HYDROGRAPH ROUTING

1. Introduction

A. Two Types of Hydrograph Routing
1. Storage or Reservoir Routing
2. Channd Routing

B. Resarvoir Routing is used to determine the peak-flow attenuation that a hydrograph undergoes
asit entersareservoir or other type of storage poal.

C. Input data needed for storage routing include the inflow hydrograph and reservoir characteristics
(storage and outlet facilities).

D. Channel Routing is used to andyze the effects of a channd on a hydrograph's pesk flow and
travel time.

E. Input data needed for channe routing include the inflow hydrograph and the channe
characterigtics

F. A typica highway gpplication of hydrograph routing is the design of culverts. The design
hydrograph is routed through the channd up to the stream crossing and then through the backwater
that forms upstream of the culvert. The pesk discharge, after the routing, may be used as the design
flow for the culvert.

2. Channd Routing

A. When a hydrograph travels dlong a channd, its features change as a result of the channd’s
resstance and storage characteristics

B. In abosence of other sgnificant inflows dong the reach, the peak flow is generdly
attenuated. This phenomenon is cdled diffusion and occurs in most natura channels

C. The time difference between the inflow and outflow pesksis a measure of thetravel timein
the reach



D. Given an inflow hydrograph and a channdl, the objective of channd routing is to obtain the
outflow hydrograph

B. The passing of aflood is essentidly awave traveling down the stream. Channel routing is
essentidly awave andyss.

3. Fundamental Equations

G. Computational methods are based on Principles of Conservation of Mass (Continuity
Equation) and Conservation of Linear Momentum Equations.

H. The Continuity equation expresses conservation of mass which states that the change in
dorageis equd to the inflow minus the outflow.
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Wheret isthetimein seconds and Sisthe sorage in cubic meters, which is the volume contained
between two sections of the channd. | istheinflow in cubic meters per second consisting of the
incoming flow and any other addition to the reach between the two sections (e.g., overland flow,
tributaries, and outfals). O isthe outflow in cubic meters per second which includes the outgoing
flow and any other water loss (e.g., infiltration through the channd bottom, diversions, and
withdraws).

l. The momentum equation, also cdled the dynamic equation, is the same as Newton's
second law which gtates that the change in momentum is equd to the sum of al the gpplied forces
on the control volume.

d(mv) _ SF
dt

Where m isthe mass (kg) and v the velocity (mv/s) of the water volume between the two channel
sections. The sum of the forces F includes pressure, friction, and gravity terms.

J. Routing involves the solution of the continuity and momentum equations after making some
assumptions to smplify the calculations
The origind Saint VVenant equations include the conservation of mass:
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and the consarvation of momentum:
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where

A = cross-sectiond areaof the channd, in square feet (ft2);

V = vdocity, in feet per second (fps);

x = distance dong channd, in feet (ft);

t = time, in seconds ();

g = acceleration due to gravity, in feet per second per second (ft/s);
h= water surface eevation, in fest;

S = friction dope, in ft/ft.

The equations are considered quas-linear hyperbolic partid differentid equations containing
dependent variables (V and h) and independent variables (x and t). Depth of water and channel
geometry combine to define channd cross-sectiond area. Friction dopeistypicaly defined by the
Manning or Chezy equations and is dependent on velocity and depth of water.

Smplifications and gpproximations of the Saint VVenant equations can be separated into four
categories. empirical, linearized, hydrologica, and hydraulic (Fread, 1985). Empirica methods are
based on alarge collection of observed data for a discrete reach of river and are only gpplicable for
the reach. Linearized methods smplify the Saint VVenant equations by neglecting nonlinear terms,

the remaining terms; using these assumptions, an anadytica solution can be obtained. Hydrologic
methods utilize the conservation of mass equation and a relationship between storage and

discharge. Hydraulic methods incorporate the conservation of mass equation and smplified forms
of the consarvation of momentum equation.

5. Empirical and Linear Models

This document focuses only briefly on empirica and linear methods, as their use is not as common
today asthe use of hydrologic and hydraulic methods.

Empiricad models are derived from observed flow and stage data collected from a discrete section
of ariver. It isessentid that the data include a range of flows from low to high to caculate an
accurate empirica relationship or routing coefficients. The most accurate results are obtained from
empirical methods when applied to dowly fluctuating rivers with negligible latera inflows and
backwater effects (Fread, 1985). The two most common types of empirical methods are Lag and
Gage methods.

