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Determining Streamflow Characteristics Based on 

Channel Cross-Section Properties 

KENNETH L. WAHL 

Channel dimensions have proved to be valid indicators of streamflow character· 
istics. Use of channel geometry requires definition of a relation between the 
desired flow-characteristic and stream-channel size based on data at gaging sta· 
tions; estimates of the flow characteristic can then be made at ungaged sites by 
obtaining the channel dimensions. Regional analyses have been made in many 
western ·states and in some eastern states by the U.S. Geological Survey. These 
analyses are summarized and some results are compared. Three reference levels 
have been used to define the channel dimensions. The principal differences 
between the channel-geometry approach and conventional approaches that use 
basin characteristics are that (a) the ungaged site must be visited to measure the 
channel size before an estimate can be made and (b) some field training is re· 
quired before an individual can identify the channel reference level. Variability 
among channel measurements by trained individuals effectively increases the 
error of the estimate over the standard error of the estimate defined during 
calibration. The increase is dependent on the variability in channel type, but 
extremely variable conditions could increase a calibration error of 42 percent 
to an application error of 55 percent. 

Engineers and hydro log is ts frequently are required 
to estimate flow characteristics at ungaged sites. 
Conventional techniques have used relations between 
flow characteristics and physical characteristics of 
drainage basins, such as size of drainage area, to 
transfer information to ungaged sites. Flow charac­
teristics in arid and semiarid regions, however, 
generally are only poorly related to the size of the 
drainage basin. Relations between flow characteris­
tics and stream-channel size offer a promisinq al­
ternative. 

That streams are the authors of their channels 
has long been recognizedi nevertheless, methods of 
quantifying the interrelation between flow charac­
teristics of rivers and channel size have developed 
only in recent years. The regime concept, as origi­
nated by Kennedy and Lindley (1) for canals in India 
and Pakistan, gave empirical -;elations for the hy­
draulic properties of stable canals. This concept, 
however, was not extended to natural rivers in the 
United States until half a century later. 

The initial impetus for the studies of canals 
stemmed from the need for improved design tech­
niques. Similarly, the early work with rivers was 
oriented toward expressing channel dimensions as 
functions of a formative or dominant discharge. In 
recent years efforts have begun to focus on using 
the dimensions of the stream channel as indexes of 
flow characteristics, particularly flood-frequency 
characteristics. These approaches are not unre­
latedi nevertheless, the latter approach does not 
require definition of a dominant discharge. 

The purpose of this paper is to examine the evo­
lution of relations between dimensions of river 
channels and discharge characteristics, to summarize 
the regional relations that have been developed, and 
to examine the sources of error. The focus will be 
on attempts to use these relations as tools in esti­
mating flow characteristics of riversi the emphasis 
will be on flood characteristics rather than on use 
of the information in channel design. Consequently, 
the regime concept as it relates to canals only will 
be considered in relation to its bearinq on rivers. 
Because of the emphasis on regional relations, the 
variation at a station of hydraulic geometry expo­
nents is not included. 

HYDRAULIC-GEOMETRY APPROACH 

A channel is considered to be in regime if it can 
accommodate its flow for 1 yr or more without a net 
change in hydraulic characteristics (2). Within 
that period, scour or deposition may occ;i""r in either 
the lateral or vertical direction as lonq as they 
are transient phenomena. 

The morphology of regime canals has been the sub­
ject of many investigations since Kennedy (1) stated 
his empirical equation of nonscouring velocity for 
the canals of Punjab in 1895. The basic principle 
generally was not applied to rivers in the United 
States, however, until Leopold and Maddock (3) re­
ported their analysis of the relationships between 
hydraulic properties of the cross section and river 
discharge. They theorized that the hydraulic geome­
try of river channels in approximate equilibrium 
could be expressed as exponential functions of dis­
charge such that 

W=aQb 

D= cQr 

V=kQm 

where 

w 
D 
v 
Q 

a,c,k,b,f, and m 

width, 
mean depth, 
mean velocity, 
discharge, and 
numerical constants. 

(I) 

(2) 

(3) 

The numerical constants for the above relations 
were developed empirically from data collected on 
rivers representing a variety of hydrologic condi­
tions. Mean annual discharge was used as the inde­
pendent variable, because it provided a discharge of 
approximately the same frequency throughout the area 
of investigation, which permitted comparison between 
relations. The values of the exponents b, f, and m 
were relatively constant, and the average values 
agreed quite closely with previously defined values 
for regime canals. The coefficients a, c, and k, 
however, varied between river systems. 

Leopold and Maddock (3) were not the first to 
apply the regime concept -to rivers, although their 
analysis was one of the first to qain wide accep­
tance. In 1935 Lacey extended his earlier empirical 
equations for Punjab canals by including limited 
data for rivers from the United States, Europe, and 
Punjab (_!) i however, he grouped river data by dis­
charge and used averages. Pettis (5) independently 
developed similar regime equations based on natural 
streams in the Miami River basin of Ohio. Pettis' 
relations were intended for use in river channeliza­
tioni therefore, his discharge was a flood dis­
charge, apparently near the bank-full stage (5, p. 
150). -

In 1947 Rybkin (6) developed a set of relations 
based on rivers in the upper Volga and Oka basins of 
the u.s.s.R. These relations were in terms of long­
term average discharge and river gradient but con­
tained a modulus term that permitted computation of 
the hydraulic properties for discharges other than 
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the long-term mean. Rybkin's hydraulic-geometry 
variables, like those of Leopold and Maddock (1_), 

were properties at the particular discharge rather 
' ~ .. ~ ~ - - I - - .. - -- - - -- - - -" _e _! - ,e - - L- -- -- - - ~ '- \., -
LlJC:UJ U.1.lllt:::llt:i.1.Ullb UClbt:::U Vil Cl Ol:'C\,;.1..L.L\,; .LC'O.'-Ul.C Ul. 

channel. In 1950 Altunin confirmed that the general 
regime equation for width with b ~ 0.50 was valid 
for rivers of central Asia. He also concluded that 
the coefficient a varied with slope to the -0.20 
power. Whether the width used in Altunin's analysis 
is based on a specific channel feature is not clear, 
but Kondrat'ev (6) gives some insight when he ob­
serves, "[Altunirl"; sj formulas are true only for a 
r.ertai.n r.hann~l-forminCJ nisr.harCJP, whnsP villnP is 
taken as that of discharges with a 10-20 percent 
reliability. These discharges are usually accommo­
dated within the height of the channel edges.• 

Most of the preceding studies, including the 1953 
work of Leopold and Maddock, although furthering the 
status of knowledge, were of limited practical value 
because the hydraulic-geometry variables use(' were 
those of specific discharges and could not be iden­
tified with recognizable channel features. Thus the 
analysis by Wolman (7) of the Brandywine Creek 
drainage in Pennsylvania, in which he related hy­
draulic geometry to bank-full discharge, was signif­
icant. In addition, he analyzed the hydraulic­
geometry relationships with flows of 50, 15, and 2 
percent duration. The recurrence interval of flows 
e~~ieeding th.t? b~~k-f•..!11 st~ge on Br~_naywine r.reek; 
ranged between 1 and 3 yr and averaged 2.2 yr. 

Although simple in concept, the bank-full stage 
may be interpreted in a number of different ways, 
each associat ed with diffe r ent values of width and 
depth and yielding a different bank-full discharge. 
Williams (8) gave a comprehensive review of defini­
tions of - bank-full stage. He identified and 
discussed 11 definitions that have been used by in­
vestigators. He also concluded (8, p. 1141): 
"Bank-full discharge does not have a- common recur­
rence frequency among the rivers studied, and the 
discharge corresponding to the 1. 5-year recurrence 
interval in most cases does not represent the bank­
full discharge." 

Most later investigations of hydraulic geometry 
by Wolman (7) were directed at one or more of the 
following problems: 
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1. Physically identifying the bank-full stage, 
2. Determining the significance (such as the 

recurrence interval) of bank-full discharge, 
3. ~~t~::=:-:.!~i~; t.~e e:-:~C'!?e~t~ .!!! the hy"rrtin1 i~­

geometry equations either theoretically or empiri­
cally for a specific region or channel type, or 

4. Application of the concept to solve practical 
problems. 

Except for the theoretical analyses, many studies 
involve several of the classifications. The hy­
draulic-geometry exponents for selected empirical 
and theoretical studies ar~ sllmmarizen i.n 'l'i!hlP 1. 

DISCHARGE RELATED TO CHANNEL DIMENSIONS 

Ideally, a channel feature used as an index to dis­
charge should be a unique, recognizable feature of 
the channel. It should also be active, that is, 
free to adjust to changes in the flow regime. This 
thinking, and a need for a reconnaissance technique 
to estimate discharge characteristics at ungaged 
sites, led to the recent attempts to relate an ac­
tive, within-channel feature to discharge character­
istics. The approach was apparently first suggested 
in 1966 by w.B. Langbein of the u.s. Geological 
Survey. 

The concept as well as the feature differed from 
the earlier work. With the bank-full-stage concept, 
the emphasis had been on relating the bank-full 
channel properties (dependent variables) • to some 
formative or dominant discharge (independent vari­
able) • Langbein' s suggested approach by using the 
within-channel feature was to empirically relate the 
average annual discharge, as the dependent variable, 
to dimensions of recognizable active features of the 
channel. This permits estimates of the discharge 
characteristic to be made at ungaged sites on the 
basis of channel dimensions. The approach infers 
that the discharge characteristic to be estimated is 
related directly to the formative discharge of 
streams in the area of investigation but does not 
require identification of that formative discharge. 

Several reference levels have been usedi the 
levels are referred to in this paper as the section 
defined by within-channel bars, the active-channel 

Table 1. Exponents of discharge in regime equations for width (b), depth (f), and velocity (m). 

Region and Literature Reference b m Discharge 

Empirical Study 

Indian canals and rivers (i ) 0.50 0.333 0.167 Equilibrium 
Miami River, Ohio (5) 0.50 0.30 0.20 Bank-full 
17-1-- .---..l t'\1 __ L __ ; •• -: TTC\C'Tl IC\ AM n ~~ 0.21 M~un unrru::::.1 v u1~a auu VJ\.<1 Ud.:'.IUIO>, v00n. \'::!_J V • ..J I v.£.£. 

Midwest United States CD 0.50 0.40 0.10 Mean annual 
Brandywine Creek, Pennsylvania (7) 0.58 0.40 0.02 2 percent duration 
Ephemeral streams in Southwest (9) 0.50 0.30 0.20 Mean annual 
Rivers in England and Wales (lQ, UJ 0.53 0.27 0.20 Bank-full 
Appalachian streams (]1, pp. 145-181) 0.55 0.36 0.09 Bank-full 
Canadian rivers and Colorado canals 0.50 0.40 0.10 3- to 5-yr flood 

(!]) 
Illinois rivers ( 1__4) 0.48 0.36 0.16 Of measurement 
Average for Alaska rivers (15) 0.50 0.35 0.15 Bank-full 
Rivers in central Idaho ( !§) 0.54 0.34 0.12 Bank-full 
Colorado gravel-bed streams' (]_l) 0.480 0.374 0.146 Bank-full 

Theoretical Approach 

Leopold and Langbein ( !_§_) 0.55 0.36 0.09 
Langbein (1_2_, 2_Q) 0.50 0.37 0.13 
Acker(~.!) 0.53 0.35 0.12 
Engelund and Hansen ( :l].J 0.525 0.317 0.158 
Joering (?_l) 0.50 0.375 0.125 
Smith(~) 0.6 0.3 0.1 
Li, Simons, and Stevens (2_5_) 0.46 0.46 0.08 

a Average of values for thkk and light bank vegetation. 
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Figure 1. Commonly used reference levels. 

Not to scale 

section, and the main-channel section [Figure l 
(~) J. Regional investigations by hydrologists of 
the U.S. Geological Survey are summarized in Table 2 
by the reference level used. Those studies and 
other investigations are discussed in the sections 
that follow. 

Within-Channel Bars 

Langbein suggested a reference level defined by the 
tops of point bars that are (a) the highest bed 
forms of which the particles are subject to annual 
sediment movement and (b) the lowest prominent bed 
forms. He also noted that the reference level could 
be related to vegetation zones if (a) the channel 
below the reference level generally is free of non-

Table 2. Summary of regional analyses by U.S. Geological Survey. 

Characteristic Used 

Mean 
Year Annual Flood 

Region and Lit erature Reference Published Flow Flows 

Within-Channel-Bar Section 

Nevada (£2) 1968 x 
Coastal and southern California(~) 1970 x 
Kansas(~) 1972 x 
Colorado (perennial streams)(~) 1972 x x 
Nevada (31) 1974 x 
Utah (32) 1975 x x 
MissourlRiver basin• (fl) 1977 x x 

Active-Channel Section 

Kansas (34) 1974 x x 
New MeXTco (3 5) 1976 x 
Missouri Riverb.asin" (:[)) 1977 x x 
Western United States (34) 1982 x x 
Kansas (regulated streams) (:)1) 1981 x 
Ohio Q§) 1981 x 
Tennessee (Cumberland Plateau) (37) 1981 x x 
Missouri River ba sin(~) - 1982 x x 
Main·Channel Section 

Wes tern mountain areas (38) 1974 x 
Wyoming (;!,2) - 1976 x x 
Owyhee Co unty , Idaho(~) 1976 x 
Jdaho (~) 1980 x 

alncludes both the within-channel bar ond active-channel section. 

3 

REFERENCE LEVEL 

MAIN CHANNEL (C-C') 

ACTIVE CHANNEL (B-B' ) 

IN-CHANNEL BAR (A-A' ) 

aquatic vegetation; (b) the zone between the tops of 
the bars and the floodplain is occup.ied by annuals 
(forbs and grasses); and (c) the true flo_odplain is 
occupied by shrubs. The within-channel bar has been 
described in more detail by Moore <11J; Hedman (~); 
and Hedman, Moore, and Livingston (29). 

Early studies using the withiil-"channel bar de­
fined relations only for mean annual flow. More 
recent investigations also have defined relations 
for floods of selected frequency. Relations between 
the 10-yr flood and within-channel bar width are 
compared for selected studies in Figure 2. 

The first published analysis that used the 
within-channel feature was that by Moore <El for 
streams in Nevada. He graphically related mean an­
nual discharge to the width and average depth of the 
channel cross section defined by the tops of the 
channel bars and gave separate results for perennial 
and ephemeral streams. 

In a related study, Hedman ( 28) equated mean an­
nual flow of 48 California streams to the dimensions 
of the cross section defined by the within-channel 
bars. Like Moore (27), he developed separate rela­
tions for ephemeral (20 sites) and perennial (28 
sites) streams. 

Kopaliani and Romashin (31) 
between the flood-channel width 

analyzed relations 
and the 2-yr flood 

for rivers in western Georgia, u.s.s.R. Based on 
the following description of the flood channel, the 
width used seems to be compatible with the within­
channel f eature treated in this section (31): "The 
flood channel is that part of the valley-which is 
systematically flooded by high water and within 
which sediments are continuously redistributed so 
that there is no vegetation. On mountain rivers it 
is a wide gravelly-bouldery strip, which dries out 
during the low-water period. Its relief consists of 
gentle mobile placer deposits of the side-bar or 
midstream-bar type." In a logarithmic plot relating 
2-yr flood and flood-channel width, the data sepa­
rate into three distinct but parallel groups. In 
order of decreasing discharge· for a qiven width, 
they were braided reaches, reaches with mid-channel 
and side-channel bars, and meandering reaches. Al­
though Kopaliani and Romashin were defining width as 
a function of discharge (and gradient), Wahl deduced 
a relation of 

Q= aw1.5 (4) 

from a plot of their data. This general relation 
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Figure 2. Relations between 10-yr flood and within-channel bar width. 
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would apply to all three classes of streams, but the 
constant of proportionality (a) would vary1 average 
standard error of the estimate (graphical) would be 
in the range of 30 to 40 percent. 

Equations for estimating mean annual flow from 
channel geometry in Kansas were developed by Hedman 
and Kastner (ll). They used · the within-channel bar 
and gave separate results for perennial and ephem­
eral streams. 

One of the first studies to relate flood charac­
terist i cs to channel dimensions in the United States 
was done by Hedman, Moore, and Livingston (29). 
They related mean annual discharge and 2-, 5-, 10-, 
25-, and 50-yr flood peaks to width and mean depth 
of the within-channel cross section for perennial 
streams in Colorado. The standard errors of the 
estimate for their flood equations ranged from about 
30 to 45 percent and were significantly less than 
comparable conventional relations between flood 
characteristics and basin characteristics. Includ­
ing mean depth and drainage area in the equations 
did not significantly decrease the standard errors 
nor did the use of a second-degree polynomial. 

DeWalle and Rango (33) used data from 27 small 
basins (19.59 to 303.44 acres) in Maryland, New 
Hampshire, New Jersey, Pennsylvania, Vermont, and 
West Virginia to develop linear relations between 
the logafithms of mean annual flood and properties 
of the channel cross section. Their channel width 
was defined as the horizontal distance from the top 
of the lowest bank to the opposite bank wall. The 
description seems to be consistent with that of the 
within-channel bar based on their statement: wThe 
more obvious upper banks which may be associated 
with a discharge greater than the mean annual flow 
were discarded. w The results are of limited prac-

tical use because only 34 percent of the sample var­
iance was explained by an equation using width: a 
relation that used only precipitation explained 83 
percent ·of the sample variance. In an earlier study 
of small drainage areas in the Sleeper's River basin 
of northern Vermont, Zimmerman, Goodlett, and Comer 
(34) found that stream width did not increase in the 
d~stream dir-::tion for a drainage area less than 
0.8 mile 2

• They attributed this to the effect of 
vegetation, mostly tree roots, and to relatively 
small anntJal pe.ak disc harge s . This may partly ex­
plain the poor results obtained by DeWalle and Rango 
(11J. 

Moore (30) extended his earlier study (27) for 
Nevada to include the 10-yr flood characteristic. 
He de~·elcped sepa~ate :elations fer perennial and 
ephemeral streams. The 10-yr flood was a function 
of both width and depth for ephemeral streams but 
was related only to width for perennial streams. 

Fields (34a) developed statewide relations for 
the mean annual discharge and the 25-yr and 50-yr 
floods in Utah by using the within-channel bar. The 
state was divided into three hydrologic areas for 
floods, and separate relations were developed for 
the individual areas: flood flows were related to 
only the width of the section. 

In one of the first studies of a large geograph­
ical region, Hedman and Kastner ( 35) related mean 
annual flow and flood flows for the Missouri River 
basin to the width of both the within-channel bar 
and the active channel. Relations also were defined 
between the flow characteristics and conventional 
basin characteristics. The basin was divided into 
six hydrologic areas for both mean annual flow and 
floods, but the regions for mean annual flow gener­
ally differed from those for floods. Standard er-
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Figure 3. Relations between 10-yr flood and active-channel width. 

A. Cumberland Plateau, 

Tennessee (~ 

B. New Mexi co \ 39) 

c. Ohio ( !Jl) 

10000 D. Missouri River basin-

mountains (~ 

"' z 
0 
u 

"' "' 
Cl 
"' !;l 1000 
~ Western United 

u 
States (~ .... 

"' p 
u 
z E. North p l ains eas t 
.... 
.,· of Rocky Mount a ins 

8 
Ii F. South p lains eas t 

3 top 
of Rocky Mounta i ns 

>< 
I 

::: G. Plains west of 

Rocky Mountain s 

H. Al pine areas 

D 

10 100 1000 
WIDTH OF ACTIVE-CHANNEL SECTION, IN FEET 

rors of the estimate were comparable for relations 
that used the , width of the within-channel bar and 
the width of the active channel: however, standard 
errors of relations based on drainage area and cli­
matic characteristics generally were greater except 
for mean annual flow in southwestern Iowa and north­
ern Missouri. 

Act ive- Channel Section 

While studying Kansas streams in 1972, E.R. Hedman 
of the U.S. Geological Survey recognized a channel 
feature somewhat higher than the within-channel bars 
that had been used previously. He first referred to 
this feature as the active floodplain but redefined 
it as the active channel (36). In effect it is a 
side bar that would no longer be called a bed fea­
ture. Because of annual vegetation, the feature 
virtually has become a part of the bank, but it is 
still well within the overall channel. The active 
channel was described by Osterkamp and Hedman (37, 
p. 256) as 

a short-term geomorphic feature subject to change 
by prevailing discharges. The upper limit is de­
fined by a break in the relatively steep bank 
slope of the active channel to a more gently 
sloping surface beyond the channel edge. The 
break in slope normally coincides with the lower 
limit of permanent vegetation so that the two 
features, individually or in combination, define 
the active-channel reference level. The section 
beneath the reference level is that portion of 

the stream entrenchment in which the channel is 
actively, if not totally, sculptured by the nor­
mal process of water and sediment discharge. 

The active-channel section has since been used in 
numerous studies to define mean annual and flood 
flows in the western states and in selected eastern 
states. These investigations are summarized in 
Table 2, and 10-yr flood relations are· compared for 
selected studies in Figure 3. 

The active-channel section was first used by 
Hedman, Kastner, and Hejl (36) to define flood­
frequency relations in Kansas. They proposed that 
because the active-channel feature was formed by 
infrequent flows, the active-channel section was a 
better descriptor of floods than was the within­
channel-bar section. 

Scott and Kunkler (39) related the width of the 
active channel to char;;(;teristics of the 2- through 
50-yr floods in New Mexico. One set of relations 
was used for the state: however, an area in the 
southeastern part of the state was excluded because 
the channels were actively entrenching. The re la­
t ions using channel width gave significantly smaller 
standard errors of the est!imate than similar rela­
tions that used basin and climatic characteristics. 

A similar study for Ohio (40) defined one set of 
equations that could be used--;tatewide to estimate 
the 2- through 100-yr floods: the average standard 
errors of the estimate ranged from 42 to 55 percent. 

Glazzard (l!!_) defined relations for the mean an­
nual flow and 2- through 100-yr floods in the Cum­
berland Plateau, Tennessee, by using the active-
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channel width. The average standard errors of 
estimate were about 60 percent for floods. He also 
used variables representing stream gradient and per-
-- - "-- -- - it!! _.!,..__ -"-•• --.3 ___ , .:_ -t..---- - 1...-.-t. -- -
\,;'C'llL.Q'=tC V.L ;;,.&,.J..L.f 1,.....1..0.:J I Q.ilU '-"'"'Q.L 41i 0 "-4'0iP ... iU ~'"' ' H" .,...,. 

terial. Although the additional variables produced 
some decrease in standard error for mean annual 
flow, there was no improvement in the flood rela­
tions. 

Hedman and Osterkamp (41) used the active-channel 
section in an analysis of mean annual and flood 
characteristics (2- through 100-yr floods) for the 
western half of the conterminous United States. 
Their final equations expressed the flow chQracter ­
istics as functions of only the active-channel 
width. For floods, the area was subdivided into 
four areas based on similarity of climatic condi­
tions. The four areas were (a) alpine and pine for­
ested, (b) northern plains east of the Rocky Moun­
tains, (c) southern plains east of the Rocky Moun-

and 
the Rocky Mountains. Their results are shown in 
Table 3 (41). 

