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ABSTRACT)

The standerd kinematic wave [(KW) method used in many models for open channel flow routing of runoff

hydrographs in watershed models is examined as to the significance of the computational errors due to numerical-

diffusion and the selection of computational effort.

It is shown that a wide range gf results are possible from a «W
madel depending on the cholce of computaticnal reach length and timestep zize used in the KW approdimation,

If Come

parison, the simple convex hydrologie routing method demonstrates only a small fractlon of the variation in results

demonstrated by the KW model.
reconsidered.

INTRODUCTION

Models of watersned runoff typleally include a submodel
for approximating the effects of unsteady flow in open
channels {i.e. channel touting) for routing computed
runoff through a chapnel reach. The various methods
used to approximate the unsteady flow routing process
can be grouped primarily into two categories: hydraulie
routing methods which approximate the governing flow
equations of continuity, energy and momentum; or hydro-
logic routing methods whilch Tepresent the effects of
translation and channel storage on the inflow runoff
hydrograph. By far, the most popular hydraulic method
used in watershed models is the kinemstic wave epproach.
One of the most pepular hydrologic channel routing
madels is the convex method.

In this paper, the standard kinematic wave touting
method is compared to the standard convex routing method
such as described and employed in the HEC~1 Kinematic
Wave [KW) program (HEC 7TD-1, 1579) and the 5C3
engineering Handbook (1972), respectively. Several
watershed models use the Kw method for channel routing
such as used in the HEC-1 program and, therefore, the
resulfs of this study apply to KW programs in gemeral.
The focus of this paper Is not toward the accuracy of
either routing method in the approximation of flow
routing effects but rather the computational errors that
are associated to either methpd. It is shown that
except for those cenditions where there is no atte-
nuation or subsidence of the runoff hydrograph peak
flowrate due to channel storage effects and where-the
inflow hydrograph includes a mild rising and falling
limb, the KW model exhibits significant computational
error and mumerical-diffusion effects which depend on
the user-specification of the «¥ modeling reach length
and timestep sizes. In comparisan, however, the simple
conwex hydrologic routing method shows only a small
fraction of the irregularities associated with the KW
modeling results.

It Is recommended that use of the KW method for chanmnel routing in watershed models be

As a result of the identified inconsistencies, use of a
KW model to approximate channmel routing effects may be
questionable for both hydrologic design studies where
there is no model calibration, and for watershed model
callbration studies where the errors in the KW channel
routing wodels is accounted for in the watershed model
wy modifying the rumoff hydrograph subarea generator
parameters (e.g. modifying the overland flowplane rough-
ness factors,)

BACKGROUND

use af the KW channel routing technigue is popular among
magriy 0f the watershed models developed during the last
decade. (To aveid confusion, the KW routing methed is
defined to be the technigue described in the HEC TD-10,
1579. ) However, the literature contains severzl
exanples of kW channel routing perfarmance which indi-
cate that this procedure may be of iimited value In com-
parison to other methods. For example, Akan and Yen
(1961) show that their comparisons of KW routinmg results
to the diffusion and fully dynamic computational solu-
tions indicate that the KW peak flowrate estimates and
nyorograph Liming differ significantly from the other
comparable modeling results, Similar results were
cbtained by Katapodes and Schamber (1983) which
demonstrate the significant errors developed from the KK
flow routing approximation. In s test of the perfor-
mance of KW models where the standard Ke model IS
“corrected” for dynamic Touting effects, Weinmann and
Laurenson  (197%) demonstrate the significant errors
developed from the standard KW approach.