Lag methods assume that average inflows occur a alater time further downstream. The Successive
Average and Progressive Average lag methods are the most common. The Successive Average
method assumes that outflow is based on a pecific number of averaged inflows within the reach.
Tatum (Fread, 1985) found that the number of successively averaged inflows is gpproximately
equd to two timesthe travel time divided by the length of the reach. Outflow is computed by:
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where n equas the number of successve averages within the reach. The routing coefficients C,

Co, ...Ch+1 can be caculated by trid and error using observed inflow and outflow hydrograph data.
The Progressive Average method also averages successve inflow values but lags them by the
travel time of the flood wave. By varying the period of the inflow flood wave, the resulting
caculated outflow hydrograph can be adjusted to match an observed outflow hydrograph.

The empirical relation that associates flow at a downstream section to an upstream section is
referred to as a gage rdation. Gage relationships typicaly involve both flow and stage vauesin
which laterd inflows and backwater effects are inherent. Lindey et d. (1949) reported that the
following two factors are critica to the success of the method: (1) latera inflow between the
upstream and downstream sections must be proportiona to the flow at the upstream section, and
(2) afixed time relation must exist between the peak flow at the upstream section and the pesk of
the inflow in the interjacent area. They concluded that if these conditions are not violated, the
method will produce accurate results. However, as actud conditions begin to diverge from these
requirements, a more elaborate and intricate relation may become necessary.

Linearized modds smplify the Saint Venant equations by neglecting or linearizing certain terms.
This enables the equations to be integrated and solved andyticaly. Typicd smplifying
assumptions include (Miller and Cunge, 1975):

1 The velocity head term, V(MV/MX), is considered negligible.

2. Cross-sectiond areais consdered to be constant, typically rectangular.

3. Channd bed dope is assumed congtant, often zero.

4, The friction dope term is linearized with respect to velocity and depth.

5. Thereisno laterd inflow.

6. The flood wave has a smple shape that can be expressed andyticaly.

Henderson (1966) relates through experimentation and experience that for steep dopesthe
V((MV/MX), MV/Mt, and MYMx terms can be omitted due to their rdative inggnificant vaues.
Henderson dso found that for very flat dopes the V(MV/Mx) and MV/Mt terms can be neglected but
the MV/Mx term cannot, Snce it may be of the same magnitude as &,. Although it cannot be
neglected, the MhWMx term may be linearized (Miller and Cunge, 1975).

Linear methods smplify the Saint Venant equations so that andytica solutions may be obtained.

However, the smplifying assumptions that are made impose grict limitations which may
invaidate the solution, and as a consequence, make the linear methods impractica for use.

6. Hydrologic M ethods
Hydrologic routing methods were developed as the need for amplified routing techniques became

gpparent. Hydrologic methods are based on the concept that inflow, outflow, and storage must
adhere to the conservation of mass principle, described by the following equation:
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I = inflow to thereach, in cfs,
9 = outflow from thereach, in cfs,

IS =changein storage within the reach, in cubic fedt,
Tt = timeincrement, in seconds.

Hydrologic methods can effectively reproduce flood flows when a storage-discharge relation is
caculated or routing coefficients are fitted to the storage-discharge relation. However, the
computed relation is typically single valued wheress the dynamic properties of a flood wave creste
alooped relation between storage and discharge. This is gpparent when considering thet the
transverse water surface dope and storage are greater during the rising stages of a flood wave than
during the fdling stages. Consequently, limitations to the methods exig; they include rivers with
sgnificant backwater effects, tributary inflows, and flat to mild channel dopes among others
(Bedient and Huber, 1992; Fread, 1985). Figure 1 depicts alooped storage-discharge relaion
(cdled hydteress)

6.1. Maodified PULS
Description of Method

Modified Puls routing utilizes the smple concept thet storage is a function of outflow. Correct
computation of the outflow hydrograph rests on the assumption that storage depends primarily, if
not soldly, on outflow rate. For this reason, Modified Puls routing is typicaly used for reservoir
routing where a unique storage-outflow relation islikely. Strelkoff (1980) stated that determination
of thisrelationship is akey factor in the gpplication of the Modified Puls method.

