basic understanding of runoff characteristics and flow-
routing procedures. These concepts provide the mathematical basis for many of the computer
models discussed at the end of this chapter. It is important to have a good understanding of
hydrological principles before attempting to use any computer models to design stormwater systems
and structures. All models have limitations and are designed for relatively specific application.

The guidance introduces the concepts of computer models and the types of models available. It also
describes criteria that can be used to select models that address a project’s particular needs, as well
as to consider in model-use-and-results analysis. Some models available for water quantity and
quality modeling are also discussed.

Computer modeling can be one of the more effective and efficient methods for predicting the
quantity and nature of runoff, and the effectiveness of best management practices (BMPs).
However, computer simulations and models have inherent limitations that users should be aware of
and should factor into their decision-making processes. Usually, the best source for finding model
limitations is the user manual, but sometimes this is not the case.
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8.10 MODELING CONCEPTS

What Is a Model?

The word “model” has many meanings. This is how Snyder and Stall (1965) defined “model”: “A
model is simply the symbolic form in which a physical principle is expressed. It is an equation or
formula, but with the extremely important distinction that it was built by consideration of the
pertinent physical principles, operated on by logic, and modified by experimental judgment and
plain intuition.”

A hydrologic model can be defined as a mathematical model representing one or more of the
hydrologic processes resulting from precipitation and culminating in watershed runoff. Hydrologic
models aid in answering questions about the effect of land-management practices on quantity and
quality of runoff, infiltration, lateral flow, both saturated and unsaturated subsurface flow, and deep
percolation.

Hydrologic models are planning tools that ask “what if”” questions (e.g., What would happen to the
water quality of a lake if the surrounding forest were partially cleared for an apartment building and
a golf course?). Traditional water-resource analyses of historic records are clearly inappropriate
planning tools in that kind of changing environment. Understanding the ways in which historic
patterns and trends should be interpreted, not as predictors of the future, but rather as baselines
against which the effects of changes can be compared, is essential for effective planning and
resource management.

Hydrologic models should be used with caution as stated by Artemus Ward (quoted by Burges,
1986), “It ain’t so much the things we don’t know that gets us in trouble, but it’s the thing we know
that ain’t so.” While models can be extremely useful in determining the effects of projects on water
quality and quantity, a model is most accurate when it is used with actual data and measurements.
Also, the more actual measurements properly applied to calibrate a model, the more accurate the
model will be.

Advantages of Models

Bross (1953) identified the following advantages of models:
* A model provides a frame of reference for considering a problem.
* Developing a model points out information gaps, and thus suggests needed research.

* A model brings out the problem of abstraction in complex systems, and uncovers questions that
might not otherwise be raised. It develops understanding.

* A model, once expressed, provides relatively easy manipulation of components and a basis for
comparison.

* A model offers a relatively inexpensive way to make predictions.
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Disadvantages of Models
* Most models are only effective under certain specified conditions (Chapman and Dunin, 1975).
* Models involve gross simplifications of the true physical system that they represent.

* Time scales are significantly compressed. Observations made over many years in the physical
system are reproduced in a much shorter period of time.

* Models use a number of mathematical or graphical representations to describe various
hydrologic and hydraulic concepts, each of which is considered to be relevant to the overall
hydrologic response of the catchment.

* Data inputs to the model usually apply to discrete time intervals and are not continuous.
Consequently, the model output is affected by the size of the time interval used for the input
data.

Selecting Models and Modeling Protocols

Hydrologic models can be used in two ways:
1. to assess the existing hydrology and water-quality conditions of a water resource, and

2. to predict future hydrology, which may develop as a result of changes in land use, climate or any
other physical alteration to the environment.

Models should be used with caution and within their span of applicability. Each model is developed
for a specific purpose with certain underlying assumptions. Precautions should be taken that these
assumptions are not violated. The end goal of a model is the successful prediction for the situation
in which it is to be used. The final test is a comparison of the model results with independent data.