The source of the KW routing errprs can be grouped 1nté
twe categories: (1) error in the W# model fundamental
assumptions, and (2) computational errors from the
finite.difference numerical sclution of the KW approach.
Typically, both errors are “seen" together and co™
perisons are reported in the literature which do not
isplate the twe sources of error. For example, Doyel et
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g3) write that "It has been shown repeatedly Iin
ating applications that the kinematic —wave
{mation always predicts a steper wave with less
aprox ion and attenuation than may actually oecur.
1y speaking, however, the KW does nat atternuate
« flowrate; that is, modeled atter_:uation of the
raph peak flowrate Is under most circumstances a
t of the computational errors in appmx}mat}'ng the
flow equations.  Ponce et al (1978) write " ...the
W atic model, by definitlon, does not allow for
kil1&"“'1;_1|sr:t:e.‘." In consideration of solving the KW flow
5“bsiigns by using the method of characteristics,
Bqualkgrf (HEC Research Document No. 24, 1980) wrifes
SLr? W kinematic waves can attenuate under certain

ditions. Such attenuation is enhanced by overflow
'?020 flood plains, but can occur when kinematic shocks
o distinguished from bores) are formed in the channel
g?stne intersecticn of the characteristics.”

10

erefore, attenuation of the hydrograph peak flowrate
n n using the KW technique is gsentially the result of
m:putational errors including numerical-diffusion, and
cot due to the application of the KW flow egquations.
?ﬁis paper focuses on the magnitude and significance of
these computational errors as produced by the well-known
HEC-1 KW program. In this way, the second category of
arrors assaciated with the KW method are evaluated. The
first category of W errors (i.e. the appropriateness of
the use of the W flow equations) 1s essentially
addressed by the statemnt In ti et al {1975} "The limi-
tations of this new method are inherited from the
restriction resulting from the klm_ematic: wave agproxima-
tion. That is, local and convective accelerations must
pe negligible, and the water “surface slope is nearly
equal to the channel bed slope.

sTUDY PROCEDURE

The reported difficulties in the referenced KW model
were Investigated during the course of a study to eva-
luste the accuracy of hydraulic and hydrgiogic channel
routing models. During the course of that study, the
significance of the KW computational errors were eva-
luated and then separately studied to identify the
implications, if any, in the use of a KW channel routing
model in a hydrologlc model setting.

several test cases were considersd involving vgrious
rectangular channel reach lengths, slopes, frictlon
coefficients and base widths. In all cases, a runoff
hydrograph shape typlcal of those anticipated for flood
control studies was used. Use of a more pealged runoff
hydrograph worsened the computational errors jdentified
for the set of test cases reported upon in this paper.

Each test case involved a total channel lengtn of _25,000
feet. Throughout the length, all channel properties are
held constant. The inflow hydrograph was then routed
through the channel uslng various {constant) channel
segment (Ax) and timestep (At) sizes in the KW model.
The canvex method was then applied to the same problem
conditions using identical channel segment sizes used
for the KW model test, but with a constant timestep size
of 5-minutes.

In the following are presented the set of test re?ults
involving the rectangular channel of 40 feet base width,
a bottom slope of 0.0010, and a Manning’s friction fac.
tor of n=0.050. In this test, the largest magnitude of
eomputational error was noted for the set of tests con-
sidered in our study.

Typically, depending on hydrograph shape, the "slower™
the flow velocities the more significant the computa-
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tional errors. However, for steep or peaked hydro-
graphs, the errors were of the significance reported
herein. It is repeated that the errors reported herein
are due to computational errors such as numerical dif-
fusion, and not due to the model’s underlying assump-

tions as to hydraulics of the flow, It is alsgo noted

. that although the HEC-1 KW model is used for KW modeling

purposes, other similar KXW models will also exhibit the
properties described herein. The HEC-1 KW model is used
for KW routing demonstration purposes only, and because
this particular KW model is well-known and is one of the
wost frequently used KW model programs.

CASE STUDY RESULTS

In HEC.1, the program selects Ax on the basis of At, ar
At is chosen on the basis of Ax. The routing reach is
always divided iInto at least two segments, so that the
maximum Ax is one-half of the reach length. Because the
Finite-difference solution used in the kinematic wave
routing eguations Introduces numerical diffusion into
computational results, noticeable differences in routed
hydrographs occur as At is varied in the reach. Table [
glves the results of routing a hydrograph (see the
inflew hydrograph shown in Fig. 2) through a 18,000 foot
long channel reach using various values of at.