To perform the routing, a relationship between storage and outflow is calculated and plotted asa
curve. Thefollowing form of the continuity equation is then solved for each time step.
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Modified Puls routing proves vaid for reservoirs when the effects of aflood wave (differencesin

storage due to rising and falling stages) are dampened, if not diminated, by the reservoir. Modified
Puls can be used for channe routing in a smilar manner where each subsection of thereach is

conddered to behave like a cascading reservoir. Some error isinherent in this concept since storage
inariver reach isnot afunction of outflow done.

Assumptions

When using the Modified Puls method, it is assumed that a unique and single-vaued stage-storage-
outflow relationship exigts for each reach, and that changing downstream conditions will not dter
this rdationship.

Limitations

The method is not recommended for (1) channels with gradients less than 3 feet/mile, (2) reaches

with time varying downstream boundaries such astida influences; or (3) rgpidly risng flood
hydrographs such as dam breaks (HEC, 1990).



A report presented to the Army Corps of Engineers by Strelkoff (1980) suggests that great caution
should be used when applying the Modified Puls method to mild or flat dopes. Strelkoff found that
the storage- discharge relation was highly event dependent. Due to the flatness of the channel, he
determined that a substantial depth gradient is required to propagate the flood flow. Therefore,
during the beginning of flood inflow, alarge percentage of flow fills orage areas (floodplains)

until the depth gradient is attained. Small changesin outflow are observed while this is occurring.
As the flood wave moves downstream, the outflow increases markedly but little storage is added.
Thus, storage-discharge relationships cadculated by steedy flow profiles produce errors, which may
be severe when out- of-bank flows occur over wide flood plains. Cdibrated storage-discharge

rel ationships also produce errors because they force a Sngle-vaued relation and because each
event devel ops a different looped relation.

Data Requirements

The Modified Puls method requires either a known stage- storage- discharge relationship, or
hydraulic geometry data adequate to caculate this relationship for each reach. An appropriate
computation time step al'so must be selected, which requires an estimate of the travel time through
the reach.

Development of Equations

The heart of the Modified Puls equation is found by congdering the finite difference form of the
continuity equation (5) which may be written as:

|1+|2_01+02_Sz'81
2 2 Dt

After an dgebraic transformation, The above equation is written:

In the equation above, the |eft Sde isknown at a given time, while the right Sde isto be cadculated.
Basicdly, the solution to the Modified Puls method is accomplished by developing agraph (or
table) of O versus [2S/Tt + O]. In order to do this, the relationship between outflow O and storage
S must be known, assumed, or derived.

Use and Estimation of Parameters

The Modified Puls method is available in the HEC- 1 Flood Hydrograph Package. Another
common method of gpplying this method for river smulation isto use a combination of HEC-1
and the HEC-2 Water Surface Profile Program.

The HEC-1 program dlows the user to enter the storage- outflow relationships directly, or they may
be computed from eight-point cross-sectiond data provided to the moddl. If cross section data are
entered, the norma depth is calculated for each cross-section usng Manning's equation. The
danger in usng this method is that downstream effects cannot be taken into account for each cross-
section. Also, if this eight-point cross-section is not truly representative of the reach, then the

stage- storage rel ationships cannot be devel oped accurately.



Steady flow profile computations performed at varying flows can be used to smulate the cascading
reservoirs. Also, the relation for areach can be derived from observed inflow and outflow data
from that reach. When using the HEC-2 Water Surface Profile program in conjunction with HEC-
1, HEC-2 is used to cdculate water surface profiles for a series of flows. The outflow and Storage
for each reach is computed from the backwater computations. This table of information is then
written to afile which may be retrieved by the HEC-1 program. The HEC-1 program uses the
outflow and storage information developed by the HEC-2 program to develop the O -vs- [25/Tt +
Q] relationships.

Care should be taken when applying this method and selecting the time increment, ddtat. The
deltat timeincrement should be less or gpproximately equd to the travel time through the reach.
Criteria have been devel oped regarding the number of reach subsections and the routing time step,
ddtat. Typicdly, reach length, average channel velocity, and time interval determine the number
of reach subsections (Hydrologic Engineering Center, 1990a). Brunner (1992) datesthat the
number of steps (reach subsections) affects the attenuation of the hydrograph and should be
obtained by cdibration. Maximum attenuation occurs when channd routing is performed in one
step. Conversely, hydrograph attenuation decreases as the number of routing steps (reach
subsections) increase. The routing time interval can be estimated as 20% of the time to rise of the
inflow hydrograph (Hydrologic Engineering Center, | 990a).