Monitoring is always essential. Modeling can never replace monitoring. However, modeling is
usually an effective way to evaluate the nature of a problem. The data collected in monitoring can
help improve modeling predictions and development. Modeling is feasible only for evaluating
problems that are understood well enough to be expressed in concise, quantitative terms. As models
are developed to represent complex hydrologic systems, assumptions are incorporated in each
model. The equations and formulas used to represent a complex system are never complete, due to
the complexity of the system. In some situations, modeling may not be feasible or necessary.
Modeling a situation may help determine whether monitoring would be beneficial. Models are used
for analytical convenience. As tools for addressing hydrological questions, models do have
limitations.

The Process

The steps in developing a monitoring and modeling protocol are:
Determine the issues of concern (what you want to find out).
Determine the available data.

Determine the available analytical tools and methods.
Determine the project constraints.

Determine the additional data needs.

AN e

Determine the acceptable levels of assurance within project constraints. If assurance levels are
acceptable, proceed; if not, return to step 1.
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Model Selection

The following points should be considered when choosing a model:

*  What model is best for solving a particular problem in a particular location?
*  What are the data requirements for both model and problem?

*  What computer hardware and staff are required?

*  What documentation is available?

*  How much will it cost to apply the model?

* How accurate will the model be in representing the real world?

Basic Criteria for Evaluating Models (from Baker and Carder, 1976)

In selecting a model, one must consider (1) the ease of running the model and interpreting the
results, (2) availability of data, (3) availability of models, (4) applicability to land-use activities, (5)
applicability to broad geographic areas and (6) accuracy of prediction.

1. Ease of running the model and interpreting the results
» user friendliness by field-level user

e skills required

» case of interpreting results

* type of results displayed

e assumptions required by the model

2. Availability of data

* ability to use readily available or estimated data rather than exotic parameters
* ability to handle small and variable time increments

* ability to substitute data parameters

* kinds of input data needed

e data accuracy

e data resolution

3. Availability of models
* accessibility of system and support to train users

* cost to operate and number of runs needed to provide data necessary to make management
decisions
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4. Applicability to land-use activities

* ability of model to represent common alternative management activities
* sensitivity to change in management activities

* number of parameters predicted

5. Broad geographical areas
* ability of the model to operate in diverse hydrologic areas
» extrapolation of the model

6. Accuracy of prediction

* ability to predict relative change and absolute effects

* need to calibrate model

* ability to estimate recovery rates of various types of disturbances
* accuracy in predicting range of events (i.e., high and low)

» precision of the model’s predictions

* percent error between actual and predicted values for volumes, peak discharge and time to peak
for both water and sediment

Model Verification

A model should generally be verified by running the model against known conditions to compare
modeled versus monitored results. This type of analysis is much more difficult to do accurately than
it would first appear. Many modelers warn against this type of verification, stating that certain
models are better used for comparison projections than for finding exact values.

Monitoring error or interpretation of monitored data can be one of the main sources of error in model
verification. Rainfall can vary significantly within short distances, even fractions of a mile. If
monitoring stations do not cover the entire basin, assumptions must be made about the distribution of
rainfall in the basin. Grab samples do not show variability of concentration with flow unless flow
data are correlated with concentration and a significant number of samples are taken. Any averaged
or composited sample methods tend to miss the extreme events. Flow-weighted mean samples
depend on good sample values for each representative unit of flow. Small flow-measurement errors
or unrepresentative sample values can significantly affect any loading estimate.

The variation can be random or correlated with other factors. Flow almost always correlates with
loading. But concentration of a parameter may vary directly or inversely with flow. The
assumptions made about variability such as this can affect the model output considerably.

Random judgment errors or estimation errors can accumulate or cancel each other out with a
sufficient number of trials. Systematic errors, such as using the highest possible values, may be
desirable for “worst-case scenarios” but they also tend to multiply in an unrealistic manner if not
properly utilized.

Chapter 8 8.10-4 March 2000



This guidance is not a regulatory document and should be considered only informational and supplementary to the
MPCA permits (such as the construction storm water general permit or MS4 permit) and local regulations.