Osterkamp and Hedman (26) expanded on the earlier 
Missouri River basin study by Hedman and Kastner 
(~) by considering the effect of channel-sediment 
properties, channel gradient, and discharge varia­
bility. They concluded (35, p. 1): "Results show 
that channel width is best related to variables of 

duction of the standard errors of estimate, can be 
achieved by considering channel-sediment properties, 
channel gradient, and discharge variability." They 
did not include terms in the regression relations to 
represent the additional factors1 instead, the data 
were stratified based on those factors, and each 
group of data was analyzed separately. 

Main-Channel Section 

The third and highest reference level used is the 
main-channel section (also referred to as the whole­
channel section). This section was described by 
Riggs (42, p. 53) as "variously defined by breaks in 
bank slope, by the edges of the flood plain, or by 
lower limits of permanent vegetation." He also 
notes: "In selecting the channel width, one should 
avoid a high reference level that does not reflect 
the present flow regime. This is most often a pos­
sibility on ephemeral streams." 

When the preceding descriptions are compared with 
the various descriptions of the bank-full stage, it 
is evident that the main-channel section and the 
bank-full section are the same for perennial 
streams. The relationship is less obvious for 
ephemeral streams where distinct floodplains may not 
be formed: however, there is no evidence to indicate 
that the sections are not the same when determined 
properly. 

The study by Riggs (42) presented reconnaissance­
level relations between"""lO-yr flood and main-channel 
width (whole-channel width) for ephemeral streams in 
Utah and Wyoming and perennial streams in Alaska. 
Relations also were compared for the 50-yr flood in 
the western mountains, Kansas, and Kentucky. 

Riggs and Harenberg ( 43) demonstrated for Owyhee 
County, Idaho, how channel-geometry measurements 
could be used to provide estimates of flood charac­
teristics without a visit to the site. The rela­
tion ship between the 10-yr flood and main-channel 
width was developed and used to estimate the 10-yr 
flood at 79 sites in and adjacent to Owyhee County. 
The resulting estimates and those for 33 gaging sta­
tions were plotted on a map of the county1 the map 
can be used for interpolation to make estimates at 
intermediate sites. 

Lowham ( 44) used the main-channel section to de-
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Table 3. Equations for determining flood-frequency discharge for streams in 
western United States. 

Arl:!aS OJ ~1muar 1.....nmaui.; 
Characteristics 

Alpine and pine forested 

Northern plains east of Rocky 
Mountains 

Southern plains east of Rocky 
Mountainsb 

Plains and intermontane areas 
west of Rocky Mountains 

Equation• 

..... . ....... -
~l<IHUO.IU L:.11Vl 

of Estimate(%) 

44 
38 
42 
45 
50 
62 
40 
•14 
50 
58 
66 
Sb 
57 
59 
62 

120 
60 
62 
71 
83 

3Active~hannel width (WAc) in feet; discharge (Qn) in cubic feet per second, where n is 
th!:! recurrence inte.cv I in yt:!ars. 

bsubject to intensive ,1rco1:ipitution events. 

fine relations for mean annual flow and 2- through 
100-yr flood characteristics for Wyoming. For 
floods, the state was divided into four hydrologic 
areas and separate relations were defined for each 
area. Average standard errors of the estimate for 
all frequencies ranged from about 34 to 75 percent 
and were smaller than standard errors for comparable 
relations that used drainage basin and climatic var­
iables. More recently, Lowham (~) developed a re­
lation between the 'geometric mean of peak discharges 
(approximately the 2-yr flood) and main-channel 
width for Wyoming that had an average standard error 
of the estimate of 47 percent. The relation applies 
( 45, p. 3 7) •to all types of s treams, including 
pet'ennial, intermittent, · and ephe meral types of 
either the mountains or plains, provided the channel 
is stable and has been formed by the hydraulic 
forces of floodflows." 

Harenberg (4u) used the bank-full width to define 
relations for--"the 1.5- through 100-yr floods for 
Idaho. He reports that his bank-full width is 
equivalent to the whole-channel width used in the 
Owyhee County report. The equations were applicable 
statewide and had average standard errors of about 
70 percent. 

The relations between 10-vr flood and main­
channel width for these studies are shown in Figure 
4. 

USE OF CHANNEL-GEOMETRY RELATIONS 

Channel-geometry measurements are proven indexes for 
use in estimating flood-frequency characteristics at 
ungaged locations. The technique can be used where 
relations between flow characteristics and tradi­
tional basin and climatic characteristics are poor, 
or channel measurements may be used to provide vir­
tually independent estimates for comparison with the 
traditional approaches. Nevertheless, the method 
may not provide reliable results for areas in which 
bedrock prevents the channel from adjusting to ac­
commodate the normal regimen of flow. Similarly, 
the approach is not applicable on braided, sand­
channel streams where channels have not stabilized. 
Where possible, sections should be located in 
straight reaches where flows are approximately uni-
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Figure 4. Relations between 10-yr flood and main-channel width. 
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form. In meandering streams, Lowham (44) suggests 
locating sections in the crossover area-;-midway be­
tween bends. Channel dimensions need to be measured 
at two or three cross sections separated by at least 
one channel width, and average values should be used 
in computations. 

Regardless of which of the three sections is 
used, experience is needed to identify the proper 
reference level. Before channel measurements are 
made, a few days of field instruction should be ob­
tained from a person experienced in the technique. 
Training needs to be done in a hydrologic environ­
ment that is similar to that in which the relations 
will be used; the various sections generally are 
much easier to identify on perennial streams than on 
ephemeral streams. In using an existing relation, 
only those variables contained in the relation need 
to be measurf!d. If a new relation is being devel­
oped, however, other factors such as channel slope 
and bed and bank material should be obtained in ad­
dition to the width and average depth of the section. 

RELIABILITY 

The reliability of flow estimates from channel char­
acteristics depends on both the applicability of the 
regional relation (calibration and model errors) and 
the ability of different individuals to recognize 
and measure the channel dimensions used as indepen­
dent variables (application error). 

The calibration and model errors include errors 
in estimates of the discharge characteristics used 
to develop the relations and are reflected in the 
standard errors of the estimate reported for indi­
vidual studies. At this time, however, the compo­
nents cannot be separated; that is, the contribu­
tions attributed to errors in the calibration 
discharge estimates, to the use of the power-func­
tion relation, and to measurement errors by the in­
dividuals developing the relations cannot be identi-

fied separately. In most investigations that use 
channel geometry it has been found that standard 
errors of the estimate are equal to or less than the 
standard errors for conventional methods. 

The principal difference between the conventional 
regression relations and those that use channel 
geometry is in the degree of subjectivity involved 
in defining the independent variables. For example, 
there may be numerous maps of an area giving mean 
annual precipitation, but if a particular map is 
specified, all users could derive about the same 
estimated value for a particular basin. With rela­
tions based on channel geometry, however, the user 
needs to be able to both recognize the feature and 
measure it consistently. 

VARIATION BETWEEN INDIVIDUALS 

Wahl (fl, pp. 311-319) conducted and reported on a 
test designed to define the possible variability of 
channel measurements by individuals. An added ob­
jective of the test was to gain insight into poten­
tial advantages and disadvantages of the three ref­
erence levels. The test was conducted in northern 
Wyoming. Seven individuals, all experienced in 
using channel-geometry techniques, independently 
visited 22 sites and measured channel dimensions in 
sections of their choosing. Only general reaches of 
each stream were identified, so the cross sections 
at which individuals measured channel dimensions 
were of their own choosing; thus, the variability of 
measurements between individuals reflected the com­
bined effects of differences in cross-section loca­
tion within the test reach and differences in iden­
tification of the reference levels. This should 
reflect the variability resulting from having 
trained individuals measure channel size in an un­
gaged reach. 

A summary of the statistics of cross-correlation 
coefficients between measurements for width and av-
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Table 4. Summary of cross correlations between measurements by individuals. 

Statistics of Correlation Coefficients 

Standard 
Section Mean Deviation Range 

Low bar 
Width 0.95 0.055 0. 74-0.99 
Depth 0.74 0.128 0.51-0.93 

Active channel 
Width 0.97 0.028 0.91-0 .99 
Depth 0.59 0.164 0.27-D.83 

Mctiu dtdllHCl 
Width 0.92 0.067 0.79-0.99 
Depth 0.59 0.193 0.16-0.89 

erage depth of the three reference levels is given 
in Table 4 (47, pp. 311-319). The data in Table 4 
show high correlation between width measurements for 
all three reference levels, but the correlation be­
tween dept_h measurements is low. This can be ra­
tionalized by considering that depths are relatively 
shallow and that slight differences in locating the 
top of a reference level will have little effect on 
the overall measurement of width but a significant 
effect on the average depth. Wahl (47, pp. 311-319) 
also used analysis of variance to f;st for differ­
ences among individuals in the average values of a 
given c ha nnel-size dimension. The hy ot esis of no 
difference among means f o r ind i vid ua l s was accepted 
at the 95 percent level for widths of all three ref­
erence levels. 

Relations between a discharge characteristic (Q) 
and channel width (W) usually take the following 
form: 

(5) 

where a and b are numerical constants. This is a 
linear relation when expressed in logarithms: 

log Q =log a+ blog W (6) 

For the Wyoming test, the average standard devia­
tion of log W (base 10 logarithms) for the seven in­
dividuals was 0.089. Given a relation of the form 
of Equation 6, the standard error in log Q produced 
by variation in estimates of W is b times the stan­
dard error of log w. Wahl <.!lr pp. 311-319) assumed 
that b averaged about 1 . 5 and arrived at an estimate 
of the standard error in log Q of 0 .13 log unit due 
to variation in width measurements alone. This con­
verts to an error of about 30 percent in estimated 
discharge. In addition, Wahl (47, pp. 311-319) 

log W of 0.06 log unit, or about 14 percent. 
The effect of the variation in channel-width mea­

surements by individuals is to increase the error of 
applying a relation to more than that indicated by 
the standard error of the estimate, which shows the 
calibration and model error. Assuming that the 
three errors are independent, the true error would 
be the square root of the sums of the squares of the 
individual components. For example, the 25-yr flood 
for the alpine area from Table 3 shows an average 
standard error of the estimate of 42 percent, or 
0.178 log unit. The true error (in log units) of 
using this relation, which would account for both 
variation and possible bias in width measurements, 
would be 

[(0.178)2 + (0.13)2 + (0.06)2 J o.s = 0.228 (7) 

This yields an average error of 55 percent compared 
with the calibration error of 42 percent. 
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It should be noted, however, that the sites in 
the Wyoming test were chosen for their diversity. 
The sites ranged from ephemeral streams in a near­
desert environment to perennial streams 1n a nign­
mountain environment. The variability of measure­
ments in this test probably is greater than normally 
would be encountered in applying channel-geometry 
measurements in a particular hydrologic area. 

SOME COMPARISONS 

Comparing published results for different physio­
graphic areas is difricult because the art!cu1 hdve 
morphological and hydrological differences. In ad­
dition, three different reference levels have been 
used, and some relations include independent vari­
ables not used in other studies. · Nevertheless, gen­
eral comparisons are possible for studies that have 
overlapped or covered similar physiographic r e­
g 1ons. For example, agreemen~ shown in Figure 2 b~­
tween the 10-yr flood results for the mountains of 
Colorado ( 29) and those for the mountains of the 
Missouri River basin (35) is good. Results for the 
mountains of Nevada (30J also compare with the pre-
ceding results. -

Similar comparisons in Figure 3 show that for the 
10-yr flood and the active-channel width, the rela­
tions for the alpine areas of the western United 
States { 4lj and foe the mOuf1lain s in the Mio.svui:'i 
River basin (35) are almost identical. The relation 
for New Mexic0-(39) has about the same exponent but 
has a different intercept. 

Selected relations for the 10-yr flood and the 
main-channel section are shown in Figure 4. Only 
the results for Owyhee County, Idaho ( 43) , and the 
statewide study for Idaho (46) are dir~ly compar­
able1 they are quite similar:-

NEEDED RESEARCH 

Studies to date (1982) have clearly shown that 
stable channel dimensions are valid indexes of the 
flow characteristics of rivers. Much needs to be 
done, however, to fully realize the potential of 
this approach. A number of features, including the 
within-channel-bar section, active-channel section, 
and the main-channel or whole-channel section, are 
now being used to define flow characteristics. Con­
sequently, it is difficult to make comparisons be­
tween studies, and the applicability of individual 
results depends on the ability of a user to identify 
the feature used in developing the relation. 

Research is needed to define relations between 
the dimensions of the various reference levels and 
the areas over which the relations apply. Riggs 
I 48) developed the following relation between main­
channel width and active-channel width: 

(8) 

where MC is the main-channel width and AC is the 
active-channel width. All units are in feet. He 
suggested that this relation could be used in semi­
arid regions to estimate one width from another, but 
a similar relation developed by Wahl (47, pp. 311-
319) for the Wyoming test data produced unusable 
results. This probably was because of the extreme 
variation in stream types in the Wyoming test. 

Additional work is needed to determine the role 
of other variables. Several investigators (26,38, 
49) have examined the relation between channel size 
and sediments in the bed and banks. Results to date 
(1382) have varied from region to region. Andrews 
C.!ll examined data for gravel-bed strP.ams in Colo­
rado and separated the data into two groups depend­
ing on whether bank vegetation along the study reach 
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was light or thick. He made width, depth, and ve­
locity dimensionless by dividing each by the median 
particle diameter in the riverbed surface. Regres­
sion relations for hydraulic-geometry exponents 
showed no significant difference between data for 
light and thick bank vegetationi nevertheless, the 
regression coefficients a, c, and k were signifi­
cantly different. This implies that exponents for 
gravel-bed rivers are the same, regardless of region. 

Examination of the hydraulic-geometry exponents 
in Table 1 suggests that for a given channel type, a 
fixed relation should exist between a formative dis­
charge and channel width. There appears to be jus­
tification for imposing a slope for wi.dth-discharge 
relations and allowing the constant (intercept) to 
be determined by the data. This would minimize the 
variability among relations that is now produced by 
fitting curves to a limited range of data. Based on 
the theoretically derived relations for the regime 
equations, formative discharg.e should relate to 
width raised to the 1.8 to 2.0 power. However, this 
would only be true for the formative dischargei us­
ing the same exponent for other discharges would im­
ply that the variability of flows of large streams 
is as large as that of small streams. Osterkamp and 
Hedman (37) have attempted this approach, but addi­
tional work is needed. 

Much of the work to date has dealt with efforts 
to define regional relations (calibration). Ways 
should be sought to make the calibration results 
more useful. Additional work also is needed to re­
fine estimates of the application errors. The ap­
plication errors estimated by Wahl t.!1> probably are 
anomalously large because of the extreme variability 
designed in the experiment. 
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Tree-Ring Data: Valuable Tool for Reconstructing 
Annual and Seasonal Strean1flow and 

Determining Long-Term Trends 

CHARLES W. STOCKTON AND WILLIAM R. BOGGESS 

Two examples are discussed that demonstrate how information derived from 
the annual growth rings of certain tree speci&1 can be used as a proxy source of 
data to extend hydrologic records back in time. In the first case, tree-ring re· 
constructions of the annual flow of the upper Colorado River show that the pe­
riod of record used as a basis for the 1922 Colorado River Compact was anoma­
lously wet, in fact, the wettest comparable period in the entire 450 yr of recon· 
structed annual di$charge at Lee Ferry, Arizona. The full impact of this over­
estimated flow has yet to be felt. In the second example, data from 13 care· 
fully selected sites were used to reconstruct the annual and seasonal flows of 
the Salt and Verde Rivers back to 1580. These two rivers, draining some 
13,000 miles2 in central Arizona, furnish water for municipal, industrial, and 
agricultural use as well as hydroelectric power for the metropolitan Phoenix 
area. Future water supply and flooding potential are both critical problems 
due to rapid escalation of population. Results show that several periods of 
prolonged low flows have occurred that were more severe than any compara­
ble period since 1890. These low-flow periods have an apparent recurrence 

interval of about 22 yr on the Salt River. Also, the gaged records contain an 
above-average number of high seasonal and annual flows when compared with 
the entire 400 yr of reconstruction. 

Planning and design for controlling and managing 
water are predicated on the analysis of historic 
data to determine both the magnitude and the fre­
quency of annual water yields that have been mea­
sured over a finite period of time. In general, 
statistical procedures used to forecast annual flows 
are hampered by the relatively short time span 
cove red by instrumented records. This is true 
throughout the Western Hemisphere and especially so 
in most developing countries, where hydrologic rec-

--
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ords are essentially nonexistent. Even where reli­
able records are available, there is no assurance 
that they represent a truly random sample and that 
the occurrence of hydrologic events throughout the 
period is based on some probability distribution. As 
a consequence, statistical descriptions may contain 
considerable bias and produce erroneous results. 

In most instances, probability distributions are 

uniquely defined by the mean (X), a measure of cen­
tral tendency; the variance (S2) , a measure of the 
average spread of events around the mean; and skew­
ness (G), a measure of the asymmetry of the distri­
bution of events around the mean. For many runoff 
and tree-ring series, the variables are normally 
distributed (G approaches zero) and the probability 

distribution is adequately described by X and S 2
• 

In developing first-order autoregressive models 
of runoff time series, the first-order correlation 
(r1 ), a measure of short-term persistence, is used 
along with the mean and variance. The population 
values of these statistics are usually unknown and 
must be estimated from existing records. From Monte 
Carlo simulations involving thousands of trials on 
each of several probability functions for various 
values of n and y (the number of observations and 
the population coefficient of skew), Wallis, 
Matalas, and Slack (_!) demonstrated that the distri-

butions of X and S 2 and G are functions of n, Ar and 

the probability function. Although X is an unbiased 
estimate, both S 2 and G are biased estimates of 
population values, the degree of bias being a func­
tion of n, y, and the probability distribution. 

It follows that errors in estimating population 
parameters due to short periods of record are pre­
served in any synthetic series that is generated 
from the available data. For example, Rodriquez­
Iturbe (~) showed that in annual runoff records of 
40 yr or less, there may be an error of 2 to 20 per­
cent in estimating the first-order correlation, 
which is probably related to the inadequacy of short 
periods of record for estimating the low-frequency 
persistence in climatologic data. 

Another complicating factor is that the possible 
effects of climatic change in probability distribu­
tions are largely ignored. This is due in part to 
the guidelines' for determining flood-flow frequency 
issued by the Hydrology Committee of the U.S. Water 
Resources Council (WRC) (~). In the guidelines, it 
is stated that 

there is much speculation about climatic change. 
Available evidence indicates that · major changes 
occur in the time scales of thousands of years. 
In hydrologic analyses it is conventional to as­
sume that flood flows are not affected by cli­
matic trends or cycles. Climatic time invariance 
was assumed in developing this guide. 

Contrary to the WRC statement, there is consider­
able evidence that climate is nowhere invariant and 
that the variability is not a random function of 
time (_i). For example, the world has experienced 
both cooling and warming during the past century. 
The overall trend has been toward warming; there has 
been a greater tendency for change in the higher 
northern latitudes. According to Hansen and others 
(~), the higher northern latitudes warmed about 
0.8°C between 1880 and 1940, whereas the lower 
southern latitudes increased only O. 3°C. Cooling, 
especially in the northern latitudes, followed in 
the 1940s but the trend reversed on a global basis 
in the mid-1960s. The same authors point out that 
global temperatures are now about equal to the 1940 
peak and suggest that the common misconception that 
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temperatures are cooling is based on experiences in 
the Northern Hemisphere. 

The growing consensus among climatologists is 
that global temperatures will continue to rise due 
to the greenhouse effect of increases in atmospheric 
carbon dioxide caused by man. There is no unanimity 
of op1n1on on the magnitude or speed of such 
chariges, but Hansen and others ( 5) suggest that a 
rise of about 2.5°C is possible during the next cen­
tury for a scenario of slow energy growth and a mix­
ture of fossil and nonfossil fuels. Such a rise in 
global temperatures would be almost unprecedented, 
and the results would be disastrous for many parts 
of the world. Any changes that might occur in the 
next century are well within the time frame for hy­
drologic planning, and their likely occurrence 
raises an important question: Can hydrologists and 
engineers ignore climatic variability as a parameter 
for planning and design? 

Because existing climatic and hydrologic records 
are not old enough to reflect climatic variability 
and trends, one must turn to some source of proxy 
data to document the occurrence and persistence of 
these changes. The most commonly used sources in­
clude layered ice cores; pollen profiles developed 
from bog, swamp, or lake sediments; stream geometry, 
stratigraphy, and morphology; and tree rings. The 
first three sources can generally be extended 
farther back in time than tree rings, but they can­
not be precisely dated and lack the capacity to pre­
serve high-frequency (short-term) variations. In 
contrast, tree rings can be accurately dated as to 
the year of formation and preserve both high- and 
low-frequency (long-term) variations. Also, the 
climatic information stored in tree rings is annual­
ly cumulative, and samples can be replicated to a 
much greater extent than the other sources. 

A disadvantage of tree-ring series is that they 
rarely extend back in time more than 400-500 yr and 
the climatic signals by species growing under a wide 
variety of climatic conditions are not equally 
strong or clearly defined. The trees most respon­
sive to climatic variation in the United States are 
some of the relatively long-lived species growing in 
the West, especially those on arid sites. It is not 
surprising that the study of tree rings (dendro­
chronology) developed in the Southwest, and much of 
the past work pertains to western conditions. 

Earlier applications of dendrochronology were 
largely confined to dating archaelog ical materials 
such as wood or charcoal from ancient Indian dwell­
ings. More recently, much progress has been made in 
using tree-ring series to reconstruct past climates 
(dendroclimatqlogy) and hydrologic events (dendro­
hydrology). Two aspects of our work in dendro­
hydrology are discussed here. The first illustrates 
how streamflow records from an anomalously wet peri­
od were used as a basis for the 1922 Colorado River 
Compact. Second, we show how tree-ring data can be 
used to reconstruct annual and seasonal flows of the 
Salt and Verde Rivers in Arizona. 

RECONSTRUCTION TECHNIQUES 

The techniques used in both climatic and hydrologic 
reconstructions involve advanced statistics and 
modeling, especially in the area of time-series 
analysis. These and the computer techniques in­
volved are not discussed here; they have been de­
scribed in detail by Stockton (§), Fritts !ll, and 
Stockton and Boggess (8). 

It is especially i"iiiportant to recognize two as­
pects of tree-ring analysis. First, each ring must 
be precisely dated. This cannot be done by merely 
counting rings. Instead, a tedious and time-consum­
ing process called crossdating is essential to ac-
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count for possible multiple or locally absent 
rings. Second, measured ring widths cannot be used 
directly in statistical analyses because rings tend 
to become narrower as trees senesce and grow older. 
This growth trend is removed by fitting an appropri­
ate least-squares curve to provide a ring-width in­
dex (measured ring widths are divided by correspond­
ing curve values to provide the index). In addition 
to removing the growth trend, this procedure reduces 
all ring widths to a uniform mean value (value of 
1). When plotted against time, the ring-wi dth in­
dexes form a new stationary time series known as a 
standardized ring-width chronology. These pro­
cedures are discussed in detail by Fritts ( 7, Chap-
ter 6). · -

Another analytical problem that must be dealt 
with in developi ng tree growth-clima te relations h ips 
is that of persistence (autocorrelation) in tree­
r ing series. Th i s results because growth dur ing a 
particular year is influenced not only by conditions 
during that year but perhaps also by antecedent con­
ditions during one or more preceding years. For in­
stance, in a favorable year an excess of photosyn­
thate more than that required for growth and other 
metabolic processes will carry over and produce a 
positive effect on the next year's growth. Con­
versely, an unfavorable year will likely represent 
the opposite. Available food reserves will be de­
pleted for the onset of growth in the following year. 