6.2. The Muskingum M ethod

A. This method ignores the momentum equation and is based solely on the continuity
equation. The method is applicable to diffuson waves

B. The pesk is attenuated as aresult of diffuson caused by storage effects. The storage is
assumed to be given by

Q=xl+(1- x)O

S=KQ

Where K isthe travel time in seconds between the two channel sections, and X is adimensionless
factor between 0.0 and 0.5 that weights the influence of the inflow and outflow hydrograph to the
storage within the reach

C. If x = 0.5, the storage depends equally on inflow and outflow. If x = 0, the storage depends
only on the outflow, asin the case of alarge body of water such as a reservoir

D. Subdituting the storage equation into the continuity equetion yieds

02 :COIZ +C1|1 +C201



where:

] Kx- 0.5Dt
K - Kx+ 0.5Dt

0

_ Kx+05Dt
K - Kx+0.5Dt
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C = K- Kx- 0.5Dt
2 K- Kx+0.5Dx

and the sum of al coefficientsis 1.

A. Themos critical part of the calculation is to estimate suitable values of K and x. These values
should be obtained by cdibrating to available sets of measured inflow and outflow hydrograph
data for the channd reach. If thisis not possible avaue x between 0.2. <x < 0.5 is
recommended

B. Once K and x are known for a channel reach, the computationa procedure to obtain the
outflow hydrograph is asfollows:

Discretize the inflow hydrograph in time increments of ddltait

Cdculate the three coefficients

Use the Muskingum equation to compute the outflow hydrograph at the end of the
channd reach

4, Repeat step 3 until the end of the inflow hydrograph has been reached

6.3. Muskingum-Cunge M ethod (Diffusion Waves)

A. Most flood waves experience attenuation and are better approximated by diffuson waves
rather than by kinematic waves

B. The momentum equiation takes into account the dope of the water surface alowing
nonuniform flow to take place in the channd. The governing equation can be written as
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Where q is an average discharge per unit channd width (mf/sec) and dll other variables are as
defined previoudy

C. A diffusion wave should satisfy the following inequality
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Wheret; (seC) isthe time-to-peak of the inflow hydrograph, S the channd dope, d, the average
flow depth in meters, and g the gravitational constant equal to 9.81 m/s?.

D. Computationa method for diffusion waves is the Muskingum- Cunge method:
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E. Theform of the routing equation is the same asin the form of the Muskingum method; only the
definition of the coefficientsis different

F. The celerity cis based on the peak flow
G. In the Diffusion coefficient D, g0 is areference flow per unit width (nm/s/m), for instance, the
average flow divided by the average width. The flood wave is consdered to be a perturbation with

respect to this reference discharge

H. Optimd results are obtained if C is close to and not greater than unity, and if the sum of C and
D is greater than 1. In addition t./Tt should be greater than 5



J. The Muskingum method is a specid case of the Muskingum Cunge method. Unlike the
Muskingum method, the Muskingum- Cunge requires minima streamfiow data

K. The kinematic wave method is identica to the Muskingum- Cunge method when D=0

7. Hydraulic Methods

Hydraulic routing employs the full dynamic wave (S. Venant) equations. These are the continuity
equation and the momentum equation, which takes the place of the storage-discharge relaionship
used in hydrologic routing. The equations describe flood wave propagation with respect to distance
and time. Henderson (1966) rewrites the momentum equetion as follows.
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where

St = friction dope (frictiond forces), in ft/ft;

S, = channd bed dope (gravity forces), in ft/ft;
Second term = pressure differential;

Third term = convective accdleration, in ft/sec?;
Last term = local acceleration, in ft/sec®

Henderson a so writes the continuity equation as follows:

Aﬂ +VB&+ Bﬂ =q

X qIx qit

The description of each term:
AMV/NX) = priam sorage
VB(My/Mx) = wedge storage
B(My/Mx) = rate of rise

Q= laerd inflow

The full dynamic wave equations are considered to be the most accurate solution to unsteady, one-
dimensiond flow but are based on the following assumptions used to derive the equations
(Henderson, 1966):

1 Veocity is congtant and the water surface is horizontal across any channel section.

2. Fows are gradudly varied with hydrogtatic pressure prevailing such that vertica
acceleration can be neglected.

3. No laterd circulation occurs.

4, Channd boundaries are consdered fixed and therefore not susceptible to eroson or
depogtion.



5. Water dendity is uniform and flow resstance can be described by empirica formulas
(Manning, Chezy)

Solution to the dynamic wave equations can be divided into two categories: approximations of the
full dynamic wave equations, and the complete solution.