Sensitivity Analysis

Sensitivity analysis tells us how much the model changes the results when specific assumptions are
changed. Most models rely on hydrologic components, such as rainfall and runoff predictions.
These factors can be correlated to pollutant concentration, loading and expected treatment in
stormwater-treatment facilities. Even if the model is appropriate for the application, there may be
variables that must be estimated. For example, one of the primary variables, with regard to
hydrologic analysis, is the runoff coefficient utilized by the various models. The effect of changing
these variables can be significant especially when there may be a variety of possible future
conditions.

Analysis/Interpretation of Results

Clearly, the key task in any modeling study is the analysis and interpretation of the model outputs.

Since models are simply tools for a quantitative, systematic analysis of specific environmental
problems or issues, they do not provide simple “yes” or “no” answers to managers, regulators or
decision-makers. Rather, they usually provide detailed information about the expected response of
the system to a given perturbation in order that a more informed, objective decision can be made.
The computer output generated by a model must be analyzed and interpreted in a logical and
consistent fashion to answer the decision-maker’s questions, “What do the results mean?”” and “How
accurate and reliable are they?”

To understand the true meaning of modeling results within a decision-making framework, both the
assumptions of the analysis and accuracy of expectations (i.e., reliability) must be clearly defined.
Both of these considerations are difficult, if not impossible, to discuss in general terms without
discussing the specific characteristics of the particular model. However, assumptions usually are
included, and required, both in how the model is configured or designed and how it is applied. Thus, a
model may be used in many applications, with the same set of model assumptions common to all
applications, while the application assumptions may differ from one case to another. The decision-
maker or analyst must be aware of both kinds of assumptions and their associated limitations to
appreciate the validity of the modeling results.

The accuracy associated with the results of modeling studies depends on the model used, the
accuracy of the input data, the characterization of the environmental system being simulated, and the
expertise/experience and resources available to the model user. Decision-makers must understand
that all these factors determine the ultimate accuracy and reliability of the model results. Even under
the best circumstances, the model results should be considered estimates or approximations, since
the model itself is an approximation of a real environmental system.

This does not detract from the utility of models; it simply emphasizes the use of models as tools. It
is also a very valuable learning tool for understanding the critical factors that determine the behavior
of the simulated system. With this knowledge, the system can be better managed.

Most models are often more accurate in a relative sense, than in an absolute sense. That is, when
models are used to compare alternatives (such as management or control options), the relative
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differences predicted between alternatives are sometimes more reliable than an absolute value
predicted for any one alternative. Models are often used to evaluate these relative differences.

When absolute values are needed, such as when estimating the probable exposure concentrations of
a chemical needed for comparison with drinking water or health-effects levels, model results should
be supplemented with sensitivity and/or uncertainty analysis in order to analyze the potential “real-
world” variability about the model-predicted values. In other words, consideration of the uncertainty
of the simulated results is at least as important as are the results themselves in any decision-making
process.
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8.20 STORMWATER RUNOFF AND PEAK DISCHARGE

A wide variety of stormwater-runoff models exist. Quantity models vary from those that estimate
peak discharges for a single summer storm to those that provide continuous streamflow simulation
for months and years, summer and winter. This chapter outlines the basic components or processes
included in stormwater-watershed modeling and attempts to address assumptions associated with the
various processes. While stormwater models can be very useful in many situations, other methods,
such as gage data statistical analyses or peak discharge regression equations, should also be
considered.

Watershed or catchment runoff models combine various mathematical relationships representing
processes or components of the hydrologic cycle to simulate peak flows or flow hydrographs.
Measured data to varying degrees are used as part of individual components. Assumptions are made
by the model and modeler that dictate how well the simulated processes simulate the result to be
achieved. Errors associated with measured data will also impact the ability of the model to reliably
produce the desired simulation.