TABLE Is 10,000-FDOT CHANNEL LENGTH
KW MODEL RESILTS
Qpeak Time of
At i outflow Peak
{Min.) (ft) (cfs) (hr)
L 2000 785 2.13
2 3333 705 2.17
3 5000 650 2.15
[ 5000 £58 2.13
] 5000 665 2.17
) 500G &ar7 2.10

The data in Tabkle @I indicate that as At gets smaller the
Ax value wused decreases such as to satisfy the well-
known Courant conmdition.  As Ats0, Ax+0 and Wpeak
(outflow) = Upeask {inflow} = 940 cfs (see Fig. 5) where
outflow and inflow indicate the corresponding runoff
hydrograph values. Hence, the KW model resulis vary
between 677 cfs and 940 cfs based on the selection of
the model’s computational effort to be used.

Figure 1 contalns KW model results for channel lengths
of L=5,000 and 10,000 feet for two modeling attempts
each, For L=10,000 feet, it is seen that depending on
whether Ax=2,500 or 5,000 feet, Hpeak (outflow) is 840
cfs or 680 cfs, respectively, Again, a smaller Ax would
result in a higher Upeak (outflow) until the 940 cfs
Upeak (inflow) value is reached.

Figure 2 shows the KW model outflow hydrographs for
various channel lengths L from L=0 feet (i.e. the inflow
hydrograph) to L=25,000 feet. In all cases, Ax = 2,500
feet and At = § min. Again, the Qpeak (outflow) values
of Fig. 2 would raise (or lower) should a smaller (or
larger) Ax value be specified In the KW model. This is
demonstrated by using a Ax = 500 feet and At = 2 mim.
such as shown in Fig. 3. Comparing Figs. 2 and 3 it is
seen that using more computational effort in the Kw
model (i1.e. decreasing Ax from 2,500 feet to 500 feet}
increases the E3;.:(aal< foutflow) and also changes the
hydrograph shape and time-to-peak.



Figure 4 summarizes the KW modeling results for the
total channel length of 25,000 feet. From the figure |

is seen that depending on whether 4 = 2,500 feet o
8,333 feet, Hpeak (outflow) 640 cfs or 400 cfs

Iespectively. Recalling the Fig. 3 value for L=25,00r
feet using Ax = 500 feet, Wpeak (outflow) = 800 cfs

Again, use of still smaller Ax would increase Qpea

{outflow) to the 940 cfs WUpeak (inflow) value.

Should the HEC-1 Kk model user input imput At, the
results of the L=25,000 feet case study vary according
to Fig. 5. Again, as Ats0, then Ax»0 and %peak
{outflow)+Epeak (inflow).

Figure & summarizes the HEC-1 KW channel routing Gpeak
{outflow]) values for various i lengths and for an input
At value of € minutes. Recalling that Upeak (inflow) =
940 cfs, the shaded area shown on Fig. £ is the KW Qpeak
{outflow) values possible depending on the Ax value
chasen.

The convex routing model was also used to approximate
the unsteady flow problems attempted by the KW model.
Typically, the convex model performed “poorest™ when the
K¢ model did and, therefore, examination of the com-
putational error for the same set of test problems
describred for the KW model is appropriate. Becsuse the
convex model demonstrated only a small fraction of the
variation in results that the Kw model demonstrated, the
convex modeling results are shown in tabled form.

In Table II are contained the Wpeak {outflow) values
from use of the convex model for the inflew hydrograph
of Fig. 2, and for various values of L. Three cases are
considered for Ax wvalues; namely, Q1 values indicate
three reaches composed of 2¢10,000-foot lengths and
1:15,000-foot lengthy Q2 values indicate 5:5,000-foot
lengths and @3 values indicate 25:1,000-foot lengths.
for all tests, a At of 5 minutes was used, Also
included in Table 2 is an additlional convex test case
for a different set of channel conditions which results
in considerably higher channel flow velocities. It is
readily seen that after 25,000 feet, the convex routing
method involves computationmal errors due to the selec-
tion of Ax values of the order of 5 percent.