The three most common approximetions or smplifications to the full dynamic equations are
referred to as kinematic, diffusion, and quas-steady models. They assume certain terms of the
momentum equation can be neglected due to their relative orders of magnitude. Thefull
momentum equation is
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Kinematic and diffuson modes have found wide gpplication and acceptance in the engineering
community (Bedient and Huber, 1988). This acceptance can be attributed to their application to
mild and steep dopes with dow rising flood waves (Ponce et a., 1978). Henderson (1966)
supported this by computing vaues for each term in the. momentum equation. He found that the
last three terms of the momentum equation are two orders of magnitude less than the channd bed
dope vaue and therefore are negligible for steep dopes.

7.1. Kinematic Waves
A. The kinematic wave method assumes that the motion of the hydrograph aong the channd

is controlled mogtly by gravity and friction forces. Therefore, uniform flow is assumed to teke
place. The momentum equation becomes a wave equation

Where Q isthe discharge, t the time, x the distance aong the channel, and ¢ the cdlerity of the
wave (speed).

B. A kinematic wave travels downstream with speed ¢ without experiencing any attenuation or
change in shape. Therefore, diffusion is absent.

C. Kinematic wave behavior can be assumed if

Wheret; isthetime-to-peak of theinflow hydrograph, and the other terms are defined as before.
D. Kinematic waves are likely to occur in stegp channels and with long duration hydrographs

E The outflow equation can be discretized in time and space to yield
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F. From the Manning formula, the cderity speed, ¢, in awide channd is

C=(5/3V

G. If the channd cannot be considered wide, the celerity is given by (dQ/dy)/T where T is the top
width of the channdl, y is the stage or depth, and Q is the discharge. Therefore, dQ/dy is the dope

of the rating curve.

H. Cisthe Courant number. The distance and time steps deltax and deltat must be selected such
that C isequd to unity. Otherwise, numerica errors may result

|. The routing equation has the same form as in the Muskingum method. The definition of the
routing coefficients is different for each method.

J. The computationd procedure is as follows:

1 Discretize the channd reach according to a chosen Tx and determine the initia flow
conditions

2. For every spatid interva, use Manning's formula to estimate the flow velocity V and
caculate c as5/3V

3. Set C=1 and calculate Tt from the Courant relationship for al spatid intervals

D[:%
C

sdlect Tt asthe minimum of al spatid intervalsin each reach

4. Cdculae the coefficients



5. Use the routing equation to compute the outflow hydrograph at the next time step for al
goatid intervas

6. Repest al the seps until reaching the last time step

7.2.  TheModified Att-Kin Method

A. The attenuation-kinemétic (Att-Kin) method is a combination of the storage indication
method (reservoir routing) and the kinematic wave methods

B. The hydrograph isfirg routed through areservoir assuming that the outflow is proportiona
to the storage. The resulting outflow hydrograph is then trandated using kinematic wave principles

C. The storage routing portion adlows for attenuation and trandation. Kinematic routing
trand ates the outflow hydrograph but does not attenuate the pesk.

D. The time of occurrence of the pesk coincides with the maximum storage in the channd
reach.

E Thismethod is used in the TR-20 and TR-55 methodol ogies of the SCS (Now the Natural
Resources Conservation Service (NRCYS))

F. Stepsin Storage Routing - STEP 1

1 The continuity equation is descretized as

| _02'01_82'81
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Where delta represents atime step, subscript 1 denotes vaues at the beginning of the time step and
subscript 2 indicates vaues at the end of the time step

2. Substitution of S= KO leads to
Oz = lel + (1' Cm)ol
Where

2Dt
2K + Dt

m

3. The coefficient K isthe wave travel timein thereach andisdefined asK = L/c

4, L isthe channd reach length, ¢ = my the cderity of the wave, v isthe mean velocity, and m
is related to the rating curve of the cross section

Q=xA"



5. Logartithmic linear regression can be performed on discharge versus area data to determine
xand m

6. In the absence of data, m can be assumed equa to 5/3, and

Sé/Z

X= nP2/3

Which gems from Manning's formula for a channd with &, roughness coefficient n, and
wetted perimeter P

G. Kinematic Wave Trandation - STEP 2

1 After the storage routing is performed, the kinemétic trave time is estimated from

Q(l/m—l) (I /O )l/m _ 1
Dtp + p1/m L( : -
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Where |, isthe pesk inflow and Oy, the pesk outflow