Federal agencies, such as the U.S. Army Corps of Engineers (COE), U.S. Department of Agriculture
Natural Resources Conservation Service (NRCS, formerly the SCS, or Soil Conservation Service),
the U.S. Environmental Protection Agency (USEPA) and the U.S. Geological Service (USGS) have
developed much documentation related to models, methods used and assumptions involved.
Documentation, technical publications and models are electronically available from agency Internet
sites: http://www.wrc-hec.usace.army.mil/ for the COE Hydrologic Engineering Center (HEC) and
http://www.wcc.nrcs.usda.gov/ for the NRCS National Water and Climate Center (WCC). Web
search engines can also lead the user to extensive documentation on models and their use.

General

Single-event rainfall-runoff models, such as TR-20 and HEC-1, simulate streamflow hydrographs at
locations throughout a watershed. These models are generally used to simulate the watershed-runoff
characteristics of a single-precipitation event of a specific frequency and duration.

Single-event rainfall-runoff models generally operate in the following manner: The precipitation
event is first described in terms of total volume, time and area of distribution. Losses, consisting of
interception and infiltration, are simulated and subtracted from the precipitation, resulting in direct
runoff or rainfall excess. Direct runoff is transformed into a direct runoff hydrograph usually by unit
hydrograph methods. Base flow is simulated and added to the direct runoff hydrograph, resulting in
the total runoff hydrograph. The total hydrograph is routed downstream through a reservoir or
channel reach, as needed to produce the downstream hydrograph. Hydrographs from smaller
watersheds are combined as needed to simulate the flow hydrograph at locations throughout the
watershed or basin.

Continuous models, such as SWMM or HSPF, continuously account in time for climate and
watershed processes, usually in a more comprehensive manner than single-event models.
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Precipitation

Whether it occurs as rain or snow, precipitation is the principal source of surface runoff in small
watersheds and is variable over time and area. The areal of distribution of the storm and the time
distribution of rainfall throughout the duration of the storm are two major factors, in addition to the
total amount, or depth, that affect the peak rate of runoff.

In calibration and especially in verification, assumptions made to distribute the measured rainfall
over the watershed and throughout the time distribution of the precipitation event may greatly impact
the simulation results. The farther the precipitation-monitoring station is from portions of the
watershed, the less likely the data from the station will adequately represent the depth or time
distribution that actually occurred in that portion of the watershed.

The storm line distribution can be thought of as a measure of how the rate of rainfall (intensity)
varies within a given time interval. For example, in a given duration of rainfall, a certain depth of
precipitation will have been measured or obtained from records. However, the intensity throughout
the entire period varies considerably and is not constant. When the intensity has not been measured
or is not available from records for the precipitation period, or duration, assumptions will have to be
made as to the variation in intensity. Generally, the greatest intensity is placed from early in the
storm to near the center of the storm period.

The size of the storm is often described by the length of time over which precipitation occurs (the
duration), the total amount of precipitation occurring (the depth) and how often this same storm
might be expected to occur (the frequency or return period). Thus, a 100-year, 24-hour storm can be
thought of as a storm producing the amount of rain in 24 hours with a 1% chance of occurrence in
any given year.

For design and analysis purposes, a design rainfall depth, duration and frequency are selected and
used in the model. The simulated hydrographs and the runoff results are generally assumed to have
the same frequency and duration of the design rainfall. Different duration events will generally
produce different runoff results and the modeler must assume which duration is appropriate for
design or analysis. Assumptions about the time distribution of these statistical events must also be
made. The COE and the NRCS have published procedures for developing synthetic time
distributions and incorporating them into analyses.

Losses

Losses are that portion of the total precipitation that does not contribute to runoff. Initial losses and
infiltration are principal losses subtracted from the total precipitation by typical single-event models.
Initial losses include water held in the vegetation canopy, water stored in surface depressions and
water lost to evapotranspiration. Infiltration includes gravity processes and capillary (suction) due to
soil characteristics. Land use, soil type and the hydrologic condition of the watershed at the start of
the storm are factors that impact the amount of losses. Continuous-event models tend to simulate
and account for infiltration and its impact on soil moisture and groundwater as opposed to
considering it a loss.
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1. Soil Type

Different soil types have different infiltration characteristics. Fine-textured soils, such as clay,
generally produce a higher rate of runoff than do coarse-textured soils, such as sand. In general, the
higher the rate of infiltration, the lower the quantity of stormwater runoff.