Autocorrelation is estimated in a manner similar 
to that for the product-moment correlation coeffi­
cient, except that instead of determining the rela­
tionship between two variables, x and y, the rela­
tionship between x and x - i is calculated, where i 
is the amount of lag. Autocorrelation may be re­
moved from some time series by regressing the re­
sponse at time t with that at t - 1. The effect of 
t - l is then subtracted from the response at time t 
(9 ). Meko (1 0) discusses i n de t ail how t he r e sult­
i'ii'g aut-o regr;;s i ve (AR) pr ocess can be applied to 
t r e e-ring s erie s to remove t he e ffect of s o il mois­
ture and biological carryovers. It should be noted 
that persistence also exists in many climatic time 
series; there is a tendency for clustering of wet 
and dry years . 

A period of overlap between historic hydrologic 
or climatic data and the tree-ring series is essen­
tial. A part of the overlapping record is used to 
develop statistical relationships between the two 
series (calibration). The remaining record provides 
a basis for verifying the accuracy of the estab­
lished relationship (verification) • If the rela­
tionship appears valid, transfer functions are 
developed to extend the hydrologic series back in 
time based on the existing tree-ring series. 

Because of the nature of tree growth, each annual 
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ring represents an integration of environmental and 
physiological factors over 1 yr or more. For this 
reason, streamflow reconstructions are generally 
limited to annual values. w1tn exceptionally good 
data collected near runoff-producing sites, seasonal 
flows can often be successfully estimated. Peak 
flows can only be inferred in that they might be ex­
pec ted to occur more frequently when annual or sea­
sonal flows are well above the long-term mean. 

COLORADO RIVER STUDY 

As; pointvd r:rnt Pl'lrl i Pr, moi;t statistical analyses 
involving hydrologic data assume that the period of 
record adequately represents the infinite number of 
past events. This assumption of randomness may or 
may not be correct. That it may not be correct is 
dramatically illustrated by r e sul ts of a study re­
ported variously by Stockton <ilr Stockton and 
_T~ .... ""'h,,. t 11 \ _ .n n~ ~t-nr.ld- t"'!n ~nn Roaae~s (J!. ! pp,, 266-
273)-i.n · ;;;i_~h -the -fi~~ - ~f - certain· ;treams in the up-
per Colorado River basin was reconstructed by using 
tree-ring data. 

The Colorado River is the major source of surface 
water for much of the southwestern part of the 
United States. Flowing some 1,440 miles from the 
high mountains of Colorado to the Gulf of Lower 
California, the river traverses some of the most 
arid land in the country. Its annual flow of about 
14 million acre-ft (maf) is modest when compared 
with that of the Mississippi (440 maf) or the Colum­
bia (180 maf), yet more water is exported from the 
basin (about 5 maf) than from any other river basin 
in the United States. Most of the flow originates 
in the upper basin where an estimated 85 percent of 
the flow is generated on 15 percent of the land area ." 

In 1922 the estimated annual flow of the Colorado 
River was allocated equally between the upper and 
lower basins--7.5 maf to each. A later treaty guar­
anteed a 1. 5-maf allotment to Mexico. The compact 
was based on a sustained flow of 17. 5 maf at Lee 
Ferry, Arizona (12, pp. 79-95). The flow at Lee 
Ferry was estimated from fragmentary data, dating in 
part back to 1896, on some of the tributary streams 
in the upper basin. 

The tree-ring reconstructions, dating back to 
1564, were based on data collected from up to 30 
sites located near runoff-producing areas. The re­
constructed average annual flow was about 13. 5 maf, 
far short of the 17. 5 maf on which the compact was 
based. Why the large discrepancy? As stated 
earlier, the records used for the c ompact were frag­
mentary and were extrapolated from tributaries to 
the main stream at Lee Ferry. More important, the 
reconstructions show that the period of record was 
anomalously wet--the wettest indeed for the entire 
450 yr covered by the rec onstcuc t ions [Figure l (up= 

Figure 1. Long-term hydrograph of annual runoff at Lee Ferry, Arizona, based on average of results of two reconstructions. 
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per graph, actual year-by-year values; lower graph, 
same data but with high-frequency components--those 
with period less than 10 yr--removed)]. It is of 
interest to note that the measured flow of the river 
at Lee Ferry for the period 1930-1974 is 13. 78 maf. 
If the high flows of the early part of the century 
are included (1906-1974), this increases to an esti­
mated 15.17 maf. Thus the reconstructions appear to 
be a good representation of the actual behavior of 
the river as well as to have shown the bias toward 
wetness in the data used for the compact. The full 
impact of the overestimated flow has yet to be felt, 
because the upper basin has not used its full allo­
cation. 

SALT-VERDE RECONSTRUCTIONS 

In addition to the Colorado River study, tree-ring 
data have been used to reconstruct streamf low on the 
Rio Limay and Rio Neugguen in Argentina (13), eight 
rivers in western Tasmania (14), and the-Salt and 
Verde Rivers in Arizona (15). ~esults from the Salt 
and Verde Rivers are disc;i';sed here. 

Basin Characteristics and Water Demand 

The basins of the Salt and Verde Rivers include some 
13,000 miles 2 in central Arizona. The two rivers 
converge at Granite Reef, north of Phoenix, to form 
the largest tributary of the Gila, which then flows 
southwesterly to join the Colorado at Yuma. Both 
rivers originate in the high mountains at altitudes 
of approximately 12,000 ft. Precipitation ranges 
from more than 32 in. in the higher mountains to 
less than 8 in. in the more arid portions and occurs 
as winter storms from Pacific frontal systems or as 
convective thunderstorms during the summer. The 
latter make minimal contributions to streamflow. 

The Salt and Verde Rivers are the main source of 
water for metropolitan Phoenix as well as for a 
large area of irrigated agriculture. Six dams, 
which have a combined storage of about 2. 08 maf, 
have been constructed on the two rivers. Four of 
these produce hydroelectric power. The water and 
power resources are managed by the Salt River Proj­
ect, the oldest multipurpose reclamation project in 
the countLy. 

The demand for water has escalated since world 
War II, accompanying the phenomenal population 
growth of the Phoenix area. Flooding, always a 
threat in the Salt River Valley, has become an even 
greater problem because of the conversion of agri­
cultural land to urban developments. Population 
growth shows no sign of decreasing, and there is in­
creasing concern over both future water supply and 
flooding potential. A basic tenet in both issues is 
whether the period of record, although relatively 
long, adequately represents the long-term flow char­
acteristics of the rivers. Our study, requested and 
supported by the U.S. Army Corps of Engineers, was 
designed to provide information on this important 
point. 

Data Sources 

The locations of stream-gaging stations, climatic 
stations, and tree-ring sites are shown in Figure 
2. Data from the gaging station near the town of 
Roosevelt, operational since 1914, were used to 
calibrate the streamflow records. Although a gage 
located about 16 miles downstream from the one near 
Roosevelt operated during 1901-1913, data from the 
two could not be combined because such data repre­
sented considerably different drainage areas. 
Nevertheless, the earlier data, along with estimates 
of flow from data at Arizona Dam for the period 

Figure 2. Locations of tree-ring sites, climatic stations, and gaging stations. 
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1883-1913, were valuable because they could be used 
to verify the relative magnitude of flows outside 
the 1914-1979 calibration period. Also, the period 
1883-1913 included some of the largest discharges 
ever recorded for the two rivers. 

The gage below Bartlett Dam on the Verde River 
was established in 1895. The flow below the dam, 
however, has been regulated by Bartlett and Horse­
shoe reservoirs since their completion in 1939 and 
1943, respectively. Monthly discharges after 1939 
were corrected by adding net monthly changes in 
reservoir capacity published by the U.S. Geological 
Survey to the reported monthly flow at the gage. A 
gaging station was established below Tangle Creek in 
1945 that represents the inflow into the Verde 
reservoir system. The drainage area between the two 
gages is insignificant, so the Tangle Creek gage was 
used after 1945 to avoid errors in estimating reser­
voir contents associated with the gage below Bart­
lett Dam. 

Tree-ring samples were collected from 13 loca­
tions, as shown in Figure 2. Each sample consisted 
of two cores from a least 10 trees per site. Sites 
were selected to maximize both the climatic sensi­
tivity and the length of the tree-ring series. Gen­
erally the most climatically sensitive trees are 
those growing on open, exposed sites with shallow 
soils whose moisture supply is solely from precipi­
tation. Tree species sampled included ponderosa 
pine (Pinus ponderosa Laws) and pinyon pine (~ 
e dulis Englm.). 

Data from selected climatic stations were ana­
lyzed to determine relationships among precipita­
tion, runoff, and tree growth. Stations were chosen 
for the length and quality of their records. Data 
from Roosevelt, White River, Springerville, and 
Pinedale were used to represent the Salt River 
basin, whereas Jerome, Seligman, Williams, Natural 
Bridge, and Prescott were chosen for the Verde. 

Analys i s of Data 

Reconstruction of stream discharge from tree-ring 
data is based on the generally accepted assumption 
that both are responding to the same climatic input 
(temperature, precipitation, evapotranspiration, and 
so on). To determine the relationships between cli­
mate and discharge and climate and tree growth, we 
used principal-component analysis (PCA), a method 
that allows a large field of correlated data to be 
expressed as a smaller number of uncorrelated vari­
ables called eigenvectors. A spatial array of M 
stations each having the same number (N) of data 
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points will yield the smaller of either M or N 
eigenvectors. Each eigenvector will contain M com­
ponents corresponding to the number of stations, or 
variables, and will account for a portion of the 
total variance (16). Tne sum or tne products or an 
eigenvector generated by PCA with the values of its 
components for a given year yields a value called 
the amplitude for that year (17). 

The amplitudes corresponding to the eigenvectors 
of monthly climatic data for several stations within 
the Salt and Verde basins represent modes of tem­
perature and precipitation that are independent in 
time and weighted spatially over each of the 
basins. 'l'hese amplitudes were entered as predictor 
variables in a multiple-linear-regression (MLR) 
analysis with the 10910 transform of annual dis­
charge to determine water-balance models. A loglO 
transform was performed because the original dis­
charge data were log normally distributed and their 
use in an MLR with normalized predictor variables 
wuuld have ret:iulteU in i:.ht: ~sl.i111aLio11 of ucgative 
values for low-flow years. The use of the transform 
increased the variance explained by a few percent 
for each model, most likely because of the dampening 
in variance resulting from the log10 transforma­
tion. 

Under the general assumption that discharge and 
tree growth respond to climatic stimuli in a similar 
manner, the record of past climate contained in the 
L_ ______ .! _____ .! __ ---- ---L.-.L.!.L--.L-.::11 -- ------- ..:11-.L- "--
\;.L~t:-LJ.UY t:it:L.Lt:::S Wab OUUbl.J.l.Ul..CU Cle ,l:-'J..VA.}' l.V 

reconstruct records of annual runoff. Streamflow 
records were reconstructed by using the tree-ring 
series as independent predictors in an MLR with the 
10910 discharge data for the period of gaged rec­
ord. In all MLRs only those variables that were 
significant at the 99 percent confidence level and 
that resulted in an increase ·in R2

, adjusted for 
the loss of a degree of freedom caused by entering 
the variable (18), were entered in the prediction 
equations. 

The streamflow reconstructions were analyzed for 
periodic components by using spectral-analysis 
methods (19). The series was lagged by 100 yr and 
the Parze;- weighting function was employed, as de­
tailed in the computer program of Aarons and Reagan 
(20). The confidence limits for the spectral dens­
ity function were determined in accordance with the 
technique described by Chatfield (21). 

Results and Discussion 

Because the discharge reconstructions for the two 
rivers are quite similar, and in the interest of 
brevity, only the results for the Salt River basin 
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are discussed here. Important differences between 
the two basins will be noted. 

The results of the calibration of the Salt River 
discharge and tree-ring data are summarized in the 
third column of Table 1. Because tne most important 
precipitation influencing both discharge and tree 
growth occurs in the winter months, two separate 
calibrations were used i the discharge for October 
through April and that for December through March 
were reconstructed in addition to the total annual 
flow. Because all of the tree-ring series were not 
of the same length, separate prediction equations 
were developed for each of the common data periods 
to maximize the length or the reconstructed rec­
ords. The reconstructed annual discharge is plotted 
along with the actual gaged data in Figure 3 (cali­
bration period is 1914-1979). 

The reconstructed values were tested against 
actual gaged flow by simple linear regression that 
used both the early independent data from 1895-1907 
ana tnat from 1911-1913 and the data from t:he lgl4-
1979 calibration period (columns B of Table 1). A re­
duction in R2 from the original prediction equa­
tion occurred in every case. This reduction was due 
to the unnerestimation of major flows in 1905 and 
1916 and also because the earlier data were from a 
larger drainage area. The flows predicted for 1908 
and 1920 were of the same magnitude as those for 
1905 and 1916, respectively, which implied an ap-
-----L , -- .!- ---..!II.! -.L.! -- -.I:. ""II L- • ••- L!-- .t....1...--- .L •• -
pCl.1.C'lll. .l.ay .Lii f:.'J..CU.1.1.,;L.J.Ull VJ.. J L.V "t y1. .LUI. l.UVbC l..WV 

high flows. A likely explanation for this lag is 
that the period 1899-1904 was very dry, as shown by 
both precipitation and streamflow records. Also, 
cores from sample trees showed minimal or no measur­
able· diameter qrowth during portions of the period. 
Although 1905 was a wet year, the annual ring widths 
did not show maximum response to this moisture until 
1908. This lag was undoubtedly caused by an exhaus­
tion of food reserves in the trees during these 6 yr 
of hot, dry weather. The 2 yr preceding 1916 were 
also very dry; many of the sample trees experienced 
only minimal diameter growth. During such extended 
dry periods, photosynthesis is inhibited by the lack 
of moisture and respiration rates are increased by 
high temperatures. This combination depletes the 
food reserves available for growth. Once moisture 
is again available, thes.e depleted food reserves 
must be replenished before ring widths show a maxi­
mum response. The longer period of lag associated 
with these two high flows was not removed by the 
time-series analysis because it was unrelated to the 
autocorrelation structure associated with a more 
common 1- or 2-yr lag. Instead it appears to be a 
nonstationarity associated only with very wet years 
following drier periods. 

Table 1. Results of regressions between actual gaged data and predicted flows for Salt River near Roosevelt. 

Orig- Regression B Regression C Regression D 
in al 

Common Regres- SE (acre- SE (acre- SE (acre-
Season Period sion (R2) R2 ft OOOs) R2 ft OOOs) R2 ft OOOs) 

Annual 1702-1979 0.728 0.593 336 0.757 260 0.730 221 
1630-1979 0.666 0.435 396 0.617 326 0.637 257 
1620-1979 0.643 0.387 413 0.558 350 0.579 276 
1580-1979 0.535 0.390 411 0.564 348 0.534 290 

Oct.-April 1702-1979 0.717 0.586 293 0.729 237 0.712 191 
1680-1979 0.704 0.480 328 0.673 260 0.750 178 
1630-1979 0.686 0.525 314 0.679 258 0.708 192 
1620-1979 0.641 0.425 345 0.513 317 0.614 221 
1580-1979 0.527 0.361 364 0.540 308 0.524 246 

Dec.-March 1702-1979 0.665 0.497 240 0.706 184 0.724 132 
1680-1979 0.633 0.342 275 0.577 220 0.703 138 
1620-1979 0.604 0.425 257 0.522 227 0.630 154 
1580-1979 0.490 0.341 275 0.498 240 0.517 176 

Notes: i~::1~:siJ:;: u11Ji:~t~J ~~~r:'o~~~;·degrees of freedom. 
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Figure 3. Reconstructed and actual discharge of Salt River near Roosevelt. 
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Because the predicted values for 1908 and 1920 
most likely represent moisture conditions in 1905 
and 1916, respectively, they were substituted for 
the values for those years, and the regressions were 
performed again (columns C, Table 1). In each case 
the value of R2 was much closer to that obtained 
in the log10 prediction equation for the period 
1914-1979. Separate regressions were performed be­
tween the gaged and reconstructed data from the 
period 1921-1979, and the results are shown in col­
umns D of Table 1. The R2 -values obtained were in 
agreement with those derived from the original pre­
diction equation and the regressions with the two 
high flows transposed, which also indicated that the 
longer period of lag for the two high flows was re­
sponsible for the majority of the reduction in R2 • 

The standard errors of estimation are also in­
cluded in Table 1. The values for the 82-yr regres­
sion with the high flows transposed (columns Cl are 
probably more representative of the standard errors 
of the estimated flows themselves. The values ob­
tained without transposing the two high flows (col­
umns B) are more representative of the standard er­
rors associated with the flows predicted for a 
particular year. Because the magnitude of a high 
historical flow is more important in terms of design 
than the year in which it occurred, the standard er­
rors in columns C are probably more realistic esti­
mates of the standard errors in magnitude for flows 
estimated outside the calibration period. 

Statistical analyses performed on the gaged and 
predicted discharge records and the results for the 
annual reconstruction are shown in Table 2. The 
first four moments of the actual and predicted rec­
ords for the period 1914-1979 were nearly identical 
for each the models, which indicates that the recon­
structions provide reliable estimates of the distri­
bution of annual and seasonal flows. Frequency dis­
tributions of both gaged and predicted records for 
the 1914-1979 period are shown in Figure 4. From a 
design standpoint, the problems associated with the 
lag in prediction of certain high seasonal flows are 
not important when the distributions alone are con­
sidered. 
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Table 2. Results of statistical analyses of reconstructed and actual annual 
discharge of Salt River near Roosevelt. 

Standard 
Mean Deviation 
(acre-ft (acre-ft 

Data Period OOOs) OOOs) Skewness Kurtosis 

Actual 1914-1979 626.8 480.0 1.81 3.11 
Reconstructed 1914-1979 588.1 371.9 l.89 5.01 

1580-1979 576.6 343.9 2.02 9.64 
1580-1659 547.4 227.4 1.12 4.29 
1660-1739 514.9 249.I 0.84 3.12 
1740-1819 623.3 431.3 2.01 8.12 
1820-1899 544.4 274.3 0.94 4.74 
1900-1979 639.l 451.4 1.81 7.21 

Figure 4. Frequency distributions of actual (open bars) and reconstructed 
(hachured bars) stream flow of Salt River near Roosevelt. 
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Figure 5. Spectral density function for October-April discharge of Salt River 
near Roosevelt. 
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Table 3. Comparison of selected actual and reconstructed flows of Salt River 
near Roosevelt. 

Avg Avg 
Flow Actual Actual Reconstructed Reconstructed 
Year Season (nrnf) Occurrence (maf) Occurrence 

1905 Annual 2.76 3 I in 80 2.52 1in400 
Oct.·April 2.28 8 I in 80 2.17 1 in 200 
Dec.·March 1.51 a 1 in 40 1.39 I in 400 

1916 Annual 2.36 I in 40 2.21 I in 133 
Oct.·April 2.08 1 in 40 1.88 I in 100 
Dec.·March 1.78 1 in 80 1.26 1 in 200 

1941 Annual 1.93 1 in 27 1.45 I in 40 
Oct.·April 1.42 1 in 20 1.38 I in 57 
Dec.·March 1.08 1in16 0.99 1in100 

1979 Annual 1.91 I in 20 1.30 1 in 22 
Oct.-April 1.59 I in 27 1.12 I in 31 
Dec.·March 1.08 I in 20 0.80 1 in 57 

Notes: Avurit)W occurrence is the number of times the flow was equaled or cx~eeded 
\Ji,·iJ1..-d by the period of record. Actual period of record is 1900-1919; 
reconstructed period is I 580-1979. 

a Includes the discharge or Tonto Creek. 

The means for the BO-yr periods 1740-1Bl9 and 
1900-1979 were significantly greater than those for 
the three remaining periods at the BO percent (or 
better) confidence level, yet they were not signifi­
cantly gr~ater than the 400-yr mean~ This has im­
portant implications for water supply planning be­
cause it suggests that although the mean from the 
period of gaged record (1914-1979) was not signifi­
cantly different from the 400-yr mean, it may not be 
\'.l reliuble estimutcr cf the dependable annual sup-
ply. The mean annual flow from the three BO-yr 
periods of lower flow ( 15B0-1659, 1660-1739, 1B20-
1BB9) may represent a more realistic value. 

Several periods of sustained high and low flows 
are evident throughout the 400-yr reconstructions. 
The period 1905-1920 was the wettest in the entire 
reconstruction; almost all of the predicted flows 
were above the 400-yr mean. The only other period 
that approached the early 1900s in magnitude was 
from the mid-17BOs through the mid-1790s. 

Moving averages of 2, 5, 10, 25, and 50 yr were 
calculated in order to analyze the short- and long­
term trends in the reconstructions. High flows in 
the early 1900s dominated the short- and long-term 
means of each seasonal reconstruction. The driest 
5-yr period ended in 1670. This drought is known to 
have occurred over the entire Southwest and resulted 
in severe hardship for the Pueblo Indians living in 
the area <Bl . A sustained low-flow period lasting 
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from l 72B until 1739 dominated the long-term low­
flow means. During this period the average annual 
discharge was only 43 percent of the 400-yr mean, 
and in no vear did the discharge exceed the mean 
value. The recurrence of such an extended dry peri­
od would have devastating consequences. 

The spectral density function for the October­
April reconstruction is shown in Figure 5. The lower 
90 percent confidence level is plotted for two of 
the frequencies. The white-noise line is the spec­
tral density function of a normally distributed ran­
dom variable. The only significant value occurred 
at 22. 2 yr and reflects the return of extended low 
flows. This is important from the standpoint of 
water supply because it implies that there is a ten­
dency toward deficient streamflow every 22 yr. 
Mitchell and others (£1, pp. 125-143) found a 22-yr 
periodicity in the occurrence of drought in the 
western United States and related it to the Hale 
solar cycle. A similar periodic component in gaged 
streamflow records for the entire United States has 
been noted by Langbein and Slack (24). This peri­
odic low-flow tendency for the Salt River should be 
incorporated into future water supply planning ef­
forts. It should be noted that the reconstructed 
discharge for the Verde River showed no significant 
periodicity. This most likely relates to the low­
flow characteristics of the Verde, which is con­
trolled by discharge from springs rather than cli­
matic variations. 

In terms of high-discharge events, water year 
1979 was particularly troublesome to the city of 
Phoenix; the gaged October-April discharge of 1. 59 
maf for 1979 had been equaled or exceeded only three 
times since 1900. A high-discharge value was pre­
dicted for 1979 in all of the reconstructions. The 
predicted discharge was 1.12 maf and was equaled or 
exceeded 12 times during the past 400 yr. On the 
average, then, a seasonal flow of this magnitude was 
recorded in the actual data once every 30 yr, which 
indicated that the 1979 gaged flow was not anoma­
lous. In general, there was an above-average number 
of high seasonal flows during the period 1900-1979 
when it was compared with the long-term reconstruc­
tion. A summary of comparisons between flows from 
the periods of gaged and reconstructed records is 
shown in Table 3. 

CONCLUSIONS 

In the absence of gaged records, proxy data sources 
such as tree rings can be 1.ised to reconstruct hydro­
logic events back in time. Among the several 
sources of proxy data, tree rings are the most 
widely used and have the advantage of precise dat­
ing, site replication, and the preservation of both 
high- and lc~·:-frequency information. The chief dis­
advantage is that tree-ring reconstructions rarely 
extend back more than 500 yr. 