Figure 7 summarizes the range of computational results
from the HEC-1 KW model {where the program selects the
computational parsmeters); the convex routing method
(for a constant timestep of S-minutes). The illustrated
range of channel lengths vary from 0 to 25,000 feet.
From the figure, the convex method shows a variation of
5 percent. In contrast, the KW model shows a variation
of over 130 percent for L=25,000 feet depending on the
Ax values selected,

Flgure B compares the KW produced ‘range of results and
the convex routing results for the fast-flow problem of
Table 1I.

COMPARISON TO DIFFUSION (ZERO INERTIA} MODEL

The next level of sophistication above the KW technique
is the zero inertia or the diffusion routing method.
Akan and Yen {1981}, Tingsanchall and Manandhar (1985],
Katopodes and Schamber (1983), Ponce et al (1978),
welmmann and taurenson (1979), Li et al (1975}, Doyle
et al (1%83), among others have shown the significant
improvement in computational accuracy using the dif-
fusion analog in comparison to the KW  technique.

Included in Table II are peak flowrate values at 500
foot intervals obtalned from a one-dimensional diffusion
model of the test infilow hydrograph for both the con-
sidered slow-flow and fast-flow problems., The diffusi-
model results are also plotted on Figures 7 and 8.
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From Figure 7, it appears that the lower cutve of values
associated to the Kw approximation are close to the dif-
fusion modeling results. However, it must be remembered
these KW results are strictly due to the algorithmic
errors  (numerical diffusion) in  solving  the  Kw
equations. Had the Kw eguations been sclved exactly,
then the top line (i.e. a constant ,:940 cfs) would be
the KW modeling results,

DISCUSSION OF RESWLTS

From the preceding results it is se¢ that the arbitrary
use of the Kw method to model unsteady flow in open
channels is subject to considerable serutiny due to the
potential wide variation in results possible by the
selection of Ax or at values. This "range of results"
impacts the wvery credibility in using KW for channel
routing hydrolegic models. A possible remedy in using
the standard KW gpproach (such as in HEC-1) may be to
require that all users choose Ax values sufficiently
small as to guarantee a good sclution of the KW assump-
tiony but in that case, Ypeak [outflow) = WUpesk (inflow)
due to the lack of subsidence of the peak flowrate fun-
demental to the Kw formulation. But many channel
routing conditions do exhlbit peak atterwation due to
channel storage effects and, therefore, use of the KW
would contradict the fundamental channel routing charace
teristics, Possibly, KW should only be used when there
is negligible peak attemuation in the channel. In that
case, simple hydrograph translation -would be a simpler
method to use than Kw.

The convex routing method, on the other hand, is simple
to apply, does not demonstrate the computational defi-
ciencies to the magnitude exhibited by the HEC-1 Kk
model, contains peak attenuation, and performs transla-
tion for high velocity flows.

Based on the observed computational errors of the KW
channel routing method, the limitations fundamental to
use of the KW method, and the computational effort
needed to approach a true KW hydrograph routing approxi-
mation, we submit that use of the KW method for channel
routing needs a re-evaluation for use in hydrologic
models unless guidelines are developed to control the
arbitrary use of KW in design studies,

CONCLUSIONS

The HEC-1 Kw model 1is studied to evaluate the signifi-
cance of computational errors dus to the choice of the
computational effort used to approximate the unsteady
flow effects in channel routing. It is shown that the
selection of Ax and At values may have a significant
impact on the KW modeling results, and that the simple
convex hydrologic routing method demonstrates but a
small fraction of the variations in results demonstrated
by the KW model used. It is recommended that hydrologic
models which use the standard KW method for channel
routing be re-evaluated as to their credibility and
reliability in their use in the typical flood control
design setting of practicing engineers. Guidelines are
needed in KW routing models In order to eliminate the
possible range of values due to computation error, or KW
channel routing programs need internal checks to select
ax and At such that an accurate solution of the KW
eguations Is achieved. KW programs also need internal
checks to notify program users when the Kw  flow
equations may be imappropriate due to channel storage
effects becoming significant.
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10,000 ft, {Inflow Hydrograph Shown in Fig. 2)
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Fig, 2, OCutflow HBydrographs for Ax=2,500 ft., At=6 min.
for Various Channel Lengths (L).
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