Soils have been divided into groups called “hydrologic soil groups” (HSGs) to describe their
potential to produce runoff. HSGs for various soils are identified in soil surveys published by the
NRCS. These groups are based on infiltration and transmission rates. Soils are classified into HSGs
to indicate the minimum rate of infiltration obtained for bare soil after prolonged wetting. The
infiltration rate is the rate at which water enters the soil at the soil surface. It is controlled by surface
conditions. The HSG also indicates the transmission rate — the rate at which the water moves
within the soil. This rate is controlled by the soil profile. Musgrave (USDA, 1955) first published
approximate numerical ranges for transmission rates shown in the HSG definitions.

The four hydrologic soil groups used in measuring runoff potential are:

Group A: Group A soils have low runoff potential and high infiltration rates even when thoroughly
wetted. They consist chiefly of deep, well- to excessively drained sands or gravels and have a high
rate of water transmission (greater than 0.30 inch per hour).

Group B: Group B soils have moderate infiltration rates when thoroughly wetted. They consist
chiefly of moderately deep to deep, moderately well- to well-drained soils with moderately fine to
moderately coarse textures. These soils have a moderate rate of water transmission (0.15-0.30 inch
per hour).

Group C: Group C soils have low infiltration rates when thoroughly wetted. They consist chiefly of
soils with a layer that impedes downward movement of water and soils with moderately fine to fine
texture. These soils have a low rate of water transmission (0.05-0.15 inch per hour).

Group D: Group D soils have high runoff potential. They have very low infiltration rates when
thoroughly wetted and consist chiefly of clay soils with a high swelling potential, soils with a
permanent high water table, soils with a claypan or clay layer at or near the surface, and shallow
soils over nearly impervious material. These soils have a very low rate of water transmission
(0-0.05 inch per hour).

Disturbed soil profiles

As a result of urbanization, the soil profile may be considerably altered and the listed group
classification may no longer apply. In these circumstances, use the following table to determine
HSG according to the texture of the new surface soil, provided that significant compaction has not
occurred (Brakensiek and Rawls, 1983):
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Table 8.20-1 Drainage and Group D Soils

Hydrologic Soil Soil textures ngehsoils in the list are in group D bgcause
Group of a high water table that creates a drainage
problem. Once these soils are effectively

A Sand, loamy sand or sandy loam drained, they are placed in a different group.
B Silt loam or loam For example, Ackerman soil is classified as
C Sandy clay loam A/D. This inslic‘:at‘es that the drained

, Ackerman soil is in group A and the
D Clay loam, silty clay loam,

undrained soil is in group D.

sandy clay, silty clay or clay

Consideration should be given to whether
heavy equipment has or will compact the soil significantly more than natural conditions; whether
much of the pervious area is barren with little sod established; and whether grading has mixed the
surface and subsurface soils, causing a completely different hydrologic condition. Any one of the
above can cause a soil normally in hydrologic group B or C to be classified in group C or D.

Partsch et al. (November-December 1993) found that the compaction of the soil significantly affected
infiltration amounts and patterns, sometimes more than 20 years after compaction had occurred. Pitt
(1994) observed significantly higher rates of runoff (sometimes as high as impervious surfaces) from
lawns, playfields and other areas with compacted soil. Site-specific infiltration data or conservative
estimates of infiltration rates should be used in urban areas.

Soil maps are extremely useful. However, soil types can be highly variable, especially in rapidly
developing urban areas where soils may be removed or otherwise disturbed by human activity.
Inspection by professionals and infiltration studies may be useful to verify the soil types related to a
specific watershed. Disturbed urban areas can have highly variably runoff rates in most soil types,
even after vegetation has been re-established.