Tree-ring reconstructions are particularly useful 
in determining whether a known period of record 
truly represents the infinite number of events that 
have occurred in the past. Planning models based on 
anomalously wet or dry periods are likely to produce 
erroneous results. 

Climatically sensitive tree-ring series can be 
used to reconstruct annual and, in some instances, 
seasonal flows. Periods of above- or below-normal 
flows as well as long-term trends are quite evident 
in reconstructed hydrologic series. Because . an in­
dividual tree ring integrates climatic and site fac­
tors for an entire year or more, peak flows cannot 
be reconstructed. 

In general, ring widths reflect dry conditions 
better than wet ones. In a wet season, moisture in 
excess of that held in the soil profile is not 
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translated into growth. This point is important in 
hydrologic reconstructions and also explains why 
narrow rings are better for diagnostic and crossdat­
ing purposes than wide rings. 

Hydrologic information derived from tree rings 
has had limited use in water resources planning. 
Yet, in lieu of gaged records, there is at present 
no better source of information on both short- and 
long-term climatic variations. The development of 
an expanded, worldwide tree-ring data base could 
provide a valuable planning tool for hydrologists. 
This is especially true for parts of the world where 
gaged records are essentially nonexistent. 
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Paleoflood Hydrologic Techniques for the 

VICTOR R. BAKER 

Paleoflood hydrology includes geomorphic·botanic studies of the effects of 
ancient floods on the landscape and the study of ancient slack-water deposits. 
Slack-water deposits consist of sand and silt that accumulated relatively rapidly 
trom suspension during major tloods. Usetul slack-water sediment accumula­
tions occur along bedrock canyons at the mouths of tributaries and at other 
protected localities. Where individual flood-sedimentation units can be recog­
nized, various dating techniques are used to assign ages to the responsible 
flood events. Problems with incomplete flood records at any one slack-water 
site, the relating of deposit heights to paleoflood stages, and the age relation­
ships of dated materials to flood ages require the analysis and correlation of 
numerous sites and flood layers along a given river reach. Paleostage deter­
minations and flood ages can be converted to discharge and recurrence-
interval estimates for the large, rare floods recorded in a slack-water sequence. 
Flood-frequency curves can then be constructed by combining the paleo· 
flood data with shorter-term stream-gage data. 

Conventional engineering 
siderable difficulty in 
rare, large flood events. 

approaches encounter con­
assessing the risks from 
The problem is especially 

ai.rri.culc if che crue recurn period of an evenc of 
extremely high magnitude is much larger than the 
period of existing records of streamflow and pre­
cipitation. Paleoflood hydrologic techniques have 
been developed to extend flood-frequency records 
into the geologic past <.!.• pp. 3-91 ll and thereby 
to assess the true return periods of extreme events. 

A significant design problem for large floods 
arises during the interpretation of hydrologic out­
liers. Outliers are data points that depart from 
the trend of the rest of the data on a flood­
frequency curve (}_). If an especially large flood 
outlier occurs in a giveri historic flow record, its 
inclusion in the analysis could result in the over­
design of flood-control works. An excellent example 
is the 1954 flood on the Pecos River, which exceeded 
all events in the previous 54 yr by about an order 
of magnitude. By paleoflood hydrologic analysis it 
was recently established that the return period of 
the ·1954 flood event is at least 2,000 yr (4), 
However, without these data, expensive overdeslgn 
might result from overemphasis of the outlier in 
risk analysis. Alternatively. outliers may be un-
deremphasized, which results in dangerous under­
design of flood-control works. Even the adjustment 
of outliers for historical data, as recommended by 
the U.S. Water Resources Council (3), can lead to 
underdesign when the length cf th~ higtcrical r~ccrd 
is particularly short relative to the true recur­
rence interval of a catastrophic flood event. 

PALEOFLOOD HYDROLOGY 

The underlying assumptions in hydro logic risk anal­
ysis are the subjects of continual research and 
scientific debate. Paleoflood hydrology has been 
developed not to answer questions about theoretical 
distributions of floods in time but simply to extend 
the length of hydrologic records by the use of 
stratigraphic geology and geomorphology (5, pp. 
109-117) • In this paper, therefore, two pragmatic 
questions will be addressed: What techniques are 
available for extending flood records into the geo­
logic past? How can these techniques be moved from 
the realm of the geologist to that of the field 
engineer? 

Geomorph ic-Botanic Methods 

The morphologies of stream channels and their ad­
jacent floodplains can be profoundly influenced by 
large floods. The effects of such catastrophic 
floods on the landscape and on vegetation may per­
sist for extremely long periods, and these effects 
can be preserved by burial with flood debris. Soil 
formation is a useful indicator of flood frequency, 
because maturely developed soils can develop on a 
floodplain only when long time intervals occur be­
tween the influxes of new flood debris burying the 
land surface. Because floodplain soils may be rich 
in organic matter, radiocarbon dating of specific 
soil samples has proven useful in dating the past 
floods that deposited them or their precursor parent 
materials (_E, pp. 189-217). Figure 1 shows a field 
examplei radiocarbon dating of the insoluble residue 
fraction from soil humus yielded an age of 710 .± 50 
yr BP for this ancient organic soil (6). 

Because major floods can also er"C;de older land~ 
forms on a floodplain, the truncation of dated land­
forms also can be a useful indicator of flood fre­
quency. For example, Costa (7) found that an 
alluvial fan eroded by the Big Thompson Canyon flood 
in 1976 had remained intact for at least 10, 000 yr 
before the flood. In geomorphic flood studies the 
investigator should attempt to find the youngest 
surface that has been either buried by the largest 
known flood or eroded by that flood. The age of 
that surface is then equivalent to the minimum re­
currence interval of the flood. Examples of this 
relatively simple paleoflood technique are provided 
by Costa and Baker (..!!_) • 

Slack- WateY Deposits 

Slack-water deposits consist of sand and silt that 
accumulate relatively rapidly from suspension during 
major floods. Deposition is localized where the 
flow boundaries for the peak flood discha1ges result 
in sufficiently reduced current velocities relative 

Figure 1. Buried soil (center) exposed in the eroded floodplain of Elm Creek, 
central Texas. 
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to the channel-center velocities. Confined bedrock 
canyons or relatively narrow valleys are ideal for 
slack-water deposition because large floods trans­
form the whole canyon or valley bottom into a tempo­
rary flood channel. As discharge increases, the 
stage rises relatively rapidly because of the narrow 
valley (channel) walls. This situation is in con­
trast to that of a broad floodplain valley in which 
overbank flood flows spread over a wide valley bot­
tom, which results in a relatively slow rise of 
stage with increasing discharge. 

At the high stages achieved by floods in narrow 
gorges, sufficiently high velocities and shear 
stresses develop that allow sand and silt to be 
easily carried in suspension. The relatively coarse 
suspended load will have a high settling velocity 
and can easily settle in local zones of reduced 
flood-flow velocity. Thus, a requirement for useful 
slack-water flood records is that sufficiently 
coarse sediment be available in abundance for sus­
pended transport by rare, high-magnitude floods. 
Figure 2, an aerial photograph taken at maximum 
flood stage, 3:00 p.m., August 3, 1978, shows the 
formation of a flood slack-water deposit. Note the 
prominent slack-water zone in the center, where flow 
has expanded below a constriction. Flood stage was 
approximately 10 m. 

The local sites of slack-water deposition are of 
several common varieties. Abrupt channel expansions 
result in deposition because of flow separations 
(eddies) that develop downstream of a constriction. 

Figure 2. Pedernalles River at Pedernalles Falls, central Texas, August 3, 1978. 

Figure 3. Same reach of Pedernalles River as that in Figure 2, August 17, 1978. 
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Figure 4. Slack-water deposit (covered by trees at center) developed at mouth 
of tributary (lower center) to Pecos River in western Texas. 

Figure 3 shows the slack-water sand accumulation at 
the former position of the flood eddy shown in 
Figure 2. Deposition may also occur upstream from 
channel constrictions because of backwater effects 
during large floods. Tributary mouths (Figure 4) 
are also common sites of slack-water deposition 
because the tributary valleys can be backflooded by 
large floods in the main channel. The eddies and 
slack-water zones at the tributary mouths result in 
flood deposition. Tributary valleys or canyons that 
join the main valley at an angle close to 90° appear 
to have the optimum geometry to generate slack-water 
deposition. Obstructions in the channel, such as 
large boulders and bedrock knobs, lead to accumula­
tions of flood debris on their downstream ends. 
Bedrock caves along channel or valley walls can be 
especially important sites because (a) long-term 
preservation is likely for deposits and (b) the 
possibility exists that aboriginal human occupation 
has left datable material. 

The long-term preservation of slack-water de­
posits may also be important for paleoflood hydro­
logic studies. Sites that hydraulically favor 
slack-water sediment accumulation at high flood 
stage may become eroded by low-stage flows. Thus, 
the meandering low-flow channel may cut into flood 
slack-water accumulations at meander bends and down­
stream of flood-flow channel obstacles. In this 
way, given sufficient time, low-level slack-water 
deposits may be completely removed from a canyon or 
valley. The field investigator must then search for 
locally preserved high-level remnants of the flood 
deposits. Even these may be difficult to find if 
valley-wall and slope processes have removed them. 
Protected sites near large boulders, in bedrock 
niches and caves, and in depressions on valley-side 
benches have been found to preserve flood deposits 
for the longest periods after extreme events. De­
posits at tributary mouths are protected from main­
channel low flows, but they are vulnerable to ero­
sion by floods on the tributaries themselves. The 
optimum tributaries for slack-water deposit preser­
vation are those with relatively small drainage 
areas or relatively low efficiencies for concen­
trating runoff or both. That is, the peak discharge 
per unit area generated by floods on these tribu­
taries does not reach the levels necessary to com­
pletely remove slack-water sequences from the tribu­
tary mouths. Distinguishing tributary alluvium from 
the main-channel slack-water deposition is a related 
problem but usually poses little difficulty. Main­
channel alluvium is often lithologically distinct, 
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Table 1. Localities of slack-water flood paleohydrology studies. 

Location Investi~ator Summary of Results 

Pecos River, West Texas R.C. Kochel, P.C. Patton, 
V.R. Baker 

Recurrence interval of 1954 flood has been 
established as >2000 yr 

Central Texas 

South-central Utah 

Connecticut 

('e.ntral Vireinia 

Central and North Australia 

Eastern Idaho 

Skagit River, Washinglon 

P.C. Patton, V.R. Baker 

P.C. Patton , V.R. Baker 

P.C. Patton 

R.C. Kochel 

V.R. Baker, G. Pickup 

V.R. Baker 

j.E. Stewart, G.L. 
Bodhaine 

Recurrence intervals of catastrophic floods 
have been established as several hundred 
years 

Flood-recurrence intervals of several hun­
dred years have been established 

Slack-water deposits document Holocene 
floods larger than the largest historic event 

Tropical storms have left Holocene record of 
geomorphic flood effects 

Catastrophic floods have left spectacular ac­
cumulations of slack-water sediments 

Late Pleistocene and Holocene slack-water 
sequences record major floods 

Northern California E. He.Hey, V.f'.. 1.aMarche 

Paleoflood magnitudes of 1815 and 185 6 
floods have been reconstructed 

Radiocarbon and tree-ring studies of floods 
wili1 11;.'.:l:UllC:W .. C u1l61 vdl5 Uf hu1iJr.._J.:l vf 

years have been made 

and the fines are deposited in the tributary valley, 
whereas the tributary alluvium is usually much 
coarser bedload, which is deposited downstream. 

Despite the various limitations on slack-water 
site development and long-term preservation, a larqe 
number of paleoflood studies have now been carried 
out (Table 1). The relatively narrow valleys and 
canyons of the western conterminous United statesi 
the dissected plateaus, hills, and piedmonts of the 
eastern statesi and the various dissected uplands of 
the midcontinent are all favorable areas for the 
type of analysis reported in this paper. 

ANALYZING PALEOFLOOD STRATIGRAPHY 

The study of flood slack-water deposits uses the 
tools of ,the stratigraphic geologist: sediment anal­
ysis, description of soil profiles, dating tech­
niques, and correlation. Extended discussions on 
stratigraphic techniques are available in textbooks 
on Quaternary stratigraphy (9,10) i this background 
cannot be reviewed here. Rather, this section will 
list some specific techniques that the field experi­
ence to date (Table 1) has shown to be most useful. 

Recognizing Individuai Flood Sedimentation Units 

A slack-water depositional site will often preserve 
the sedimentation units of numerous individual flood 
events, as shown in Figure 5 (note the laminated 
units of flood-deposited sand, each capped by fine­
grained organic detritus)~ Dii:;tinguishing the in­
dividual floods is accomplished by a number of sedi­
mentological techniques. Flood layers may be capped 
by indicators of subaerial exposure that followed 
recession of the flood hydrograph. Such indicators 
include relict mudcracks, cultural layers indicating 
aboriginal human occupation of the surface, and 
ancient soil profiles (paleosols). Layers of cbl­
luvium from the valley sides or layers of tributary 
alluvium may also indicate time breaks in the slack­
water sedimentation corresponding to time intervals 
between flood events. 

Properties of the individual flood layers them­
selves can be useful. Certain flood events may 
impart distinctive lithologic or textural properties 
or colors to their deposits. These properties re­
sult from variations in the locations of flood­
generating storms over the drainage basin or varia­
tions in the flood hydrographs at the depositional 
site or both. Stratigraphic breaks between in­
dividual flood units may be marked by abrupt rever-

Figure 5. Slack-water sediments in the Katherine River Gorge, Northern 
Territory, Australia. 

sals in the vertical grain size trends of tne de­
posit because of hydrograph influences. Cappings of 
silt, clay, or organic detritus commonly mark the 
top layer of an individual sandy flood-sedimentation 
unit (Figure 5). These fine particles are trans­
ported near the surface of the flood water and are 
normally the last materials to be deposited by a 
flood at a site. 

Several difficulties must be kept in mind when 
flood sedimentology is studied. Bioturbation of 
slack-water sediments may destroy the depositional 
structures and textures that permit the recognition 
of individual flood units. Bioturbation is more 
common in humid regions and local climatic settings 
favoring lush vegetation and soil organisms. Abun­
dant roots, insect burrows, worm tubes, and so on 
are clues to bioturbation of older slack-water de­
posits. Even where an undisturbed sequence is 
found, however, the possibility remains that the 
record may be incomplete. Erosion by tributary 
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floods, deflation, and slope processes are among the 
actions that may remove part of the flood record at 
any one site. The way to minimize the error intro­
duced by an incomplete record at one slack-water 
site is to study numerous sites along a given river 
reach and then to correlate flood layers between 
individual sites. 

Correlation 

Correlation of the flood layers that correspond to 
individual flood events may be accomplished by lith­
ologic or temporal means. The latter approach 
attempts to date individual layers or the intervals 
between those layers. In the next subsection dating 
techniques will be discussed in some detail. Unlike 
temporal correlations, lithologic correlation does 
not require datable materials and can be used at all 
localities. 

Floods originating from different subbasins may 
be labeled by the distinctive source terrains of 
their sediments. This results in a recognizable 
lithology and mineralogy for some individual flood 
units. The duration and recession of flood hydro­
graphs also exert an important control such that 
thicknesses, grain-size characteristics, and sedi­
mentary structures may also be distinctive in given 
flood units. Also, the nature and duration of the 
time intervals between floods can be important in 
dictating the soil development properties, color, 
degree of induration, and colluvial burial of in­
dividual units. Finally, the stratigraphic posi­
tions of units of known age with respect to one 
another can be guides to what may be missing or 
present at any given study site. 

Da t i ng Techni ques 

Slack-water deposits may be dated by both relative 
and absolute means. Absolute techniques allow a 
specific age to be assigned to the dated material, 
whereas relative techniques allow a qualitative 
comparison of ages between separate dated mate­
rials. Relative ages of units can be assessed by 
their degrees of alteration, soil formation, and 
burial position. 

The occurrence of buried paleosols in slack-water 
sequences provides an important dating opportunl ty. 
soils in floodplain alluvial settings are cumula­
tive, continuously buried by new additions of al­
luvium. Generally soils are weakly developed 
because the rate of soil formation, such as the 
development of an organic-rich horizon, is simply 
too slow relative to the burial process. For a 
slackwater deposit that is high above the river-bed 
elevation, however, only rare floods can inundate 
the surf ace and thereby bury the developing A 
horizon (11). The result is a preserved paleosol 
the deg re;-of development of which is a measure of 
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the time interval between flood events. In the 
Pecos River region of western Texas, Kochel (_ll) 
found that at least 500 yr was required between 
flood events to generate a recognizable buried soil. 

Radiocarbon dating is the most commonly employed 
absolute dating tool in paleoflood hydrology, al­
though several other techniques are also available 
(Table 2) • The method yields an age and standard 
deviation based on various laboratory procedures 
(13). Suitable materials for radiocarbon dating 
include various types of organic matter intercalated 
with the slack-water deposits. The organics may 
have been transported directly by the flood water. 
Litter, such as twigs, seeds, and leaves, may yield 
nearly synchronous ages to the flood events, because 
these materials decay rapidly on the ground surface 
and must be buried for preservation. Flood­
transported logs and wood fragments, however, pro­
vide only maximum ages of the deposits because wood 
can be redeposited by floods that have eroded older 
deposits or it can be stable on the ground for many 
years, especially in arid climates. Water­
transported charcoal poses a similar difficulty 
(14). Nevertheless, the charcoal and organic detri­
tus associated with aboriginal human occupation can 
be synchronous with the interval between flood 
events, especially if the materials are buried by a 
subsequent flood. Tree stumps buried in their 
living position and burn zones from ground fires are 
also useful in marking a time zone, but such fea­
tures are much less common than more problematic 
organic materials. 

Organic soil horizons pose some difficulty for 
radiocarbon-dating procedures. The usual assumption 
in the technique is that the laboratory-determined 
date is a measure of elapsed time since the death of 
the organisms responsible for the analyzed organic 
matter. In soils, however, the accumulation of dead 
organic matter is a cumulative process. Radiocarbon 
dates on soils may therefore vary in age, and they 
will not necessarily represent the initial time of 
soil formation (15, pp. 77-88). Nevertheless, the 
oldest date obtained from a soil is the minimum age 
of soil formation. Because soluble humic acid is 
the most likely source of contamination in soil 
humus, the insoluble residue from soil humus is 
thought to represent the mean residence time of 
humus in a soil (16, pp. 63-75). Correlation of 
buried soils on paleoflood deposits is therefore 
best accomplished by comparing dates on insoluble 
organic residues. Comparison of these residue dates 
with dates on humic acid and on the total soil humus 
are likewise useful in interpreting the time inter­
val over which the soil was developing before its 
burial by a subsequent flood. Patton and Baker (6, 
pp. 189-217) give an example of this application of 
paleosol study in evaluating ancient floods. . 

In general, the dating and time-stratigraphic 
correlation of individual flood deposits from one 

Table 2. Datable materials and dating techniques for flood slack-water sediments. 

Type of Material Dating Technique Problem Encountered 

Aboriginal artifacts 
Buried trees 

Organic matter in buried soils 

Charcoal 

Fine-grained flood-transported organics 

Flood-transported logs and wood 
fragments 

Archeological studies 
Dendrochronology 

Radiocarbon 

Radiocarbon 

Radiocarbon 

Radiocarbon (and some 
dendrochronology) 

Cultural time transgression 
Cross-dating sequences need to be 

established 
Soils form and are contaminated un­
til subsequent burial 

Allochthonous (water-transported) 
charcoal may be much older than 
strata 

Decay and contamination by younger 
roots 

Wood may be much older than strata 
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locality to another are best accomplished by multi­
ple sampling and by multiple techniques. A strategy 
should be developed so that this multiple approach 
yields 1naepenaent 
concern i ng flood 
layers. 

HYDROLOGIC ANALYSIS 

cnecks 
ages and 

on evolving 
correlations 

hypoi:.he:::1ez::; 
of flood 

The transformation of geologic studies of flood 
sediments to useful design data for flood-hazard 
management requires a closely knit set of assump­
tions and procedures. Most critical for estab­
lishing past flood magnitudes is the correlation of 
slack-water elevations to the responsible flood 
paleostages. Because even the deepest slack-water 
deposits will have had some water above them at peak 
stage, the deposit elevations themselves are minimum 
paleostage indicators . Two procedures can .be used 
to minimize the errors intruUuced Uy thig situa­
tion. The first is to study the deposits of a given 
flood event at numerous sites. Local conditions 
will generally allow preservation of the flood sedi­
ments at higher levels at some sites relative to 
others. In this way the maximum flood stage may be 
approached, but its actual value is always known to 
be somewhat larger. 

A second procedure is to develop empirical corre­
lations Detween the measured nign-water surfaces of 
historic floods and the depths of deposits that they 
emplaced. These correlations are then used to cor­
rect the paleostage estimates from ancient slack­
water deposits. The actual flood levels of historic 
floods can be determined from gage records, the 
observations of local residents, or from studies of 
isolated sediment pockets and drapes on hillsides 
that are temporarily preserved after a major event. 

Another important assumption in paleoflood hy­
drology is that significant aggradation or degra­
dation of the channel or both have not occurred in 
the time span represented by the slack-water 
sedimentary sequence, Generally the use of bedrock 
canyons and valleys will limit the influence of this 
factor, but any slack-water study of a long time 
span · should document evidence for bed elevation 
changes that would alter the discharge calculations 
obtained from slack-water deposit elevations. 
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Similarly a bedrock channel will minimize the 
occurrence of scour and fill during an individual 
flood event, which could complicate the 
ini:.ecvi:ei:.ai:.iun. 

Slope-Area Calculations 

Once paleoflood stages have been established for 
each of the various slack-water deposit layers cor­
responding to individual floods, the investigator 
must transform those data into discharge estimates. 
This is accomplished by standard slope-area hydrau­
lic calculations (17), which are ea~lly performed on 
hand calculators (18). The necessary input data are 
as follows: 

1. Cross sections at two (preferably three) 
locations (determine flow areas and hydraulic radii 
for stages up to the tops of flood slack-water 

2, Roughness coefficients (Manning n), 
3. Slope of the flood-water surface (approxi­

mated as the fall in elevation for the tops of the 
slack-water sediment accumulations divided by the 
length of the reach between the cross sections) , and 

4. Energy coefficients (range 1.15 to 1.5 for 
natural streams). 

_ _ ._ ____ ,1 __ .. ___ -• - - .!'O - -- - -------- - _ _ ..._ _____ .. _ 
UCl.:.t:LIU.J..lU.ll':f S: .1.UUU l\~ll.:UI: 1.Cllll.:t: .1.U\..t:I. VCZ.1.t> 

When only one paleoflood event is recognized, the 
age of the youngest surface buried or eroded by the 
flood is the minimum recurrence interval of that 
event. When multiple events are recognized in a 
slack-water sequence, the magnitude of each should 
be determiped as described above. Each event is 
then ranked 1 the ranking M = 1 is assigned to the 
largest, M = 2 to the second largest, and so on. 
The age of the oldest known flood in the sequence is 
assumed equivalent to the number of years of record 
(n). Each event can then be assigned a recurrence 
interval, calculated as (n + 1) /M. The probability 
that a flood of a given magnitude will be equaled or 
exceeded in any one year is simply the reciprocal of 
this recurrence interval. Because only the largest 
events, and therefore the longest recurrence inter­
vals; are recorded in slack-water sequences, recur-

Figure 6. Comparison cf various techniques for estimating flood frequency in the lower Pecos River region of western Texas. 
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rence intervals for low-magnitude, high-frequency 
events must be obta i ned from gage records. 