H. The computationa procedureis asfollows:

1. Determine x and m from the rating curve for representative cross section

2. Cdculate K and Cp,. Select ddltat such that C,, less than unity (preferably Cr, <= 0.67)
3. Perform storage routing

4, Calculate ddltat, and compare with the time difference between inflow and outflow pesks
Ttps

5. If Tty <= Ttps trandate the outflow hydrograph by Tt, - Tt,s. Otherwise, the hydrograph
daysthe same

Table Summary of Features of Channd Routing Models

1 In practice, acomputer model such as TR-20 or HEC-1 will be used to solve problems

involving routing. TR-20 utilizes the Att-Kin method only for channd routing. The HEC-1 mode

offers severa choices.

2. The best hydrologic routing procedure is the Muskingum-Cunge because it includes both
the Muskingum and kinematic wave festures.

7.3.  Diffuson Wave Routing

Description of Method



The diffusion wave gpproximation includes the pressure differentia term but till consdersthe
inertid terms negligible; this condtitutes an improvement over the kinematic wave gpproximetion.
The diffuson wave gpproximetion is shown below.
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The pressure differentid term dlows for diffuson (attenuation) of the flood wave and the inclusion
of adownstream boundary condition which can account for backwater effects.

Assumptions

The diffusion wave method is based on the assumption thet the inertid termsin the momentum
equation are negligible. Thisis gppropriate for most natural, dow-rising flood waves but may leed
to problems for flash flood or dam bresk waves. The assumptions common to al hydraulic routing
methods (one-dimensiond flow, stable channel, and congtant density) apply to this method.

Limitations

Since theinertid terms are not included in the gpproximation, the method is limited to dow to
moderately risng flood waves (Fread 1982). According to Brunner (1992), most naturd flood
waves can be described with the diffusion form of the equations. However, Lettenmaier and Wood
(in Maidment, 1992) recommend limiting the method to rivers without significant backwater

effects and with dopes greater than 0.05.

Data Requirements

Diffuson wave routing is not supported by the HEC-1 mode but is supported by some dynamic
routing models such as NWSDAMBRK/FLDWAYV. The data requirements are smilar to those for
full dynamic modes (see below), including cross sections, dope, and hydraulic roughness of the
channel and overbank.

Development of Equations

The diffuson wave method combines the continuity equetion.

Use and Estimation of Parameters

Diffusion wave routing is accomplished by combining and solving equations. Manning' s equiation

is used to estimate the friction dope &. Therefore, the channd must be described as a series of
cross sections that adequately describe the hydraulic character of the entire flow path, including
dope, geometry, and roughness.

7.4.  Quasi-Steady Dynamic Wave Routing

Description of Method

The quas-steady dynamic wave approximation method incorporates the convective acceleration
term but not the local acceleration term, as indicated below:
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In channd routing cal culations, the convective acceleration term and loca accelerdtion term are
opposite in Sign and thus tend to negate each other. If only oneterm is used, an error result which
is greater in magnitude than the error created if both terms were excluded (Brunner, 1992).
Therefore, the quasi-steady gpproximation is not used in channd routing.

7.5. Complete Hydraulic Models (Fully Dynamic Routing)
Description of Method

Complete hydraulic modds solve the full Saint Venant equations smultaneoudy for unsteady flow
aong the length of a channd. They provide the most accurate solutions available for caculating an
outflow hydrograph while consdering the effects of channd storage and wave shape (Bedient and
Huber, 1988). The models are categorized by their numerica solution schemes which include
characteridtic, finite difference, and finite d ement methods.

Characteristic methods were used for early numerica flood routing solutions based on the
characterigic form of the governing equations. The two partid differentia equations are replaced
with four ordinary differentia equations and solved aong the characterigtic curves (Henderson,
1966). The four equations are commonly solved using explicit or implicit finite difference
techniques (Amein, 1966; Liggett and Woolhiser, 1967; Baltzer and Lai, 1968; Ellis, 1970;
Strelkoff, 1970). Bed ient and Huber (1988) state that characteristic methods incorporate
cumbersome interpol ations with no added accuracy compared to the finite difference techniques.

The finite difference method describes each point on afinite grid by the two partid differentia
equations and solves them using either an explicit or implicit numerica solution technique.