2. Land Use (surface cover)

The type of cover and its condition affects runoff volume through its influence on the infiltration rate
of soil. For a given soil type, disturbed land yields more runoff than forests or grassland. This is
because the foliage and its litter maintain the soil’s infiltration potential by preventing the sealing of
the soil surface by the impact of the raindrops. Also, some of the raindrops are retained on the
surface of the foliage, increasing their chance of being evaporated back to the atmosphere. Some of
the intercepted moisture takes so long to drain from the plant down to the soil that it is withheld from
the initial period of runoff. Foliage also transpires moisture into the atmosphere, thereby creating a
moisture deficiency in the soil that must be replaced by rainfall before runoff occurs.

Vegetation, including its ground litter, forms many barriers along the path of the land, which slows
the water down and reduces its peak rate of runoff. Covering areas with impervious material reduces
storage and infiltration and thus increases the amount of runoff.

3. Antecedent Moisture Content

The soil moisture content also affects the runoff from a storm. Soil moisture may come from
precipitation, ground water movement, or previous runoff and infiltration. The infiltration rates and
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runoff rates of all soils are affected by climatic conditions, such as freezing. Regardless of this
hydrologic soil group, frozen soils can exhibit rapid runoff rates. Low soil temperatures typical of
the colder seasons decrease rates of infiltration and thereby increase the volume of runoff. Rains on
frozen ground may cause the largest runoff of the year.

4. Temporary and Depressional Storage

A considerable amount of surface runoff may be retained in temporary or depresssional storage in
wetlands or on very flat areas where ponding occurs, thus reducing the rate at which runoff will
occur.

Hydrograph Development

Unit hydrograph methods are generally used to transform the direct runoff volume into the direct
runoff hydrograph. Unit hydrographs reflect the time-distribution characteristics of flow movement
through the watershed or subwatershed. Unit hydrographs can be developed from stream gage data
if these data are available for the watershed. Watershed size and shape and land and channel slope
and length are characteristics that influence the size and shape of the unit hydrograph.

Time of concentration, lag time or travel time are key parameters used by these methods to shape the
runoff volume into a unit hydrograph characteristic of the watershed. Synthetic unit hydrograph
methods are available in most models and are commonly used in rainfall runoff modeling. SCS,
Snyder and Clark are typical methods in common use.

Time of concentration is the time that it takes water to travel from the most distant part of the
watershed to the point of interest. The time of concentration affects the peak rate of runoff and the
shape of the hydrograph. Hydrology textbooks describe several methods to calculate time of
concentration.

Base Flow

The streamflow hydrograph is usually comprised of both overland flow, represented by the direct
runoff hydrograph, and subsurface flow, commonly called “base flow.” It is dependent on the
hydrogeology in the vicinity of the stream and ground water levels at the time of the precipitation
event. While methods exist to estimate base flow from analysis of stream gage flow records, runoff
models use only very approximate methods to account for this portion of the total hydrograph. The
importance of this parameter is generally less when simulating large-storm events; however, it
becomes increasingly important as smaller-storm events are considered. It also can be a significant
consideration when calibrating and verifying with actual streamflow events.
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8.30 FLOW ROUTING

Flow routing is the technique used to simulate the changes that occur to a streamflow hydrograph as
it moves through a river reach or reservoir. The effects of storage and flow resistance of the reach
are reflected by changes in the shape and timing of the hydrograph as it moves from upstream to
downstream. As movement proceeds downstream, the peak is attenuated and the hydrograph shape
broadens. The basic premise used in any flow-routing procedure is that the total inflow is equal to
the total outflow plus the change in storage.

Flow routing can be grouped into two different types: lumped flow routing and distributed flow
routing. Lumped, or hydraulic routing, discretizes the system in the time domain (flow is calculated
as a function of time at one location), while distributed, or hydraulic routing, discretizes the system
in both the time and space domains (flow is calculated as a function of space and time throughout the
system).

Chow et al. (1988) presents a detailed discussion on the assumptions and methodology of reservoir
flow routing, which is summarized below.