Flood recurrence intervals determined from 
slack~water sediments or from geomorphic-botanic 
analysis of ancient floods are generally plotted on 
flood-frequency curves by assuming various statisti­
cal distributions. Kochel and Baker (1_) illustrate 
several plotting approaches for their study of the 
Pecos River paleohydrology in western Texas. In 
Figure 6, curves 1-7 illustrate techniques that rely 
only on gage data and historic data. Note that 
these curves assign either long recurrence intervals 
(>l million yr) or short ones (100 to 500 yr) for 
the largest flood of record. Curves 8 and 9 incor­
porate slack-water data and show that the recurrence 
interval for the great flood of 1954 was between 
2, 000 and 10, 000 'yr. The standard procedure is to 
treat the slack-water data in the same way as his­
toric flood data, which are incorporated alonq with 
stream-gage data into a log Pearson type III anal­
ysis according to Appendix 6 of U.S. Water Resources 
Council Bulletin 17B <1>· 

CONCLUSIONS 

The following conclusions have been determined: 

1. Despite the special locations necessary for 
the accumulation and long-term preservation of 
slack-water deposits, numerous regions have been 
found to preserve these records of past floods. 

2. Problems in the dating of individual flood 
layers and in relating slack-water deposit heights 
to paleoflood stages require that numerous sites be 
analyzed and correlated along a river reach of 
interest. 

3. Multiple dating of different layers and ma­
terials is necessary to properly assign flood age 
estimates. 

4. Flood slack-water deposits in areas of mini­
mal aggradation or degradation will always provide 
minimum paleostage estimates unless corrected for 
depths of flood water above deposits. 

5. Once the stratigraphic geologic interpreta­
tion has been accomplished for paleostage and age 
estimation, the calculation of paleoflood discharges 
and recurrence intervals is relatively straight­
forward. 
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Storm -Cell Properties Influencing Runoff from 
r1 11 -.:-.: T _ L _ __ - 1_ _ _ 1 _ 

~mau vv aL~nsn~u:s 

HERBERT B. OSBORN 

In much of the western United States, runoff from small watersheds is domi· 
nated by occasional short-duration, extremely variable, high-intensity thunder­
storm rainfall . These runoff-producing events are important in highway-culvert 
and small-bridge design, erosion and sedimentation studies, evaluations of range 
management and renovation programs, and studies on urbanizing watersheds. 
A kinematic-cascade model (KIN EROS) was adapted in this study for use on a 
small rangeland watershed to determine the influences of thunderstorm rainfall 
variability in time and space on peak discharge and runoff volume. Model pa­
rameters were developed with existing rainfall and runoff data, and the hydro­
grnphs wcro gcnorat.ed from simulaled rainfall di•tributions . The study showed 
tho! fo r •m~ ll ~ n !_te land water h ~d! (less than 1 mil e21. spatial and temporal 
rainfall distributions exert approximately equal influences on peak discharge 
and the influences tend to be additive . Further studies on the interrelationship 
between rainfall variability and watershed size are indicated, because where the 
storm is centered becomes increasingly important with increasing watershed 
size . 

In much of the western United States, and particu­
larly in the Southwest, runoff from small watersheds 
is dominated by occasional short-duration, extremely 
variable, high-intensity thunderstorm rains (_1,ll · 
These runoff-producing events are important in high­
way-culvert and small-bridge design, erosion and 
sedimentation studies, evaluations of range manage­
ment and renovation programs, and studies on urban­
izing watersheds, but expected peak discharges and 
runoff volumes for such events are difficult to es­
timate accurately. In this paper, a kinematic-cas­
cade model (KINEROS) was adapted for use on a small 
(560-acre) rangeland subwatershed to investigate the 
influence of thunderstorm rainfall variability in 
time and space on peak discharge and runoff volume. 
The model parameters were developed with existing 
rainfall and runoff data, and hydrographs were gen­
erated from simulated rainfall distributions. The 
influence of temporal and spatial variability was 

examined through comparison of the generated peak 
discharges and runoff volumes. 

WATERSHED DESCRIPTION 

The Walnut Gulch Experimental Rangeland watershed, 
operated by the Agricultural Research Service (ARS) 
of the u.s. Department of Agriculture (USDA), is 
located near Tombstone in southeastern Arizona (Fig­
ure 1), The lower two-thirds of the 58-mile 2 

watershed is primari l y brush covered ( whi tethuu1, 
creosote bush, tar bush, and burroweed); the upper 
one-third is primarily grass covered (grama 
grasses). Tombstone is centrally located on the 
watershed. The 560-acre study subwatershed (63.004) 
lies north of Tombstone on the Walnut Gulch water­
shed boundary (Figure 1) • Slopes of the study sub­
watershed vary up to 14 percent; the average is 9 
percent. The subwatershed is drained by well-de­
fined sand-bottomed channels in ~ne low~~ purtivn 
and broad swales with poorly defined shallow me­
andering channels in the upper portion. Headcuts 
separate the sand-bottomed channels and swales on 
the two major branches of the drainage system. The 
subwatershed is brush covered, and the soils are 
primarily gravelly and silty loams. 

RAINFALL-RUNOFF MODELING 

Many different mathematical models have been used to 
estimate drainage runoff peaks or volumes or both 
for small watersheds <1,il, but few models are sen­
sitive enough to separate the influences on runoff 
of rainfall variability and critical watershed char­
acteristics. In some cases, such definition is not 
needed, and the model can be quite simple (the ra-

Figure 1. Location of Walnut Gulch Experimental Rangeland Watershed and study subwatershed 63.004. 
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tional formula, for example). Nevertheless, to 
identify the significant thunderstorm-cell rainfall 
properties that influence runoff, critical watershed 
characteristics must be modeled so that their effect 
can be eliminated when rainfall is varied. It must 
be possible to isolate the watershed influences on 
runoff so that variations in runoff can be attrib­
uted directly to the rainfall input to the system. 
In the past, efforts to model the influences of 
rainfall variability on watershed runoff have been 
handicapped by the lack of a sensitive (and uncom­
plicated) rainfall-runoff model. 

Several rainfall-runoff models were suggested for 
this study, and from these a kinematic-cascade model 
(KINEROS) (5-8) was chosen because it was versatile 
and sensitive- to both rainfall and watershed char­
acteristics. 

Model Description 

KINEROS is a well-tested nonlinear, deterministic, 
distributed-parameter model (6). Inputs are (a) the 
hyetograph of actual or simulated rainfall, (b) the 
watershed surface geometry and topography, (c) pa­
rameters for surface roughness, (d) infiltration pa­
rameters, and (e) the channel networks, including 
slope, cross-sectional area, cross-sectional shape, 
and hydraulic roughness. The model also includes a 
subroutine for erosion, which was not used in this 
study. A more detailed description of the model is 
given elsewhere ( 8) • For this study, a subroutine 
was added to account for channel abstractions. 

The watershed was segmented into a series of 21 
representative rectangular planes and 9 trapezoidal 
channel segments (Figures 2 and 3). Because all 
planes of the watershed were pervious, with rela­
tively homogeneous soils and cover, the same infil­
tration and roughness characteristics were used 
throughout. Surface geometries were determined 
separately for each plane and channel reach (Figure 
3) • The numbers indicate the order in which each 
plane was entered into the program. Runoff from the 
uppermost plane along a slope can be calculated in-
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dependently of that for all other planes. Because 
the runoff from the upper plane provides the upper 
boundary condition for lower planes, sequential cal­
culation is required for complex slopes such as 
planes 27 and 28 in Figure 3. Flows were routed 
through each channel segment by using the kinematic 
approximation to the equations of unsteady, grad­
ually varied flow. 

variables such as infiltration and surface rough­
ness were adjusted based on comparisons of hydro­
graph simulations and actual runoff hydrographs. 
Particular attention was paid to surface rock cover 
(erosion pavement) and roughness, the initial water­
holding capacity of the soils, and initial and final 
infiltration rates. Once the model had been ad­
justed, it was used to generate a series of hydro­
graphs from simulated rainfall inputs. 

Rainfall Input 

The storm-cell properties 
influence runoff are the 
tion and the rainfall 
space. These properties 
series of selected inputs. 

that would be expected to 
rainfall amount and dura­
variability in time and 

were examined through a 

Several investigators <1.J!l reported strong cor­
relations for small watersheds between peak dis­
charge and maximum rainfall for 30 min. On the 
other hand, 60-min rainfall is a more common unit 
used in modeling of rainfall and runoff, so both 
30- and 60-min rainfall durations were used in the 
simulations. Also,· commonly used 2-, 5-, 10-, and 
100-yr expected rainfall amounts (0.9, 1.2, 1.5, and 
2.3 in. for 30-min durations, and 1.2, 1.5, 1.9, and 
2.9 in. for 60-min durations) were selected (]). 

Temporal and spatial rainfall variabilities were 
considered next. Maximum intensities were concen­
trated early and late in the event given for each of 
the expected 30- and 60-min amounts (Table 1). 
Early events are characterized by concentration of 
two-thirds of the rainfall in the first one-third of 
the stormi in late events, two-thirds of the rain­
fall was concentrated in the last one-third of the 

Figure 2. Detailed map of subwatershed 63.004, Walnut Gulch. 
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Figure 3. Schematic representation of planes and channels of subwatershed 63.004 for KINE ROS. 
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Table 1. Simulated early maximum rainfall intensities for selected frequencies 
for rainfall and runoff modeling, subwatershed 63.004, Walnut Gulch . 

Rainfall (in./hr) by 
Frequency (yr) 

Duration Portion of 
of Storm Storm (min) 2 10 100 

30 min 0-3 2.3 3.0 4.0 6.0 
3-6 3.1 4.2 5.2 8.0 
6-9 3.1 4.2 5.2 8.0 
9-12 2.3 3.0 4.0 6.0 
12-15 2.3 3.0 4.0 6.0 
15-18 2.0 2.6 3.2 5.0 
18-21 1.7 2.0 2.6 4.0 
21-24 0.8 1.0 l.3 2.0 
24-27 0.5 0.6 0.8 1.2 
27-30 0.2 0.3 0.4 0.6 

60min 0-6 2.5 3.0 4.0 6.0 
6-12 3.3 4.2 5.2 8.0 
12-18 2.5 3.0 4.0 6.0 
18-24 1.7 2.0 2.6 4.0 
24-30 0.8 1.0 1.3 2.0 
30-36 0.5 0.6 0.8 1.2 
36-46 0.2 0.3 0.4 0.6 
46-48 0.2 0.3 0.4 0.6 
48-54 0.1 0.2 0.2 0.3 
54-60 0.1 0.2 0.2 0.3 

Note: Late storms are mirror images of early storms. 

storm. Spatial variability was modeled by centering 
each of the simulated events at three locations on 
the subwatershed--near the outlet, in the middle, 
and at the head of the subwatershed. Point-to-point 
reductions in rainfall amounts were based on earlier 
evaluations of Walnut Gulch rainfall data (10), and 
rainfall volume varied with storm location. -

Finally, as a test of the effect of spatial vari­
ability on runoff, the event with the maximum ob­
served rainfall in 25 yr of record on Walnut Gulch 
was centered on the study subwatershed at three dif­
ferent locations (Figure 4 and Table 2). 

Model Output 

Hydrographs were generated from spatially varied 
rainfall for all 30- and 60-min simulated events. 
Peaks and volumes were compared (Tables 3 and 4). 
Storms that were spatially centered on the subwater­
shed produced significantly greater peaks than those 
centered near the outlet or at the head of the 
watershed (Figure 5). For events of all frequen­
cies, rainfall centered near the subwatershed outlet 
produced slightly greater peaks than that centered 
at the head of the subwatershed (Figure 6). All 
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Figure 4. Maximum recorded 60-min point rainfall on Walnut Gulch (1956-
19821 for adjacent gages superimposed on subwatershed 63.004. 
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30- and 60-min events were similar in that peak dis­
charges were greater when rainfall was centered on 
the subwatershed rather than centered either near 
the outlet or at the head of the subwatershed. All 
30- and 60-min simulations in which maximum. rainfall 
was concentrated late in the event produced greater 
peak discharges than those with rainfall concen­
trated early in the event (Figure 7), primarily be­
cause the maximum intensities were recorded on a 
saturated subwatershed. 

Runoff volumes were significantly higher for 
those events centered on the subwatershed , whereas 
runoff volume from the late events was only slightly 
greater than that from the early events (Figures 8 
and 9). 

The maximum recorded peak discharge from the sub­
watershed has been 1,250 ft' /sec. Although there 
were insufficient data from the subwatershed to plot 
a peak-discharge frequency curve, the estimated 
Q100 based on the 25-yr record at other Walnut 
Gulch stations would be 1 , 660 ft' /sec ( ll) • The 
simulated 60-min, 100-yr event with ma.x i mum rainfall 
centered on the subwatershed, and occurring late in 
the event , produced a peak discharge of 1,900 
ft'/seo-- 400 ft' / sec higher than a similar simu­
lated event with maximum rainfall concentrated early 
in the event (Figure 5 and Table 3). Interestingly, 
the record Walnut Gulch storm when superimposed in 
time near the outlet, in the center, and at the head 
of the subwatershed, was so oriented in time and 
space that it produced peak discharges varying from 
only 1,814 to 1,871 ft'/sec (Fi gure 10). Peak 

--
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Table 2. Maximum-rainfall event superimposed on subwatershed Rainfall (in.) by Rain Gage (RG) 
63.004 with maximum point rainfall centered at rain gages 27, 71, and 
31. Centered at RG 27 Centered at RG 71 Centered at RG 31 a 

Military 
Time 27 71 31 27 71 31 27 71 31 

1413 0 0 0 0 0 0 0 0 0 
1415 0.22 0 0 0 0.22 0 0 0 0.22 
1416 0 0 0 0 0 0 
1417 0 0 0 0 
1418 0.41 0.08 0.41 0 0.08 0.41 
1421 0.17 0.17 0 0.17 
1423 0.15 0 0.15 
1424 0.70 0.70 0 0.70 
1426 0.23 0.19 0.23 0 0.19 0.23 
1427 0.73 0.73 0.73 
1429 0.18 
1430 0.98 0.98 0.98 
1431 0.23 0.23 
1432 0.55 0.55 0.55 
1434 0.39 
1435 1.30 0.25 1.30 0.25 1.30 
1436 0.90 0.90 0.90 
1439 0.66 
1440 1.69 0.58 1.69 0.58 1.69 
1441 1.05 1.05 1.05 
1442 0.89 
1443 1.86 1.86 1.86 
1445 I.OJ 1.03 I.OJ 
1446 2.29 2.29 2.29 
1447 1.70 1.70 1.70 
1449 1.16 
1450 1.29 1.29 
1451 2.73 2.33 2.33 2.73 2.33 2.73 
1452 1.27 
1455 3.12 2.70 1.4 7 2.70 3.12 1.41 1.47 2.70 3.12 
1458 2.84 1.51 2.84 1.51 2.84 
1459 1.52 
1500 3.35 3.35 3.35 
1501 1.54 1.54 
1504 2.89 1.57 2.89 1.57 2.89 
1507 3.41 3.41 1.72 3.41 
1511 1.78 
1512 1.60 1.60 
1515 1.86 

aThe same as storm centered on RG 27, but amounts at RG 27 and RG 31 are reversed. 

Table 3. Peak discharge from simulated rainfall on subwatershed 63.004, 
Walnut Gulch. 

Peak Discharge (ft3 /sec) 
Type Location of by Frequency (yr) 
of Event on 
Storm Subwatershed 2 10 100 

30-min 
Early Outlet 2 125 201 692 

Middle I 147 261 1,021 
Head 0 90 169 743 

Late Outlet 16 159 243 858 
Middle 16 174 304 1,185 
Head 3 114 207 883 

60-min 
Early Outlet 70 237 361 1,188 

Middle 78 304 499 1,492 
Head 37 207 355 1,248 

Late Outlet 137 339 544 1,536 
Middle 154 445 703 1,896 
Head 92 315 526 1,591 

discharges of 1,800 to 1,900 ft 3 /sec from centered 
60-min, 100-yr late-occurring simulated rainfall and 
from the maximum observed Walnut Gulch rainfall 
seemed reasonable. 

To investigate the effect of spatial variability 
of rainfall on runoff, average rainfall depths were 
assumed over the subwatershed for each storm dura­
tion and frequency; temporal variability was re­
tained. Hydrogr~phs were generated from the full 
range of 30- and 60-min simulated rainfall amounts 
and compared with similar peaks based on spatially 

Table 4. Runoff volume from simulated rainfall on subwatershed 63.004, 
Walnut Gulch. 

Runoff Volume (in.) 
Type Location of by Frequency (yr) 
of Event on 
Storm Subwatershed 2 10 JOO 

30-min 
Early Outlet <0.01 0.08 0.15 0.57 

Middle <0.01 0.13 0.22 0.79 
Head 0.00 0.07 0.14 0.54 

Late Outlet 0.02 0.10 0.16 0.60 
Middle 0.01 0.14 0.24 0.79 
Head <0.01 0.09 0.15 0.57 

60-min 
Early Outlet 0.04 0.18 0.30 0.99 

Middle 0.07 0.25 0.40 1.19 
Head 0.03 0.17 0.28 0.97 

Late Outlet 0.08 0.25 0.39 1.06 
Middle 0.13 0.33 0.50 1.26 
Head 0.07 0.24 0.38 1.04 

and temporally varied rainfall (Tables 3 and 5). The 
differences were meaningful for the 10-yr events but 
relatively small for the 100-yr events (generally 
about 10 percent smaller). Runoff volumes were also 
less for the spatially uniform rainfall (Tables 4 
and 6). · 

To determine the influence of a constant rainfall 
rate versus a variable one, hydrographs were gen­
erated from simulated spatially varied,constantrate, 
30- and 60-min events (Tables 7 and 8) • When peak 
discharges for the 30-min events were compared, 
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Figure 5. Hydrographs from simulated 60-min, 10- and 100-yr storms 
centered at three locations with rainfall intensities occurring early and late in 
the event. 
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Figure 6. Peak discharge from simulated storms that were centered versus 
those that were not centered on the subwatershed. 
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those generated from constant inputs were consider­
ably lower than those generated from time-variable 
inputs (Tables 5 and 7). When rainfall was spread 
uniformly over a 60-min period, the differences be­
tween constant and varied time inputs were much more 
striking (Tables 5 and 7). Simulated peaks were re­
duced by more than 50 percent for events of all.fre­
quencies with 60-min constant rainfall rates. 

EVALUATION 

Quantitative differences in hydrograph peaks and 
volumes generated from spatially and temporally 
varied rainfall patterns were apparent when runoff 
peaks and volumes were compared. There was a strong 
linear relationship between storms centered on the 
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Figure 7. Peak discharge from simulated storms with maximum intensities 
concentrated early and late in the event. 
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Figure 8. Runoff volume from 
simulated storms that were 
centered versus those that were 
not centered on the subwatershed. 

Figure 9. Runoff volume from 
simulated storms with intensities 
concentrated early and late in the 
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subwatershed and those centered near the outlet or 
at the head of the subwatershed for oeak discharqes 
up to 800 ft 3 /sec and runoff volumes - up to 0. 6 in. 
(Figures 6 and 8). Peak discharges and volumes were 
35 to 40 percent higher for events centered on the 
subwatershed. Rainfall volumes were 10 to 15 per­
cent greater for the events centered on the sub­
watershed, so higher peaks and volumes were not due 
entirely to more rainfall. Above 800 ft' /sec and 
0. 6 in., events centered on the subwatershed pro­
duced constant increases in peak discharge of 300 
ft'/sec and runoff volume of 0.22 in. The rela­
tionships were as follows: 

0Pe = l.3750Pnc (0 < 0Pnc < 800) (!) 

0Pe = 0Pne + 300 (OPne > 800) (2) 

Oe = l.3750ne (0 < One < 0.6) (3) 

Oe = One + 0.22 (Oe > 0.6) (4) 



Transportation Research Record 922 

where 

peak discharge from simulated rainfall 
centered on subwatershed, 
peak discharge from simulated rainfall 
not centered on subwatershed, 
runoff volume from simulated rainfall 
centered on subwatershed, and 

Qnc runoff volume from simulated rainfall 
not centered on subwatershed. 

Figure 10. Hydrographs from the maximum observed Walnut Gulch storm 
superimposed at three locations on subwatershed 63.004. 
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Table 5. Peak discharge for selected frequencies and durations of spatially 
uniform rainfall on subwatershed 63.004, Walnut Gulch. 

Type of 
Storm 

30-min 
Early 
Late 

60-min 
Early 
Late 

Peak Discharge (ft3 /sec) by 
Frequency (yr) 

2 10 100 

0 119 195 908 
2 146 293 1,040 

24 257 422 1,380 
78 363 626 1,745 

Table 6. Runoff volume for selected frequencies and durations of spatially 
uniform rainfall on subwatershed 63.004, Walnut Gulch. 

Type of 
Storm 

30-min 
Early 
Late 

60-min 
Early 
Late 

Runoff Volume (in.) by 
Frequency (yr) 

2 s 10 

0 0.11 0.16 
< 0.01 0.13 0.21 

0.02 0.22 0.35 
0.07 0.29 0.46 

100 

0.71 
0.72 

1.12 
1.1 9 
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There were also good linear correlations for both 
peak discharge and runoff volume for the full range 
of values given by 

Ore= 1.250rne (5) 

Oe = 1.25 One (6) 

Either Equations 1 and 2 together or Equation 5 
alone would give an acceptable estimate of peak dis­
charge for this small watershed, but the suggestion 
of a limit to the linear relationship could become 
important with increasing watershed size. Extrapo­
lation of Equation 5 could possibly lead to costly 
overestimates for peak discharges from larger water­
sheds. 

There was also a strong linear relationship be­
tween peak discharges when maximum rainfall 
intensities occurred early or late in the event 
(Figure 8). The relationship was as follows: 

(7) 

where Qp1 is the peak discharge from maximum in­
tensities occurring late in the event, and Qpe is 
the peak discharge from maximum intensities occurr­
ing early in the event. Again, however, there was a 
suggestion that there may be a limit on the linear 
relationship, which could lead to overestimates for 
larger watersheds, Because rainfall amounts were 
the same for each selected storm event, runoff vol­
umes were only slightly greater for the late-occur­
r ing events (Figure 9). 

The influences of temporal and spatial rainfall 
variability on peak discharge tended to be addi­
tive. The 60-min, 100-yr, late-occurring, centered 
peak discharge was 60 percent higher than the 60-
min, 100-yr, early-occurring, noncentered peak dis­
charge. The maximum peak discharges for the lower­
frequency events were up to 100 percent higher than 
the minimums for storm units of the same frequency. 
Obviously, both storm location and temporal vari­
ability of rainfall can significantly affect peak 
discharge. 

Assuming spatially uniform rainfall on the 560-

Table 7. Peak discharge for selected frequencies and durations of constant 
rainfall rates on subwatershed 63.-004~ Walnut Gulch. 