Explicit methods solve the equations point by point in space and time dong one time line until dl

the unknowns are eva uated then advances to the next time line (Fread, 1985). Much research has
been performed on thistopic (Garrison et d., 1969; Liggett and Woolhiser, 1967). Implicit

methods smultaneoudy solve the set of equationsfor dl points dong atime line and then proceed

to the next timeline (Liggett and Cunge, 1975). Again, this topic has been well researched by

Amein and Chu (1975), Amein and Fang (1970), and Fread (1973aand 1973b), among others. The
implicit method has fewer gability problems and can use larger time steps than the explicit

method.

Finite dement methods can be used to solve the Saint Venant equations (Cooley and Mom, 1976).
The method is commonly applied to two-dimensona modes.

Assumptions

The assumptions given above for dl hydraulic models (one-dimensond flow, fixed channd,
congtant dengity, and resistance described by empirica coefficients) gpply to dynamic routing. It is
als0 assumed that the cross sections used in the modd fully describe the river’ s geometry, storage,
and flow resstance.

Limitations



The mgor drawback to fully dynamic routing modelsis that they are time-consuming and data
intengve, and the numerica solutions often fall to converge when rapid changes (in time or space)
are being modeled. This can be addressed by adjusting the time and distance steps used in the
model; sometimes, however, memory or computationd time limits the number of time and distance
seps that may be used. Additiondly, fully dynamic one-dimensiona routing models do not
describe stuations (such as lakes and mgor confluences) where laterd velocities and forces are
important.

Data Requirements

The accuracy of the mode depends on the detail and accuracy of the river geometry that isinput to
the modd (as well as the choice of gppropriate time and distance steps). Input data for each cross
section must describe channel dope and geometry; overbank storage; natural and man-made
condtrictions (such as bridges); channe and overbank roughness coefficients, and laterd inflows or
outflows. In addition each modd needs upstream and downstream “boundary conditions’ - usudly
aflow hydrograph at the upstream end and some form of stage-discharge relationship at the
downstream end.

Development of Equations

Dynamic routing modds use finite-difference versons of the full . Venant equations. This
produces a set of Smultaneous equations for each distance and time step, which are solved by a
variety of techniques in different models.

Use and Estimation of Parameters

The hydraulic input data needed in a dynamic routing mode! is usudly determined from a
topographic map or surveyed river/valey cross sections. Any other specia hydraulic conditions
(upstream, downstream, or internal boundary conditions such as dams or waterfals) must dso be
identified and described as arating curve or fixed stage or flow hydrograph.

The sdlection of computationa time and distance stepsis critical to the accurate solution of the
equations and to the numerica gability of the solution technique. A commonly cited guiddineis
that the wave speed ¢ should be greater than the ratio of modd distance step to time step.

8. Discussion of Routing methods

Routing method accuracy and gpplication depends on basic assumptions inherent in the method.
Researchers have performed studies trying to determine which routing method is best suited to a
certain routing Stuation. Strelkoff (1980) compared the kinematic modd, diffusion modd, and
modified Puls method with the complete Saint Venant equations as a basis for comparison.
Floodplains, smple channels, and downsiream boundary conditions were considered in the study.
He found that the diffuson model produced results most comparable to the Saint Venant equations.
The other methods produce acceptable results under certain conditions, as described in the
preceding sections.

Using aone-dimensiona unsteady flow modd, UNET, as abasis, Brunner (1991) compared results
from the Muskingum, Modified Puls, Muskingum-Cunge, and kinematic wave methods to those
from UNET. Hypothetical river reaches (prismatic channels) and hydrograph data were used.
Brunner determined that the hydrologic and hydraulic models tested are generaly gpplicable for



channd dopes greeter than 10 feet per mile (ft/mile). However, the hydrologic modestypicaly
faled when modding dopes of 2 ft/mile or less. According to Brunner, the Muskingum-Cunge
method was the most religble of the hydrologic methods sinceit is partidly derived from the
momentum equation. He concluded that for dopes lessthan 2 ft/mile, only the full unsteedy flow
model should be used.

Long (1992) compared the Muskingum, Modified Puls, Muskingum-Cunge, modified attenuated
kinematic wave, and variable travel time methods with the complete Saint Venant equations. She
used two prismatic channd s incorporating overbank storage and no overbank storage in addition to
three different hydrograph types. Long found the Muskingum method produced the most
comparable results to those of the Saint Venant equations with respect to peak flow, timing, and
volume.