For a hydrologic system, inflow, outflow, and storage are related by the continuity equation:

% =1(t)-0(¢) (Equation 8.30-1)

where: I = Inflow, [L*/T],
O = Outflow, [L*/T],
S = Storage, [L*/T]
t = Time

For a pond, the inflow hydrograph (/(?)) is known, leaving two unknowns in Equation 8.30—1:
outflow (Q(?)) and storage (S). Since it is not possible to solve this equation for outflow directly, a
function must be developed to relate inflow, outflow, and storage.

One of the more widely used methods for routing flow through detention or sediment basins is the
Level Pool Routing (also known as Modified Puls or Storage Indication Method). This flow-routing
procedure is based upon solving the continuity equation for small time steps. This method is most
commonly used for routing through a reservoir, lake, pond or wetland. It is less frequently used for
channel routing by assuming a series of small reservoirs that comprise the river reach.

In general, storage is a function of inflow, outflow, and the time derivatives of inflow and outflow.
The level pool routing method assumes that storage is a nonlinear function of outflow
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(Q) only, and can be applied to basins with an invariable relationship between outflow and

storage. Such basins have:

e ahorizontal water surface,

* apool that is wide and deep compared to the length of the pool in the direction of flow,

* alow flow velocity,

* an outlet with a fixed discharge for a given pool elevation, and

* an uncontrolled outlet or an outlet that is unmoveable (a weir) or held at a fixed position (dam
gates).

For a pond with a horizontal water surface, the outflow is a function of the hydraulic head above the
outlet, or the water elevation in the pond. Storage for such a pond is also a function of water surface
elevation, or depth of water in the pond. Combining these two relationships results in an invariable
function where storage is solely a nonlinear function of pond outflow, which is illustrated
graphically in Figure 8.30—1 and mathematically as:

S=f(0) (Equation 8.30-2)
o A
R,P
. . S
Figure 8.30-1 Invariable outflow—storage
relationship (adapted from
Chow et al., 1988)

It follows that the peak outflow (P in Figure 8.30-2) from such a pond occurs when the inflow
hydrograph intersects the outflow hydrograph, as the maximum storage occurs when the change in
storage with respect to time, or the first derivative of the storage function, is zero.

dS/dt=1t) — Q) =0 (Equation 8.30-2)
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Figure 8.30-2 Hydrographs for an Invariable
Storage Pond (adapted from
Chow et al., 1988)

Ponds with a variable relationship between outflow and storage tend to be long and narrow —
approaching the shape of a river or stream. The water surface profile of such a pond may be
significantly curved due to backwater effects. The retarding of wave propagation in the reservoir
from backwater causes the peak outflow of the reservoir to occur after the inflow and outflow
hydrographs intersect, as shown in Figure 8.30-3. Figure 8.30—4 illustrates that the backwater effect
results in a relationship between storage and outflow that is not single—valued, but exhibits a curve in
the form of a single or twisted loop, depending on the storage characteristics of the system. If the
backwater effect is not significant, and the graph of storage versus outflow results in a loop which is
fairly narrow in width, the loop relationship may be replaced with an average curve, which is
represented by the dashed line in Figure 8.30—4. This approximation will allow the use of the level
pool method of flow routing through the pond.
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Figure 8.30-3 Hydrographs for a Variable Storage
Pond (adapted from Chow et al.,
1988)

Figure 8.30-4 Variable Outflow—Storage
Relationship (adapted from

Chow et al., 1988)

The difference in shape of the inflow and outflow hydrographs shown in figures 8.30-2 and 8.30-3
is due to the effect of storage in the pond shifting the position of the centroid of the hydrograph.
Figure 8.30-5 illustrates the time of redistribution of the hydrograph, which is the shifting in time of
the centroid of the inflow hydrograph to the centroid of the outflow hydrograph from the effect of

pond storage.
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In a pond with a long axis in the direction of flow, the time for the flood wave to travel through the
pond may be of such duration that the centroid of the hydrograph may be shifted by a time period
longer than the time of redistribution. This additional time is illustrated in Figure 8.30—6 as the time
of translation, which does not change the shape of the hydrograph, but does change the position.
The total time of flood wave movement illustrated in Figure 8.30—7 is the sum of the time of
redistribution and the time of translation.