Peak Discharge (ft3 /sec) by 
Location of Frequency (yr) 

Type of Event on 
Storm Su bwatershed 2 5 JD 100 

30-min Outlet 0 20 153 677 
Middle 0 20 200 980 
Head 0 3 123 714 

60-min Outlet 0 3 108 622 
Middle 0 0 163 795 
Head 0 0 90 640 

Table 8. Runoff volume for selected frequencies and durations of constant 
rainfall rates on subwatershed 63.004, Walnut Gulch. 

Runoff Volume (in.) by 
Location of Frequency (yr) 

Type of Event on 
Storm Subwatershed 2 10 JOO 

30-min Outlet 0 0.01 0.10 0.52 
Middle 0 0.02 0.16 0.72 
Head 0 <0.01 0.09 0.50 

60-min Outlet 0 <0.01 0.08 0.66 
Middle 0 0 0.14 0.86 
Head 0 0 0.07 0.63 
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acre subwatershed reduces peak discharges by only 
about 10 percent. For larger watersheds and there­
fore decreasing rainfall averages, however, assuming 
spatially uniform rainfall could lead to significant 
underestimates of peak discharge, especially when 
runoff-producing rainfall does not cover the entire 
watershed. 

As long as assumed rainfall durat ions are kept 
relatively short, assuming a constan rainfall rate 
does not greatly decrease generated peak dis­
charges. However, for durations longer than about 
30 min, assuming a constant rainfall rate can lead 
to greatly underestimating peak d ischarge . For ex­
ample, for a duration of 60 min, assuming a constant 
rainfall rate would reduce the simulated peak dis­
charge by more than 50 percent. 

Rainfall versus runoff relationships for simu­
lated storms that were centered and not centered and 
maximum intensities concentrated early and late in 
the event are shown in Tables 9-11. Both linear re­
gression and exponential curves were fitted for the 
four sets of events (Figures 11-14). The exponen­
tial curves were only a slight improvement over 
linear regression. Nevertheless, the differences 
could be significant at runoff thresholds or for 
large events. The expressions for combined data 
were as follows: 

Q = -0.622 + 0.654P (SEE= 0.070) (8) 

Q = 0 .236Pi. 82 - 0.180 (SEE= 0.047) (9) 

where Q is the storm runoff in inches and P is the 
storm rainfall in inches. There was slightly more 
runoff from equal amounts of rainfall for centered 
events as opposed to those that were not centered. 
The differences were not significant. There was an 
average increase of 0.07 in. in runoff volumes from 
equal amounts of late-occurring, maximum-rainfall 
intensities as opposed to early concentrations of 
rainfall. In many situations, the increase would be 
important. 

Relationships between frequency and peak dis-

Table 9. Rainfall and runoff for simulated early and late 2-, 5-, 10-, and 
100-yr storms by location on subwatorshed 63.004, Walnut Gulch. 

Duration of Storm 

Frequency Location of 30min 60 min 
and Type Event on 
of Storm Subwatershed p (in.) Q (in.) p (in.) Q (in.) 

2 yr, early Outlet 0.77 < 0.01 1.10 0.04 
Middle 0.84 <0.01 1.19 0.07 
Head 0.77 0 1 O'l 0.03 

2 yr, late Outlet 0.77 O.D2 1.10 0.08 
Middle 0.84 0.01 l.19 0.13 
Head 0.77 <0.01 1.09 0.07 

5 yr, early Outlet 1.03 0.08 1.36 0.18 
Middle 1.12 0.13 1.49 0.25 
Head 1.02 0.07 1.35 0.17 

5 yr, late Outlet 1.03 0.10 1.36 0.25 
Middle l.12 0.14 1.49 0.33 
Head 1.02 0.09 1.35 0.24 

10 yr, early Outlet 1.25 0.15 1.60 0.30 
Middle 1.36 0.22 1.75 0.40 
Head 1.24 0.14 1.59 0.28 

10 yr, late Outlet 1.25 0.16 1.60 0 .39 
Middle 1.36 0.24 1.75 0.50 
Heado .. 1.24 0.16 1.59 0.38 

100 yr, early Outlet 1.80 0.57 2.46 0.97 
Middle 2.05 0.78 2.69 1.19 
Head 1.79 0.54 2.43 0.97 

100 yr, late Outlet 1.80 0.60 2.46 1.06 
Middle 2.05 0.79 2.69 1.26 
Head 1.78 0.57 2.43 1.04 

Note: P =storm rainfolJ; Q =storm runoff. 
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charge f or each classification tend to plot as 
straight lines on l og-norma l paper f o r 5- to 1 00-yr 
expected r a infall amounts (Fig ures 1 5 and 16). Be­
cause the 5-, 10-, and 100-vr events plotted as 
straight lines, it was assumed that storms for any 
frequency greater than 5 yr would plot on the same 
lines. The influence of within-storm variations is 
clearly evident and well defined for 5- to 100-yr 

Table 10. Rainfall and runoff for simulated early and late 2-, 5-, 10-, and 
100-yr storms with spatially uniform rainfall . 

Frequency 30-min Storm 60-min Storm 
and Type 
of Storm P (in.) Q (in.) P (in.) Q (in.) 

2 yr 
Early 0.78 u 1.09 0 .02 
Late 0.78 · <0 .01 1.09 0.07 

5 yr 
Early 1.09 0.11 1.42 0.22 
Late 1.09 0.13 1.42 0.29 

10 yr 
Early 1.28 0.16 1.70 0.35 
Late 1.28 0.21 1.70 0.46 

100 yr 
Early 1.95 0.71 2.62 1.12 
Late 1.95 0.72 2.59 1.19 

Note: P =storm rainfall; Q =storm runoff. 

Table 11. Rainfall and runoff for simulated early and late 2-, 5-, 10-, and 
100-yr storms with constant rainfall. 

Location of 30-min Storm 60-min Storm 
Frequency Event on 
of Storm Subwatershed p (in.) Q (in.) p (in.) Q (in.) 

2 yr Outlet 0.70 0 1.00 0 
Middle 0.80 0 1.10 0 
Heat! 0.70 0 1.00 0 

5 yr Outlot 1.00 0.01 1.23 <0.01 
Middle I.JO 0.02 1.35 0 
Head 1.00 <0.01 1.22 0 

10 yr Outlet 1.26 0.10 1.61 0.08 
Middle 1.37 0.16 1.75 0 .14 
Head 1.24 0.09 1.59 O.D7 

100 yr Outlet 1.81 0.52 2.41 0,66 
Middle 2.05 0 .72 2.64 0.86 
Head 1.79 0.50 2.38 0.63 

Note: P =storm rainfall: Q =storm runoff. 

Figure 11. Rainfall versus runoff for simulated centered 2-, 5-, 10-, and 100·yr 
storms. 
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Figure 12. Rainfall versus runoff for simulated 2-, 5-, 10-, and 100-yr storms 
that were not centered. 
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Figure 13. Rainfall versus runoff for simulated early 2-, 5-, 10-, and 100-yr 
storms. 
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Figure 14. Rainfall versus runoff for simulated late 2-, 5-, 10-, and 100-yr 
storms. 
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Figure 15. Peak discharge for rainfall frequencies of 2, 5, 10, and 100 yr for 
selected durations and storm patterns. 
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for selected durations and constraints. 
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storms. Even for spatially uniform rainfall, the 
relationships are clearly defined. For more fre­
quent events, however, peak discharges fall off 
rapidly. For constant rainfall rates, there was no 
runoff for 5-yr events with 60-min duration and no 
runoff for 2-yr events with 30-min duration. The 
curve for peak discharge versus frequency for a 
560-acre subwatershed, based on Walnut Gulch data, 
would plot near the upper curve in Figure 13. 

RECOMMENDATIONS 

The results of this study indicated that for a small 
semiarid rangeland watershed (560 acres), the spa­
tial and temporal distributions of thunderstorm 
rainfall exert an approximately equal influence on 
peak discharge from the watershed and that the in­
fluences tend to be additive. There are, however, 
two areas where further research is needed. 

First, storm-runoff frequencies as opposed to 
rainfall frequencies need to be established. In 
this study, the 30- and 60-min, 2-, 5-, lOM, and 
100-yr point rainfall amounts were used to generate 
peak discharge (Figures 13 and 14). However, these 
expected rainfall amounts were determined indepen­
dently from the thunderstorm-cell properties, and a 
wide range of peak discharges was generated from 
only eight point-rainfall depths. Furthermore, the 
relationships between peak discharge and spatial and 
temporal variability may not be linear. 

Second, and equally as important, the relative 
importance of storm-cell properties with increasing 
watershed size must be established. The runoff-pro­
ducing areal extent of thunderstorm cells is 
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limited, and runoff-producing rainfall will cover a 
smaller fraction of the watershed as the size of the 
watershed increases. Therefore, where the storm is 
centered should become increasingly important with 
increasing watershed size. 

On the other hand, the influence of varying the 
occurrence of maximum intensity within the storm 
duration is more or less a function of watershed 
size and becomes relatively less important with in­
creasing watershed size. 

Quantitative analysis of the relationships be­
tween thunderstorm rainfall and runoff illustrated 
here is extremely difficult for several reasons. One 
u!a!lun is that rainfall 1~ not unitorm in time or 
space, and rainfall input can only be estimated from 
rainfall measurements within certain limits of ac­
curacy and precision. Also, channel abstractions 
may account for much, or all, of on-site runoff. For 
example, annual runoff from the 58-mile 2 Walnut 
Gulch watershed is only about 5 percent of summer 
ra1nta11 (2). 

The nei"t step, therefore, would be to model a 
larger watershed (several square miles) by using 
KINEROS and simulated rainfall input. In a step-by­
step process, by increasing watershed size and com­
plexity, it should be possible to define the inter­
relationships between storm-cell properties and 
watershed characteristics. The test of these inter­
relationships, in each case, would be the comparison 
vf siff1ulcat.ed peak discharges and runoff volumes. 
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Conceptual and Empirical Comparison of Methods for 
Predicting Peak-Runoff Rates 
RICHARD H. McCUEN 

A wide variety of hydrologic methods have been proposed by hydrologic de­
sign. Because peak-discharge methods are the most widely used, it is instruc· 
tive to compare the methods that are used most frequently. The methods com­
pared include the rational formula, the U.S. Geological Survey urban peak­
discharge equations, and the Soil Conservation Service peak-discharge methods. 
In addition to a comparison of the methods by using data from 40 small urban 
watersheds, the methods are compared on the basis of their input requirements 
and the means by which channel systems are accounted for. These latter two 
comparison criteria appear to be more important in selecting a method than 
accuracy. 

The adverse hydrologic effects of land-cover changes 
and the different design solutions that have been 
proposed to overcome these effects have led to a 
diverse array of hydroloqic methods. Many state and 
local policies on floodplain management, erosion 
control, watershed planning, and storm-water manage­
ment (SWMJ require a specific hydrologic method for 
design. Such policies usually generate considerable 
controversy among hydrologists and design engineers 
because each hydrologic method has one or more dis-

advantages. More important, the different methods 
lead to different designs at the same location. The 
failure to specify a specific design method in the 
design component of a drainage or SWM policy often 
leads to significant difficulties in the review and 
approval process. 

A number of studies have been undertaken to iden­
tify the best method (1,2). Most of the comparisons 
were limited in some - respect. For example, some 
publications involved data obtained for a limited 
region, whereas others were based on a limited sam­
ple size. In some cases, the criteria for compari­
son were limited. In all cases, the comparisons 
were limited to empirical analyses. McCuen and 
others (_l) concluded that (a) there is a noticeable 
lack of consistency in the structure and presenta­
tion of results of comparisons of hydrologic meth­
ods, (bl the literature does not accurately reflect 
the methods that are most frequently used in hydro­
logic design, and (c) the literature is . often defi-
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cient in the description of the procedure and its 
accuracy, reproducibility, and the effort that is 
required to apply the method. 

The most comprehensive comparison of hydrologic 
methods for predicting peak-flow frequencies was 
undertaken by the Hydrology Committee of the U.S. 
Water Resources Council (1) 1 the study was under­
taken as a pilot test, ho-;;ever, which was designed 
and conducted to aid in the design of and provide 
guidance for performing a conclusive nationwide 
test. The report concluded that a study involving 
considerably more data would be necessary to make 
conclusive statements about the accuracy of the 
methods. The sample size was much larger than the 
data base for any previous study involving a compar­
ison of procedures. This suggests that until the 
funds are available to conduct a nationwide ~est, 

results based entirely on empirical analyses cannot 
be considered conclusive. 

The objective of this paper is to compare hydro­
log ic methods that are used for predicting peak-flow 
rates on the basis of structure, input, and calibra­
tion requirements as well as on the basis of the 
accuracy measured by fitting with data. A compari­
son of methods based on criteria such as structure 
and input requirements may be as valuable as a com­
parison based on measured data. After all, the 
studies involving a comparison of hydrologic methods 
based on a comparison of computed peak discharges 
with estimates obtained from flood-frequency anal­
yses have not been conclusive. 

CLASSIFICATION OF HYDROLOGIC MODELS 

In order to select procedures from among the many 
that are currently in use, it is useful to first 
establish a classification scheme for categorizing 
procedures that have common distinguishing charac­
teristics. By grouping similar procedures, one or 
more procedures can be selected to represent each 
category and then the procedures can be tested and 
compared. If the procedures selected are represen­
tative of those in the category, the results may be 
used to make generalized inferences about the proce­
dures in that category. The categories in the clas­
sification scheme should be different by at least 
one significant element. It is hoped that proce­
dures assigned to a category would be similar in 
important characteristics, and differences in these 
characteristics should be apparent when procedures 
assigned to different categories are compared. 

A number of schemes for classifying hydrologic 
methods have been developed. Classification schemes 
based on systems analysis concentrate on the three 
elements of the system black box: the input, trans­
fer, and output functions. $yst·ems are oftert char­
acterized by the nature of the transfer function 
(i.e., model), which in systems theory is the func­
tion that transforms the input function into the 
output function. Systems are often' categorized with 
the following sets of dichotomous terms: (a) deter­
ministic versus stochastic, (b) static versus dynani-

Tabl.,. 1, System for classifying hydrologic models, 
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ic, (c) linear versus nonlinear, (d) lumped versus 
distributed, (e) time invariant versus time variant, 
and (f) conceptual versus empirical. Although these 
represent mutually exclusive categories, they are of 
limited value in classifying hydrologic models. 
They represent a limited scheme because there is 
wide variation in important characteristics of pro­
cedures that would fall within the same category. 
Thus, a classification scheme was developed that 
concentrated on the output function. 

It is easiest to develop a classification scheme 
that concentrates on the hydrologic output. The 
classification system that is given in Table 1 iden­
tifies three forms of primary output: a peak dis­
charge, a flood hydrograph, 'and a frequency curvei 
these outputs correspond to the three level-1 class­
es. After the primary output has been generated, a 
secondary output can be obtained. For example, when 
a peak-discharge formula is used, the frequency 
curve can be obtained by using the formula to com­
pute an array of peak discharges for selected return 
periods. Similarly, a peak discharge for a selected 
return period can be obtained from a frequency curve 
obtained from multiple-event hydrograph analysis. 

In addition to level 1, it is useful to define a 
second level. In level 2, the methods are separated 
on the basis of other factors, such as whether the 
method is based on calibration to measured data and 
the structure of the method. A third level of the 
classification scheme would consist of specific 
methods. For example, the Stanford watershed model 
is a continuous-record method, whereas the rational 
formula is an uncalibrated peak-discharge equation. 

Peak- Discharge Methods 

For many hydrologic designs the only output required 
is a peak discharge for a selected return period. 
Thus, one category of the classification scheme is 
labeled peak_:discharge methods. Many methods have 
been proposed for such design problems. The re­
quired peak discharge can be evaluated directly or 
by constructing the frequency curve and taking the 
value from the curve. Peak-discharge methods can be 
classified as belonging to one of four subgroups: 
single return period, index flood, moment estima­
tion, and uncalibrated. Except for the uncalibrated 
equations, the other three level-2 methods in this 
class require fitting of empirical coefficientsi the 
coefficients are most often obtained by regression. 

Single-Return-Period Method 

Single-return-period methods use watershed and pre­
cipitation characteristics to predict the peak dis­
charge for a specific return periodi a separate 
equation is usually calibrated for each return peri­
od. Most often, the single-return-period methods 
have the following form: 

(1) 

Primary Output Secondary Output Classification Level 1 Classification Level 2 

Peak discharge Frequency curve 

l'lood hydrograph Peak discharge and 
frequency curve 

Frequency curve Peak discharge 

Peak discharge Single-return-period equations 
Index-flood method 
Moment estimation 
Uncalibrated equations 

Single-event hydrograph Calibrated unit graph 
Uncalibrated unit graph 

Multiple-event hydrograph Multiple event 
Continuous record 
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in which Xi (i = l,2, ••• ,p) are the watershed and 
precipitation characteristics, bj (j ; 0,1,2, ••• ,p) 
are the coefficients, and p is the number of pre-
~!'=~~~ :"~:!.:~l~:; uo<C;:u• ;,,, Li:"i:::\.fui:::.m..:y cu.eve can be 
derived by estimating the peak discharge with the 
equation for each of the necessary return periods. 
The u.s. Geological Service (USGS) state equations 
are examples of the single-return-period category. 

Index-Flood Method 

The index-flood method is based on a sinqle pre ic­
t l n equation and a ocries of index ralios. Tiit! 
prediction equation, which is usually calibrated by 
using regression, relates the peak discharge for a 
selected, or index, return period to both watei:-shed 
and precipitation characteristics. The form of the 
index-flood equation is usually the same as that for 
the single-return-period method. Although the 
index-fl0~ ~q~ati~n is usu:lly culibrated fVL a 
2-yr return period, the 10-yr event is sometimes 
used. Peak-discharge estimates for other return 
periods are obtained by multiplying the estimated 
peak discharge of the index-return period by a con­
stant, which depends on the specific return period. 
The index ratios are often obtained by regression; 
therefore, the expected peak discharges computed by 
the inde.x-flood method are unbiased. 

Moment-Estimation Methods 

Moment-estimation methods usually relate the first 

three statistical moments, i.e., mean (X), standard 
deviation (S), and skew (g), to watershed and pre­
cipitation characteristics; a separate prediction 
equation is used for each of the three moments . The 
peak discharge for a return period (p) is thus ob­
tained by using the following relationship: 

(2) 

where 

Op peak discharge (ft5 /sec), 

X =estimated mean value (ft'/sec), 
S standard deviation (ft'/sec), and 
K = dimensionless value that is a function of 

both the skew and the return period. 

In most cases, X and S are the mean and standard de­
viation of the logarithms of the annual maximum 
series; in such cases, it is necessary to use the 
antilogarithm of the Op computed with Equation 2. 
The frequency curve can be evaluated by computing 
the value of Op for selected return periods. 

Uncalibrated Equations 

Although the single-return-period equation, index­
flood method, and the moment-estimation method re­
quire fitting to measured hydrologic data, some 
peak-discharge methods are developed without fit­
ting; these are called uncalibrated equations. The 
rational method and the TR-55 peak-discharge methods 
fall into this category. One would expect that the 
process of fitting would improve the accuracy of a 
method. 

Sinqle-Event Hydrograph Methods 

Although unit hydrograph models can be distinguished 
on the basis of more than one criterion, 'it is use­
ful to limit the separation criterion to whether or 
not calibration was required. Calibrated unit hy­
drographs, such as the HEC-1 model, should provide 
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more accurate estimates of runoff hydrographs than 
uncalibrated methods. Uncalibrated unit hydrograph 
models are desirable because they are designed to be 
u~~u a~ ungagea iocacionsi che soiL conservation 
Service (SCS) TR-20 model is an example of this 
class. Although unit hydrograph methods provide a 
storm hydrograph as the primary output, they can 
also provide either a peak discharge or a frequency 
curve. Because urbanization causes significant 
changes in the volumes and timing of runoff, hydro­
graph models are becoming more widely used, espe­
cially where policies require storage of runoff to 
compensate ror Lhti effei:t or lam~ use changes on the 
excess runoff volumes and rates. 

Multiple-Event Hydroqraph Methods 

Because the use of hydroqraph methods has increased, 
there has been increased concern about some of the 
•• ..,.Aeo...-1 .._ .. ~ _,.. ...... - ... -..-. ... : -~ -..., ... ,.. ...... ..... .z .a..ll'=f Wo::f~UUl.t'~~VllO• 

brated unit hydrograph models most often require 
acceptance of the assumption that the recurrence 
interval of the runoff equals that of the rainfall. 
Empirical evidence indicates that this is rarely the 
case. In addition, many argue that where data are 
available, the single-event hydrograph models make 
little use of the available data. Thus, multiple­
event hydrograph models are sometimes recommended. 
T·.:::: ~~hclg;;;;~;; of multiplc-evie11t mvu~.J..~ ~x.Li:n~.• 

multiple-event analysis and continuous-record anal­
ysis. A multiple-event analysis involves using the 
larger storm events of record as input to a con­
ceptual hydrologic model. A frequency analysis is 
performed on the output to develop a frequency 
curve. A peak discharge can then be obtained from 
the frequency curve. This model type is based on at 
least two assumptions. First, it assumes that the 
largest rainfall event may not cause the greatest 
runoff i therefore, several storms for each year are 
used to ensure that the largest event for each year 
is included in the frequency analysis. Second, it 
assumes that the hydrometeorolog ical data are suf­
ficient input once the model has been fitted. 

continuous-record models are considered to be at 
least as accurate as the multiple-event models be­
cause they provide for continuous moisture account­
ing. On the other hand, they require considerably 
more technical expertise, time, and resources to 
calibrate and use. The continuous record of com­
puted runoff is used to compute a frequency curve i 
because the peak~runoff rates are computed rather 
than measured, the frequency curve is often referred 
to as synthetic. 

CRITERIA FOR COMPARISON OF PROCEDURES 

In making design estimates of flood peak discharqes, 
accuracy is often considered the most important 
criterion. To characterize properly the accuracy of 
a hydrol.ogic model, it is necessary to identify and 
to quantify factors that influence the accuracy of 
the model. That is, accuracy must be separated into 
its fundamental components, Definitions of pX'eci­
sion and bias are needed to define accuracy. Preci­
sion is a measure of the random variation in a set 
of repeated estimates when the procedure is identi­
cally evaluated more than once. Bias is a measure 
of the systematic error in a set of estimates; it 
measures the deviation of the central tendency of 
these estimates from the true value. Given these 
definitions, accuracy can be defined as a measure of 
the closeness of the predicted values to the true 
value of the quantity being evaluatedi it considers 
both precision and bias. 

In statistical analyses, the mean square error 
(MSE) is used as the measure of accuracy. Accuracy 
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is a function of systematic and random error varia­
tion; accuracy can be separated into the precision 
and bias components as follows: 

MSE = E(B - 8)2 (3a) 

= E{ [Ii - E(O)] + [E(li -8)]} 2 (3b) 

= E[li - E(O)) 2 + E[E(O) - 8] 2 + 2E[li - E(O)] [E(O)- 8] 2 (3c) 

where 0 is any parameter, 0 is an estimate of a, and 
E ( ) denotes the expected value of the quantity 
enclosed in the parentheses or brackets. Given the 
above definitions for precision and bias and because 

E[0 - E(0)) z 0, MSE is the sum of the precision and 
the square of the bias: 

MSE = E{ [Ii - E(B)] 2} + E[E(O) - 8) 2 

=precision+ bias2 

(4a) 

(4b) 

The variation of an estimated peak discharge from 
the true value can be represented by 

where Yoi is the 
Yijk is a value 

true estimate 
estimated by 

on watershed 
individua l j 

'(5) 

i, 
on 

watershed i and by using procedure k, and ~ik is the 
the mean of all estimates made on waters.bed 1 by 
using procedure k. The terms in the computational 
equation (Equation 5) correspond directly to the 
statistical definition of Equation 4. 

To assess the precision of a hydrologic model, it 
would be necessary to make an estimate of the random 
error. In a strict sense, this requires repeated 
measurements. True repetition is not possible in 
hydrology, and thus a true measure of precision is 
not obtainable. A best estimate of precision can be 
obtained by using estimates of peak discharge made 
by different hydrologists. The variation of these 
estimates is a measure of the random variation. 
Because it is not a true estimate of precision, it 

is termed , reproducibility. The term (Yijk - Yik) 
represents the reproducibility of a procedure and is 
evaluated by repeated use of procedure k on the same 
watershed by different hydrologists; as such, it is 
as close as one can come to replication in hydrol­
ogy. It is intended to provide an answer to the 
question, "How well can I expect to agree with other 
hydrologists?" Because replication is usually not 
available, only accuracy and bias are assessed. 

By using the separation-of-variation concept of 
Equation 5, accuracy equals the variation of the 
predicted values from the true values. Because the 
true value differs for each watershed, it is neces­
sary to standardize the differences when the accu­
racy of a method is evaluated. Thus, the accuracy 
is evaluated in the form of a standardized standard 
error: 

A= { [1/(n - !)] }1 ((Yijk - Yoi)/Y oil 2} o.s (6) 

The true peak discharge (Yoil is never known. For 
purposes of comparing hydrologic models where gaged 
data are available, the flood frequency analysis 
estimate of a particular exceedence probability can 
be used as th~est estimate (_!). 

The term (Yik - Yoil is the difference between the 
mean of all estimates on watershed i by using proce­
dure k and the true value. It represents the sys­
tematic error variation of the procedure and identi­
fies either overestimation or underestimation; a 

35 

zero value indicates no systematic error. The bias 
of procedure k is estimated by 

COMPARISON OF MODEL STRUCTURES AND 
INPUT REQUIREMENTS 

The classification system of Table 1 is based on the 
primary output. This separation also represents 
different levels of design requirements. For exam­
ple, it would not be practical to use a continuous­
record model to design storm drain inlets. Simi­
larly, it would not be rational to use an empirical 
peak-discharge equation to perform real-time flood 
forecasting. Because of the interest in comparing 
peak-discharge methods, the remainder of this study 
will focus on these methods1 it is, however, impor­
tant to recognize the classification system of Table 
1 to maintain a proper perspective. 

Most of the peak-discharge methods require quite 
similar input. The drainage area is a major input 
to most of the equations. An index of the rainfall 
depth is usually required; this is most often ob­
tained from a curve of rainfall intensity, duration, 
and frequency for the site. When a rainfall depth 
or intensity is required, such as with the rational 
and SCS graphical methods, the product of the rain­
fall and drainage area reflects a supply of avail­
able water for runoff. The actual supply is a func­
tion of the return period, which is required by the 
peak-discharge methods. The reduction of rainfall 
supply to the volume of direct runoff is usually 
controlled by a runoff index that is primarily a 
function of land use; some methods use other factors 
such as slope or soil type in reducing the rainfall 
supply to a runoff volume. The slope and length are 
other watershed characteristics that serve as input 
to many peak-discharge methods. 

Calibrated Equations 

Single-Return-Period Equations 

The single-return-period equations, which have the 
structure of Equation 1, are nonlinear multiplica­
tive because the variables have nonunit exponents; 
thus, the relative change in Op due to a change in 
any of the variables depends on the value of the 
variables. In this sense, the model is nonlinear. 
For example, the three-parameter USGS urban peak­
discharge equations (_!) have the following form: 

(8) 

where A is the drainage area in square miles; BDF is 
the basin development factor, which represents the 
degree of land and channel development; RQT is the 
peak discharge obtained from the USGS equation for 
rural watersheds within a state; and bf (i z O,l,2,3) 
is the fitting coefficient dependent on the return 
period (T). 

A separate equation is provided for the return 
periods of 2, 5, 10, 25, 50, 100, and 500 yr. The 
change in Qp due to a change in A for Equation 8 
is given by 

3Qp/3A = bob1 A b 1-
1
(13 - BDFt2RQ~3 (9) 

The rate of change for the USGS urban equations is 
nonlinear. It should be evident that the actual 
slopes of the relationships between Qp and A for 
the models will depend on the values of both the 
variables and the coefficients. 
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Moment-Estimation Method 

Thomas and Benson (_~) derived the empirical coef­
ficients of equations for predicting the mean and 
st:anaara aev1at:1on or tne _1_ogar1tnms or tne annuaL 
peak-flow series; the regression equations for the 
skew coefficients were not statistically signifi­
cant. Equations were derived for four regions of 
the United States. The regression equations for 

the mean (X) and standard deviation (S) for rural 
watersheds in the eastern regions are 

X = 0.00264A 1.0 1pl.S 8 (JO) 

S = 0.0142Ao.99po.ss (11) 

in which P is the mean annual precipitation in 
inches; Skew coefficients for ungaged sites can 
best be estimated by averaging station values within 
the hydrologic vicinity of the ungaged site. McCuen 
(_§_) concluded that for the United States a mean skew 
value of zero was reasonable. In this case, the 
value of K of Equation 3 becomes the standardized 
normal variate and can be obtained from any basic 
textbook on statistical methods. 

Equations 10 and 11 require only the drainage 
area and the mean annual precipitation to obtain an 
estimate of the peak discharge. In this respect, 
the input requirements are easier to obtain than 
those for the other methods described. Therefore, 
one would expect the accuracy to be less; neverthe~ 

less, because they were derived by regression, the 
estimates should be unbiased. The equations are 
nonlinear multiplicative in structure, although the 
exponentR for the drainage area are nearly equal to 
unity. 

Index-Flood Method 

The index-flood method requires the calibration of 
both the equation for the index return period and 
the ratios between the peak-flow rates for other 
return periods and the index return period. The 
structure of the index-flood equation is usually 
nonlinear multiplicative; watershed and precipita­
tion characteristics are used as predictor vari­
ables. As an example, Trent <..?.> provided the fol­
lowing index-flood equation for estimating the 10-yr 
peak discharge from small rural watersheds: 

QP =boAb'Rb2DHb3 (12) 

in which R is an i~o-erodent factor, defined as the 
mean annual rainfall kinetic energy times the annual 
maximum 30-min rainfall intensity, and DH is the 
difference in feet of the elevation of the main 
channel between the most distant point on the water­
shed boundary and the design point. The coeffi­
cients bi (i = 0,1,2,3) are a function of the hydro­
physiographic zone. The estimated peak dicharge must 
be modified when the surface water storage in lakes, 
swamps, and ponds exceeds 4 percent. The 2-yr peak 
discharge is estimated by multiplying the 10-yr peak 
(Q10) by the index ratio of 0.41. The 100-yr peak 
(Q100> can be estimated by 

(13) 

If the index ratios are obtained by regression, 
the index-flood method should provide unbiased esti­
mates of the peak discharge. Nevertheless, the 
accuracy of the estimates for return periods other 
than the index return period can be no greater than 
that obtained by the single-return-period equations; 
in most cases, the accuracy of the index~flood meth­
od will be less because the ratio represents a sin-
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gle fitting coefficient. For the single-return­
period equation of the same return period, several 
coefficients are available for fitting. 

unca1.1.0rated Equations 

The three methods discussed earlier, i.e., single­
return-period equations, index-flood method, and 
moment estimation, require calibration; that is, the 
methods are fitted to peak-flow rates obtained from 
flood frequency analyses. Past empirical studies 
have indicated that the nonlinear multiplicative 
structure provides the greatest accuracy. Thus, 
this structure is usually chosen for these methods. 

Uncalibrated equations are most often based on a 
conceptual framework. Therefore, the model struc­
ture is not simply chosen; instead, the structure is 
the result of the conceptual framework. Thus, the 
structure of uncalibrated equations shows wider 
variation than that of the calibrated methods. 

Rational Formula 

The rational formula is the most widely used hydro­
logic equation. It has the following form: 

where 

Qp peak discharge (ft 3 /sec), 
C runoff coefficient, 
i rainfall intensity (in./hr), and 
A drainage area (acres). 

(14) 

The form of the rational method results from the 
underlying conceptual framework. The method assumes 
a constant rainfall of intensity i for a duration of 
tc (hr); thus, the total rainfall depth is itc• The 
product of the drainage area and the total rainfall 
depth is the volume of rainfall in inches that is 
available for runoff. The runoff coefficient (C) 
determines the proportion of the rainfall volume 
that appears as runoff. Conceptually, the runoff 
hydrograph for the rational method is triangular 
with a time base of 2tc, a time to peak of tcr and a 
volume of runoff of CiAtc; thus, 50 percent of the 
runoff lies under the rising limb of the runoff 
hydrograph. 

The runoff coefficient is usually obtained from a 
table and is defined in terms of the land use. Some 
tables provide for selection of the value on the 
basis of return period and slope; the value of C 
increases for the Jess frequent events and with 
increasing slope. Some tables provide a range of 
C-values for each land use; although this permits 
the designer to select a value that reflects on-site 
conditions, it also leads to a lack of reproduci­
bility. Poor reproducibility often creates diffi­
culties between those proposing site development and 
those who are responsible for approving site­
development plans. The rainfall intensity of Equa­
tion 14 is a function of the return period, the 
location, and the storm duration; the storm duration 
is most commonly taken as the time of concentration, 
although it has been shown that the critical storm 
duration may actually be shorter than the time of 
concentration (_!!) • The value of i is obtained from 
a curve of rainfall intensity, duration, and fre­
quency for the location. The relationship between 
the intensity and time of concentration (tel can 
be represented by an equation of the following form: 

(15) 

in which do and d1 are empirical coefficients 
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that reflect both the location and the units of i 
and tc. The time of concentration is a function 
of the slope, length, and land coveq the value of 
tc has also been shown to be a funct ion of rain­
fall intensity (~ 1 10) , although most methods for 
estimating tc are independent of i. When tc is a 
function of i, an iterative solution is necessary 
because i is also a function of tc• 

In summary, the basic input data required to use 
the rational method are the drainage area, the wa­
tershed slope, the hydraulic lenqth, the return 
period, a nominal statement of the land cover, a 
table of C-values, and a curve of rainfall inten­
sity, . duration, and frequency for the site loca­
tion. The drainage area, slope, and hydraulic 
length are obtained from either a site survey or a 
commercially available topographic map. For cases 
of nonhomogeneous land cover, the slope, length, and 
land cover are obtained for each flow segment to 
compute tc. 

SCS TR-55 Graphical Method 

The graphical method is quite similar in concept and 
structure to the rational formula and has the fol­
lowing form (11): 

(16) 

where 

Qp peak discharge (ft 3 /sec), 
qu unit peak discharge [ft 3 /(mile2 

• in.) of 
direct runoff], 

A drainage area (acres), and 
Q direct runoff (in.). 

The unit peak discharge, which is obtained from 
Figure 5-2 of TR-55 (11), is a function of the time 
of concentration measured in hours. The runoff 
volume (Q) is a function of the SCS runoff curve 
number (CN) and the 24-hr rain.fall depth (P24l in 
inches. The curve number is a fu nct ion of the land 
use, cover condition, and SCS soil typei CN is ob­
tained from a table. The value of P24 is a func­
tion of location and return period and is obtained 
from a volume-duration-frequency curve for the site 
location. The input requirements for ~he SCS qraph­
ical method are the drainage area, the watershed 
slope, the hydraulic length, the return period, a 
nominal statement of the land cover and condition, 
the soil type, a table of CN-values, the location, 
and the volume-duration-frequency curve for the 
location. 

The graphi_cal method of Equation 16 has a linear 
multiplicative structure, even though the equation 
for computing the runoff volume Q is nonlinear. The 
curve relating the unit peak discharge and the time 
of concentration is also nonlineari actually, the 
structure of the curve of qu versus tc is quite 
similar to the structure of the intensity-duration­
frequency curve used with the rational formula. It 
is evident that the rational method and the graph­
ical method are almost identical in both structure 
and input requirements. The structures are classed 
as linear multiplicative because peak discharge is 
linearly related to each of the variables defined in 
the equation. For example, a change in the drainage 
area of 1 acre causes the same relative change in 
~ r egardless of the value of A. The two methods 
are multiplicative as opposed to being additive 
because the peak discharge is obtained by multiply­
ing the values of the input variables. 

The graphical method was formulated from numerous 
runs of the scs TR-20 program (12). The ~R-20 pro­
gram uses a curvilinear unit hydrograph to compute 
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the runoff hydrograph and thus the peak discharge. 
This curvilinear unit hydrograph has 37.5 percent of 
the volume under the rising limb. The time to peak 
of the unit hydrograph is two-thirds of the time of 
concentration. The runoff volume is a nonlinear 
function of the precipitation. It should be evident 
that conceptual differences exist between the graph­
ical and the rational methods despite their use of 
similar input. 

Summary 

It should be evident that the peak-discharge methods 
differ little in either their structure or their 
input requirements. The input usually consists of 
the drainage area, a precipitation characteristic, 
and one or more watershed characteristics. The main 
difference between methods, at least with respect to 
input requirements, is the number of predictor vari­
ables used. The accuracy of prediction does not 
appear to improve when var !ables are added beyond 
the drainage area, the precipitation index, a land 
use index, and a watershed characteristic such as 
the slope. 

The structures of the methods are also quite 
similar. Although linear multiplicative structures 
are often used for the uncalibrated equations, the 
other peak-discharge methods usually rely on non­
linear multiplicative form, which is a more flexible 
structure. For the uncalibrated methods, the linear 
multiplicative structure is used because empirical 
evidence indicates a wide range of values for the 
exponents. For example, for estimating peak dis­
charges in Iowa, Lara (13) reported exponents for 
the drainage-area variable from 0.42 to 0.70. Sauer 
and others (~) reported values from 0.15 to 0.41 for 
nationwide urban peak-discharge equations. For 
estimating floods in Maryland, Walker ( 14) reported 
values from 0.8585 to 0.947. Trent <ll reported 
values from o. 23 to 1. 31. It is evident that the 
empirical coefficients are highly variable and de­
pend on factors such as location, type of watershed 
(urban or rural) , and the range of watershed sizes. 

Given that the structures and input requirements 
are similar, is there any reason to believe that one 
method is any better than the others? The major 
difference certainly is that which exists between 
the calibrated and the uncalibrated methods. Cali­
brated methods should provide unbiased estimatesi 
they will also provide more accurate estimates when 
the test watersheds are similar to those used in 
calibrating the equation. Accuracy can be expected 
to decrease significantly as the coefficients become 
less applicable to the watersheds being tested. 

Among the calibrated methods (i.e., single return 
period, index flood, and moment estimation), the 
major difference lies in the number of coefficients 
calibrated. For example, the single-return-period 
method required 24 coefficients for- the 3-parameter 
models for the 2-, 5-, 10-, 25-, 50-, and 100-yr 
peaks. The moment-estimation technique would proba­
bly require fewer because there are only three equa­
tions to calibrate. The index flood would require 
one set for the index flood and at least five for 
the index ratios. Although the larger number of 
coefficients should lead to greater accuracy for the 
single-return-period method, the increased accuracy 
may not be statistically significant. Nevertheless, 
the independent calibration of single-return-period 
equations for different return periods may not pre­
serve the skew of the individual station frequency 
curves. The moment-estimation method would be ex­
pected to best replicate the shape characteristics 
of the frequency curve. 
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ACCOUNTING FOR FLOW IN CHANNEL SYSTEMS IN 
MAKING PEAK-DISCHARGE ESTIMATES 

ttyarograpn ana mu.Lt:l.p.Le-event: met:nods al most: a l way:; 
include one or more input variables or parameters 
that reflect flow in channel systems. For example, 
the SCS TR-20 model uses the channel length and 
convex method routing coefficient to reflect channel 
characteristics. Channel system characteristics are 
not handled in such a direct manner with most of the 
peak-discharge methods. The uncalibrated equations 
such as the rational formula and SCS TR-55 graphical 
method do not include si:>ecific variables to rer1eot 
channel characteristicsi nevertheless, flow in chan­
nel systems can be partly accounted for by including 
channel-flow characteristics in the computation of 
the time of concentration. This indirect method of 
accounting for channel characteristics limits the 
potential accuracy of the methods for watersheds 
--'---- _.__ _____ .. L'"--- .!_ -.!--.!~.! ____ .._ ..,.,__ _ ______ "l.!L __ _._ _ _.!!i 
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equations should not be used where channel storage 
effects are significant. That is, where flow rates 
are significantly affected by channel characteris­
tics, adjustment of the time of concentration may 
not be adequate for handling the effects of channel 
characteristics on peak-discharge rates. 

Conceptually, the product of the intensity and 
the drainage area in the rational formula represents 
1:.he supply rate oi water; ~ne runo~L cueLLicient 
represents the portion of the supply rate that is 
converted into direct runoffJ the proportion (1 - C) 
represents the losses due to interception and other 
overland flow processes, such as depression storage 
and infiltration. When the time of concentration is 
adjusted to reflect channel runoff, it is not total­
ly reasonable that the shape of the intensity­
duration-frequency curve, from which the value of i 
is obtained, reflects the sensitivity of peak dis­
charge to channel characteristics. A similar argu­
ment can be made for the graphical method. If the 
effect of channel characteristics is accounted for 
in the time of concentration, it is not totally 
reasonable that the shape of the unit peak-discharge 
curve of TR-55 reflects the sensitivity of peak 
discharge to channel characteristics. 

The three types of peak-discharge methods that 
usually require calibration most often account for 
flow in channel systems differently than do the 
uncalibrated equations. Specifically, the single­
return-period equations, the moment-estimation meth­
ods, and the index-flood methods are often cali­
brated by using data obtained from stream gages. In 
such cases, the log Pearson type III estimates of 
the peak discharge and the statistical moments of 
the annual maximum series reflect the effects of the 
channel system. Thus, the values of the fitting 
coefficients reflect the channel system. For exam­
ple, the three-parameter USGS urban equation (Equa­
tion 8) contains four coefficients that are directly 
affected by the channel characteristics of the urban 
watersheds that were used to calibrate the model. 
Also, the coefficients in the equations that are 
used to estimate RQT contain fitting coefficients 
that reflect the channel characteristics of the 
rural watersheds that were used to calibrate the 
models for predicting RQr. 

The point of this discussion is that methods 
calibrated with data obtained from stream gages 
should be expected to perform Qif ferently from those 
in which the characteristics of the channel system 
must be reflected indirectly, such as through the 
time of concentration. When models calibrated with 
data from stream gages are compared with peak dis­
charges obtained from stream-gage records, one would 
expect such models to perform better, in terms of 
accuracy and bias, than models that were not cali-
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brated. Similarly the calibrated models might not 
perform as well as the uncalibrated models when the 
models are compared with data obtained from water-
siie<is where channel. :sy~te1m:s a.1.t::' rnJ1-1CAiol:..cr1t VL 

minor. In summary, it is important for a model to 
be used under conditions similar to those used in 
the development or calibration of the model. 

COMPARISONS WITH MEASURED DATA 

Because the peak-discharge methods are so widely 
used, comparisons of the methods are of special 
lnterei;t. Twu i;tuclil:!B IJdVI:! tl:!C.:1:!11Lly been undertaken 
that illustrate the concepts discussed earlier. The 
Water Resources Council (WRC) study (,!) compared 
nine methods on 70 rural watersheds. Because the 
USGS single-return-perioC equations for each state, 
the rational method, and the SCS graphical method 
are widely used, it !.s of i nt e rest to compare the 
resul~s from the WRC study fur tiit:~&~ th1.~~ mi&thOOs. 
The mean bias of the 100-yr event was 10, 80, and 75 
percent, respectively, for the three methods. The 
interquartile ranges of the percentage of deviation 
from the gage estimate were 45, 180, and 165 per­
cent, respectively. Given that the USGS equations 
are intended for rural watersheds and were cali­
brated from similar data, it is not surprising that 
these equations produced the smallest bias and the 
smallest The 
methods were intended to be used on watersheds that 
were smaller than most of the watersheds included in 
the study. In addition, these two methods are used 
mostly to estimate inlet peak discharges rather than 
peaks on streams of significant channel storage 
where gages would likely be located. Thus, the 
large positive biases and large ranges should not 
have been unexpected. 

Rawls, Wong, and Mccuen (15) compared several 
peak-discharge methods on 40 small urban water­
sheds. The watersheds included in this data set had 
drainage areas less than 4, 000 acres. The methods 
included the USGS urban equations (Equation B), the 
rational method (Equation 14), and the graphical 
method (Equation 16) • By using the bias and ac­
curacy statistics of Equations 6 and 7, the three 
methods resulted in bias values of -0.11, -0.49, and 
-0. 07, respectively, and accuracy values of O. 66, 
0.68, and 1.17, respectively, for the 100-yr 
events. Because the data base that was used for 
testing was part of the data base used to calibrate 
the USGS equation, the bias and accuracy values of 
-0.11 and 0.66 can be used as standards of compari­
son. The graphical method is relatively unbiased, 
whereas the rational method still tended to over­
predict. The graphical method showed somewhat 
greater scatter (i.e., poorer accuracy) than that of 
the USGS equations, whereas the scatter for the 
rational method was comparable with that of the USGS 
equation. The low bias of the graphical method 
indicates that, on the average, the method provides 
reasonable agreement to peak discharges computed by 
using log Pearson type III analyses. The higher 
variability in comparison with that of the USGS 
method probably results because it was not cali­
brated from such data. The tendency of the rational 
method to overpredict may indicate that it was ap­
plied to watersheds that are too largei that is, the 
conceptual framework and runoff coefficients may not 
be applicable to watersheds as large as 4,000 acres. 

DISCUSSION AND CONCLUSIONS 

Despite empirical studies comparing peak-discharge 
methods, the debate continues over which method 
should be used in design. Although the comparison 
studies have suggested that calibrated equations are 
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relatively unbiased and have the smallest error 
variation, all of the studies have avoided defining 
what represents a significant difference. Further­
more, the WRC study (1) suggested that the sample 
sizes used in these comparis~n studies were inade­
quate for making conclusive statements. If the 
empirical evidence is inadequate, it is possible to 
combine the results of the empirical studies with a 
rational analysis of the conceptual framework, 
structure, · and input requirements of the methods. 

When the peak-discharge methods are compared on 
the basis of their input requirements, there is 
little difference; drainage area is usually the most 
important input variable; a rainfall characteristic 
and a time characteristic are other common, impor­
tant input variables. The methods also differ lit­
tle in structure. Although the methods calibrated 
are usually nonlinear, the variation in the 
coefficients from one empirical study to another is 
sufficiently large that the results do not suggest 
that a linear structure is unreasonable. 

The greatest difference between the methods is 
their conceptual framework. The calibrated equa~ 

tions emphasize channel characteristics, whereas the 
uncalibrated equations emphasize surf ace-runoff 
characteristics. The input variables for the cali­
brated methods are often similar to those for the 
uncalibrated equations, but the fitting coefficients 
provide a conceptual mechanism for incorporating 
channel characteristics into the estimated peak 
discharges. Although the uncalibrated equations can 
attempt to account for channel flow by modifying the 
time of concentration, the use of Manning's equation 
for ·computing channel velocities cannot totally 
reflect channel-storage characteristics. Thus, for 
watersheds where the flow in channels is signifi­
cant, the calibrated methods have a distinct ad­
vantage. 