Q /Inflow

Outflow
A~ - \\
// \\ /
N\

=
~~~~

- 3

Time of redistribution

N
—_————————
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/

Figure 8.30-5 (adapted from Chow et al., 1988)

(—Y{ —~— t
T

ime of translation

Figure 8.30-6 (adapted from Chow et al., 1988)

March 2000 8.30-5 Chapter 8



This guidance is not a regulatory document and should be considered only informational and supplementary to the
MPCA permits (such as the construction storm water general permit or MS4 permit) and local regulations.

Q A /Inflow

/Outﬂow

|<—v> t

Time of flood movement

Figure 8.30-7 (adapted from Chow et al., 1988)

Level Pool Routing Methodology

The level pool routing procedures used to route an inflow hydrograph through a pond with a
horizontal water surface can be divided into two categories: graphical methods and tabular methods.
Graphical procedures are quicker and easier to execute by hand, while tabular methods are more
complex but are conducive to computerization. With the increase in power and availability of
personal computers, the tabular methods are replacing graphical methods as the commonly used
method of flow routing.

The graphical level pool routing method involves breaking the time horizon of the inflow and
outflow hydrographs into equal intervals of duration At (i.e., At, 2At, 3At, ..., jAt, (j+1) At, as shown
in Figure 8.30-8.
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Figure 8.30-8 Change in storage during level pool routing.

The continuity equation (Equation 8.30-1) is integrated over each time interval, which for time
interval j is:

Sj+1 (j+D) At (j+DH)At .
ds = I(t)dt - O(t)dt (Equation 8.30-3)
bt bt

The inflow and outflow rates at the beginning of time interval j are /; and Q;, while the inflow and

outflow rates at the end of time interval j are /;+; and Q;+;. By definition, the integral of a function is
the area under the curve of the function. Therefore, the area under the inflow hydrograph of the slice
in time from j to j+/ is the volume of inflow to the pond during timestep j. Likewise, the area under
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the outflow hydrograph of the slice in time from j to j+/ is the volume of outflow from the pond
during the timestep j. From Equation 8.30-3, it follows that the storage in the pond during timestep j
is the difference in volume of the inflow and outflow hydrographs shown as the cross—hatched area
in figure 8.30-8.

Assuming that the change in inflow and outflow over the timestep is linear (the cross—hatched area

in Figure 8.30-8 is a trapezoid), Equation 8.30-3 can be solved for the change in storage over the
time interval j by subtracting the area under the outflow curve from the area under the inflow curve:

(Equation 8.30-4)

;= Ij +Ij+1 At - Qj +2Qj+1 JAYS

Appreciable deviations from the linearity assumption require a shorter timestep.

In Equation 8.30-4, /; and /;+; are determined from the inflow hydrograph, Q; and S; are determined
in the previous timestep, and At is fixed. The variables remaining as unknowns are S;+; and Q.
With one equation and two unknowns, another function must be developed to relate outflow (Q) to
storage (S). By introducing a third variable — water surface elevation (H) — a graphical
relationship between outflow and storage can be developed.

Solving 8.30—4 for storage and outflow at the j+1 time interval gives:

28 28, ) .
[ A]t+1 +Qj+l) - (]j +If+1)+(TtJ_Qj (Equation 8.30-5)

By developing curves or tables which relate water surface elevation to storage and to outflow rate, a
subsequent curve or table can be constructed which relates outflow rate to the unknown term 25/A¢ +
Q. This process is illustrated graphically in Figure 8.30-9. The relationship between pond water
surface elevation and pond storage can be developed by digitizing curves of constant elevation of the
pond bottom from the topographic design plan for the pond. The rating curve for the pond outlet can
be determined from equations for standard outlets, such as culverts and weirs, or by direct
measurement. Direct measurement involves measuring the cross-sectional area of water flow and
flow velocity at the outlet utilizing a current meter for incremental water elevations.
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