The uncalibrated methods also differ conceptually 
among themselves. For example, although both the 
graphical and the rational methods are based on unit 
hydrograph concepts, the rational method assumes a 
much larger portion of flow within the rising limb 
of the hydrograph than the graphical method (i.e., 
50 percent versus 37.5 percent). Thus, one would 
expect that the rational method would be more appro­
priate for small watersheds where the land cover 
conditions cause a rapid response. The graphical 
method appears to be more appropriate for slightly 
larger watersheds where surface runoff storage ef­
fects are more evident. 

Where it is necessary to formulate design stan­
dards as part of stormwater management or drainage 
policies, how does this rational comparison provide 
insight concerning which method to select? Both the 
empirical evidence and the rational analysis suggest 
that a single-return-period equation should be used 
where a peak discharge is needed on a stream having 
significant storage. If an entire frequency curve 
is required, the moment estimation may be prefer­
able. For small watersheds where surface runoff 
dominates, the uncalibrated equations may be pre­
ferred. Selection of the uncalibrated equation 
should depend on the similarity of the watershed 
characteristics to the characteristics of the site. 
For small inlet areas, the rational method may be 
preferred i selection of this method, however, would 
assume that the watershed response is rapid. Thus, 
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the rational method may not be appropriate for low 
sloped areas such as coastal watersheds. 

To summarize, in formulating policy adequate 
consideration should be given to the agreement be­
tween the conceptual framework of the design method 
and the characteristics of the design problem for 
which the policy is intended. 
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Predicting Hydro logic Effects of Urbanization by 

RICHARD H. McCUEN AND NORMAN MILLER 

A recent study by the Water Resources Council indicated that the methods of 
the Soil Conservation Service (SCS) are among the most widely used hydrologic 
design methods. The TR-55 graphical and chart methods are used to predict 
p~ak tll~~hary•. Th• Tfl·!i!i lolml•1 111•lhutl •11tl ti•• TR-20 cu111pute1 package 
can be used to generate entire storm hydrographs. Because the methods are 
widely used for design in urban areas, it is important to understand exactly 
how the effects of urbanization should be assessed by using the SCS methods. 
Changes in land use affect the flood runoff through both the time of concentra­
tion and the SCS runoff-curve number. The effect of urbanization on peak dis­
charges indicated by SCS methods is compared with the effect indicated by 
othor peak-discharge methods. 

Hydrologists have demonstrated major concern over 
the hydrologic effects of urbanization for at least 
three decades. During this period, a wide array of 
hydrologic models has been developed to predict the 
effects of urbanization on runoff characteristics. 
Even in 1983 more models are being developed. It 
appears reasonable, therefore, to examine some of 
tnese models and to assess the range of predicted 
effects of urbanization on runoff characteristics. 

Urbanization is a process that affects a number 
of components of the hydrologic cycle. The clearing 
of vegetated land cover reduces the interception 
storage. Often, development of land invol•1es siq­
nif icant amounts of grading. The grading usually 
causes significant decreases in the depression stor­
age. After clearing and grading, parts of the de­
veloping area are covered with impervious surfaces. 
In addition, the previously sinuous drainageways are 
straightened7 the result is a decrease in both the 
roughness and natural storage. The impervious sur­
faces decrease the pot!!ntial for infiltration, and 
the modifications to the drainageways change the 
storage effects on runoff. In many localities, 
storm-water detention facilities are required to 
compensate for the natural storage that is lost 
during urbanizationi however, studies have shown 
that detention storage does not return the runoff 
and storage characteristics to their predevelopment 
status (1,2). 

The hydrologic effects of urbanization are most 
often assessed by using the change in peak discharge 
as the sole criterion. Nevertheless, other runoff 
characteristics are important. In addition to peak 
discharge, urbanization causes changes in both the 
volume of direct runoff and the various time charac­
teristics of the runoff, including the time of con­
centration, the time to peak, and the duration of 
flow at various flood stages. These other runoff 
characteristics are recognized as being important, 
especially because of their effects on water 
quality. In summary, when the hydrologic effects of 
urbanization are evaluated, it is important to view 
the problem from a multicriterion standpoint. 

Although the hydrologic concepts used by the Soil 
Conservation Service (SCS) (3,4) have been in exis­
tence for some time, their""' use gained widespread 
acceptance when SCS TR-55 was published in 1975 
<2l. The TR-55 methods have been included in the 
design sections of many drainage and storm-water 
management policies and are widely used. In many 
states, the TR-55 methods are replacing the rational 
formula as the recommended technique for peak­
discharge estimation on small watersheds. 

The objective of this paper is to demonstrate how 

the scs methods can be used to evaluate the hydro­
log ic effects of urbanization and to compare the 
predicted effects with the results of other studies. 

EFFECT ON RUNOFF VOLUMES 

The reductions in interception storage, depression 
storage, and infiltration that accompany urbaniza­
tion cause increases in runoff volumes. The in­
creased volume of direct runoff is partly respon­
sible for both the degradation of channels and the 
decreases in groundwater recharge. In recognition 
of the detrimental effects of increases in runoff 
volume, one purpose of storm-water management is to 
replace the natural storage that is lost due to 
urbanization. 

The SCS methods use the following equation to 
compute the depth of runoff (Q) in inches that re­
sults from a 24-hr rainfall depth (P) in inches: 

Q = (P - 0.2S)2 /(P + 0.8S) (l) 

in which S is the potential maximum retention, 

S = (l,000/CN) - 10 (2) 

~'here CN is the scs curve number for runoff. The 
rainfall depth is for a specified return period. 
The SCS methods are most often applied by usinq the 
24-hr rainfall depth. 

The runoff CN is an index that reflects the land 
use, treatment, hydrologic condition, and hydrologic 
soil group. CN increases as the pervious land 
covers are changed to impervious land covers. SCS 
assumes a CN of 98 for impervious surfaces. Thus, a 
composite CN can be obtained by weighting the imper­
vious and pervious land cover CNs by using the frac­
tion of the total area in each land cover: 

CN=98f+(! -f)CNp (3) 

where f is the fraction of imperviousness and CNp 
is the CN for the pervious portion of the water­
shed. Because the CN is a function of f, the change 
in the runoff volume (Q) due to a change in f is 
obtained as follows: 

aQ/af= (aQ/as). (dS/dCN). (aCN/af) (4a) 

aQ/af = { (98 - CNp)[400(P - 0.2S) + 800Q]} /[(CN)2 (P + 0.8S)] (4b) 

Equation 4 indicates that the sensitivity of Q to 
changes in f is a direct function of Q and is in­
versely related to the pervious-area CN. Figure 1 
shows the relationship between the rate of change of 
the runoff and the fraction of imperviousness for 
the pervious surface CNs of 60, 70, 80, and 90 and a 
rainfall of 5 in. To illustrate the use of Equation 
4b, if P is 5 in., CNp is 70, and f is 0.9, then 
aQ/af 3.15. If a proposed development would 
increase the fraction of imperviousness by 0.05, the 
change in the runoff volume would be 3.15 (0.05) 
0.16 in., which is the product of ao/af and ~f. 

. . 
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Figure 1. Sensitivity of runoff volume to fraction of imperviousness for 
selected pervious area CNs. 

CN = 80 
p 

CN = 90 
p 

o.z 0.4 0.6 0.8 I. 0 

f 

EFFECT ON TIME PARAMETERS 

Time is an important parameter in most hydrologic 
models, including the SCS methods. The time of 
concentration (t0 ) and the lag time (L) are the 
two most frequently used time parameters. SCS 
computes the lag time as follows: 

(5) 

where 

L lag time (hr), 
i watershed length (ft), 
Y = watershed slope (%), and 
s potential maximum retention, which is defined 

by Equation 2. 

SCS provides the following relationship between L 
and tc: 

tc = l.67L (6) 

SCS provides a second method, which is called the 
velocity method, for computing the time of con­
centration. Although the lag equation (Equation 5) 
is recommended only for small rural drainage areas, 
the velocity method can be used with all land 
covers. When the velocity method is used, the time 
of concentration is defined as follows: 

tc = [ii\ (Q;/V;) ]/3,600 (7) 

in which ii is the length of the ith flow seg­
ment in feet, Vi is the velocity in feet per 
second of flow through flow segment i, and n is the 
number of flow segments. The velocity for overlann 
flow segments can be estimated by using a graph of 
the watershed slope and the velocity7 different 
relationships are given for different surface 
types. Manning's equation can be used to estimate 
the velocity of flow in channels. 

When the lag method is used and part of the wa­
tershed is urbanized, scs provides two graphs of lag 
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factors for correcting the lag estimated with Equa­
tion 5. In one graph the percentage of impervi­
ousness is related to a lag correction factor, which 
can vary from 0 to 1. In the other graph the per­
centage of the hydraulic length modified is related 
to a lag correction factor. The lag factor in both 
graphs is a function of CN. These lag factors are 
approximations of the effect of urbanization on the 
time parameters. 

If the more exact evaluation of the effect of 
urbanization on the time of runoff cannot be eval­
uated by using the velocity method, the effect can 
be estimated by examining the change in the lag time 
with respect to change in the fraction of the water­
shed that is impervious. By using Equations 5, 2, 
and 3, it can be shown that aL/af is given as 
follows: 

aL/af = (aL/aS) . ( dS/dCN) . (aCN/af) (8) 

From Equation 5, the partial differential of L with 
respect to S is 

(9) 

From Equation 2, the differential of S with respect 
to CN is 

dS/dCN = -l ,OOO/(CN)2 (10) 

From Equation 3, the partial differential of CN with 
respect to f is 

aCN/af = 98 - CNp (11) 

Therefore, the following expression results for the 
partial differential of Equation 8: 

(12) 

The second derivative is 

a2 L/af2 = {7ooQ0 · 8(98 - CNp)2 [2CN(S + 1)0 ·3 -300(S + 1)-0 ·7 ]} 

+ (1,900(S + 1)0 ·6 CN4 Y0 · 5 ] (13) 

The change in the lag time due to change in the 
percentage of imperviousness can be evaluated by 
using a Taylor expansion: 

L,, = L+ (aL/af). df+ (1/2!)(a2 L/af2). ctf2 

+ (J/3!)(a 3 L/af3). df3 + . .. (14) 

in which L is the lag time at f = O, and La is the 
lag time at f = df. The lag factor can be obtainea 
by dividing Equation 14 by L: 

L,/L = I + (aL/af). (df/L) + (J/2!)(a2 L/af2
) . (df2 /L) 

+ (1/3!)(a 3 L/af3
) · (df3 /L) + ... (15) 

For the range of values for CN and f that are usu­
ally of interest, the second-order Taylor series is 
sufficient. Then Equation 15 reduces to the 
following: 

L. /L"' I+ (aL/af). (df/L) + (1/2!)(a2 L/af2
). (df2 /L) (16) 

The first-order Taylor series is acceptable when 
CN is greater than 85 and f is less than 0.3. For a 
CN of 70 and an f of O. 6, the error in using the 
second-order Taylor series (Equation 16) is about 
0.05. Figure 2 shows the peak-factor relationships 
obtained by using the second-order Taylor series 
(solid lines) and the peak-factor relationships of 
TR-55 (broken lines). The noticeable differences 
between the two sets of lines indicate that the lag 
formula, which was derived for use on rural water-
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Figure 2. Variation of lag factor with CN and fraction of imperviousness. 
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FRACTION OF IMPERVIOUSNESS 

sheds, should not be used with the lag factors of 
TR-55 for even moderate levels of imperviousness, 
for example, greater than 30 percent: i.e., f 
0.3. Beyond this value, which actually varies with 
CN, the sensitivity of the lag formula to changes in 
imperviousness may not be rational. When the per­
centage of imperviousness exceeds this value, the 
velocity method should be used to examine the effect 
of urbanization on time parameters. 

To illustrate the use of Equation 12 for eval­
uating the effect of urbanization on the timing of 
runoff, the effect of a change in imperviousness on 
the time of concentration can be computed by multi­
plying the constant 1.67 from Equation 6 by Equation 
12 to giye atc/af. For a watershed with a 
flow length of 1,000 ft, a pervious-area CN of 70, 
and a slope of 2 percent, atc/af 0.379 when 
f = O. Therefore, if development were to increase f 
tu 10 percent, the time or concentration woul~ 

d"'cr""""' by 0.379 (O.l) = 0.038 hr, which h th"' 
product of the change in f and atc/af. 

SCS METHODS 

The SCS has develOped an array of hv~Pn1t'Vli~ 
methods. The simplified methods described .. , i-;-.r;.:55 
can be used to compute either a peak discharge or an 
entire hydrograph. Two peak-discharge methods are 
provided in TR-55--the graphical method and the 
chart method. When an entire hydrograph is needed, 
the TR-55 tabular method can be used. A simplified 
method for determining the required volume of deten­
tion storage is also given in TR-55. 

The TR-20 computer program (4) can be used for 
more complex watershed analyses. - TR-20 can be used 
to generate runoff hydrographs, route the hydro­
graphs through either channel reaches or reservoirs, 
and combine hydrographs at stream confluences. 

Graphical Method 

Chapter 5 in TR-55 describes a method for estimating 
the peak discharge. The method, which is referred 
to as the graphical method, derives its name from a 
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graph that relates the time of concentration in 
hours and the unit peak discharge inch cubic feet 
per second per square mile per inch of runoff. The 
.inpui. U:c:ai:.a. .1:ey_u.iremeni.tiir wi1.ici1 cu.11: 111.iu.imc:1.i, ctLt: i..~-.c 

return period iQ years (T): the 24-hr, T-yr precipi­
tation in inches (P) 1 the CN1 the drainage area in 
square miles (A) : and the time of concentration in 
hours (tel. 

The procedure requires the volume runoff to be 
estimated by using P and CN as input to Equation 1. 
The time of concentration can be estimated by using 
either the lag method or the velocity method: how­
ever, the velocity method io preferred for the 
graphical method. The unit peak discharge is esti­
mated from Figure 5-2 of TR-55, which relates the 
unit peak discharge and the time of concentration • 
The peak discharge equals the product of the unit 
peak discharge, the drainage area, and the volume of 
runoff. ,_, 

\U/ 

valley routing is not required; (b) for watersheds 
where land use, soil, and cover are uniformly dis­
tributed throughout the watershed: and (c) where 
runoff can be represented by one CN. Also, the 
graphical method should not be used when runoff 
volumes are less than about 1. 5 in. for CNs less 
than 60 and the drainage area should be less than 20 
miles•. These limitations are given in TR-55. 

Chart Method 

Another procedure for computing the peak discharge, 
which is called the chart method, is described in 
TR-55. The chart method was designed for use in 
estimating the effect of development on the peak­
d ischarge rate. The input data are the same as 
those for the graphical method (except for tel 
with the addition of the hydraulic length in feet, 
the percentage of ponds and swampy area, the water­
shed slope in percent, and the percentage of both 
the impervious area and the hydraulic length mod­
ified. Not all the data are necessary for all cases 
because some of the options are not mandatory. 
Application of the method is limited to watersheds 
from 1 acre to 2,000 acres. The method is based on 
a 24-hr storm volume and a SCS type II storm 
distribution. 

The hydraulic length (HL) is used when it is 
desired to make a shape adjustment. The hydraulic 
len~th is entered and used to compute the effective 
area (EA): 

EA= 0.00013586HL3 i 5 (17) 

If a watershed shape adjustment is not desired, the 
HL is not necessary and EA should be set equal to 
the drainage area (A). 

If a significant portion of the watershed is 
swampy or in ponds or both, the pond and swamp ad­
justment factor can be obtained from a table. The 
value depends on the location of the ponds or swampy 
area within the watershed, the return period (T) (or 
storm frequency), and the percentage of ponding and 
swampy area. 

'!'he unit peak discharge, which will be discussed 
below, is obtained from charts designed for index 
slopes of 1, 4, and 16 percent. For slopes other 
than those for these three index values, a slope­
adjustment factor can be obtained from a table. The 
following table indicates the slope designations: 

Slope 
Designation 
Flat 
Moderate 
Steep 

Index Slope 
(%) 
1 
4 

16 

Slope Range 
(%) 
SP~ 2.5 
2. 5 < SP < 7. 5 
7.5 < SP 
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The effective area and slope are used as input to 
the appropriate part of a table in TR-55, and the 
slope-adjustment factor is obtained. 

The unit peak discharge is then obtained from one 
of three figures in TR-55, which is separated on the 
basis of the three index slopes. The unit peak 
discharges are given in units of cubic feet per 
second per inch of runoff. The figures define the 
unit peak discharges for the scs type II storm. The 
CN is used with the effective area to get the unit 
peak discharge. 

By using the depth of precipitation and the CN, 
the volume of runoff (in inches) can be determined. 
If an adjustment is to be made for the percentage of 
imperviousness, the peak-adjustment factor (FIMP) is 
obtained from a figure. The percentage of impervi­
ousness (IMP) and the CN are used as input. A 
similar adjustment is used when the hydraulic flow 
pattern has been or will be modified. The per­
centage of the hydraulic length modified (HLM) and 
the CN are used as input to a figure from which the 
peak-adjustment factor (HLMF) is obtained. 

Tabular Method of TR-55 

The tabular method, which is discussed in Chapter 5 
of TR-55, was designed for use in the following 
circumstances: 

1. For developing composite flood hydrographs at 
any point within a watershed, 

2. For measuring the effects of changes in land 
use of one or more subwatersheds, and 

3. For assessing the effects of structures or 
combinations of structures. 

In general, the procedure was intended for measuring 
the effect on the composite flood hydrograph of 
changes within subwatersheds of a larger drainage 
area. 

The input requirements for the tabular method for 
each subwatershed are the same as those needed in 
the graphical method. In addition, the travel time 
for each channel reach is necessary. 

Before the method is applied, the user should be 
familiar 'with several constraints. The constraints 
that were used in developing the method are impor­
tant when applying the method. The tabular method 
was developed by making numerous computer runs with 
the TR-20 program. In each case, a CN of 75 was 
used and the rainfall volumes were selected to yield 
3 in. of runoff. When the tabular method is applied 
to cases having characteristics that are signifi­
cantly different from the conditions used in devel­
oping the method, the resulting hydrograph may not 
provide close agreement with the hydrograph that 
would result from a TR-20 analysis. These assump­
tions are not considered to be critical when the 
sole purpose in using the method is to assess the 
effect of changes in a watershed, such as land 
use or structure changes. The difference in the 
before and after hydrographs is relatively insensi­
tive to the assumption of a CN of 75. 

In order to make accurate assessments of water­
shed changes, there are certain limitations that 
should be adhered to in applying the method. First, 
within any subwatershed there should be little vari­
ation in CN; this does not mean that subwatersheds 
should have similar CNs but that each subwatershed 
should have little variation in soil and land use 
characteristics. Second, the area of each sub­
watershed should be less than 20 miles•. Third, 
the precipitation should be sufficient to yield 
runoff volumes greater than 1.5 in., especially when 
CNs are less than 60. 

The solution methodology centers about the tabu-
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lar discharge values, which are given in a set of 
tables in TR-55. A table segment is given for se­
lected times of concentration (tel: 0.1, 0.2, 0.3, 
0.4, 0.5, O. 75, 1.0, 1.25, 1.5, and 2.0 hr. For 
values other than these, the closest value can be 
used; further precision can be achieved through 
interpolation. 

Each table segment is further subdivided by the 
total travel time !Ttl from the subwatershed out­
let to the design point. For each tc and Tt, 
discharge rates are given in cubic feet per second 
per square mile per inch of runoff for hydrograph 
times (i.e., the time from the beginning of pre­
cipitation) ranging from 11.0 to 20.0 hr in various 
time increments; these hydrograph times correspond 
to time in the 24-hr SCS type II rainfall 
distribution. 

The procedure used in solving problems with the 
tabular discharge hydrograph method is to segment 
the watershed into appropriate subareas and identify 
the necessary input for each subarea and channel 
reach. The hydrograph at the design point due to 
runoff from any subarea is determined by entering 
the tables for the subarea tc and the total travel 
time from the outlet of the subarea to the design 
point. The total hydrograph is determined by sum­
ming the subarea hydrographs. 

SCS TR-20 Computer Program 

TR-20 is a computerized method for solving hydro­
logic problems by using the concepts outlined in 
Section 4 of the scs National Engineering Handbook. 
The program was formulated to develop runoff hydro­
g raphs, to route hydrographs through both channel 
reaches and reservoirs, and to combine or separate 
hydrographs at confluences. The program is designed 
to make multiple analyses in a single run so that 
various alternatives can be evaluated in one pass 
through the program; this leads to more efficient 
use of computer time. 

Even though a computer is used to solve problems, 
the input data requirements are surprisingly mini­
mal; the amount of data depends on the complexity of 
the problem to be solved. If actual rainfall events 
are not going to be used, the total depth of pre­
cipitation is the only meteorological input. For 
each subarea, A, CN, and tc are required: the SCS 
antecedent soil moisture condition (I, II, or III) 
must also be specified. For each channel reach, the 
length is required along with the channel cross­
section description, which includes the elevation, 
discharge, and end-area data; although it is op­
tional, a routing coefficient may also be used as 
input. If the streamflow routing coefficient is not 
given as input, it will be computed by using the 
cross-section data. For each structure it is neces­
sary to describe the outflow characteristics with 
the elevation-discharge-storage relationship. The 
time increment for all computations must be speci­
fied, and any baseflow in a channel reach must be 
identified. 

EFFECT ON PEAK DISCHARGES COMPUTED WITH SCS METHODS 

When scs hydrologic methods are used, the effect of 
urbanization on peak discharges is assessed by the 
joint effect of urb~nization on tc and CN. For 
the chart method, the computed peak discharge will 
increase as either the runoff volume or the peak 
factors increase. The peak factors are a function 
of CN and the percentage of change in either the 
imperviousness or the hydraulic length modified. 
The tabular method will show an increase in the peak 
discharge when either the runoff volume increases or 
the time of concentration or the channel-reach 
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Table 1. Effect of urbanization on 10-yr peak discharge. 

JMPA Q qu 
[ (ft3 /sec)in.] 

QP 
(ft3 /sec) 

.6QP/QP0 .6Q/Qo Llqu/Quo .6IMPF 
(%) CN (in.) FIMP (%) 

0 60 1.30 42 1.00 54.6 
10 64 1.58 46 1.06 77.0 4 l.O 
20 68 1.88 50 1.13 106.2 94.5 
30 71 2.12 54 1.20 137.4 I 51.6 

travel time or both decrease , For the RUNOFF sub­
program of the TR-20 program, changes in urbani­
zation will be reflected by changes in CN and tc, 
both of which are necessary input. 

The chart method is easily used to demonstrate 
the effect of urbanization on peak discharge. For a 
100-acre, wooded (fair condition) watershed wi th a 
slope of 4 percent and type-B soil, CN is 60. The 
10-yr 24-hr rainfall dept h is assumed to be 5 in. 
The results in Table 1 show the effect of increases 
in the percentage of imperviousness on the 10-yr 
peak discharge. By using Equation 2 to compute CN, 
the change in CN is a prime i nput to each of the 
steps. CN is used to obtain the runoff volume (Q), 
the unit peak discharge (qul, and the peak factor 
(FIMP). The change in peak discharge is 151.6 per­
cent for a change of 30 percent in imperviousness. 

The effect of a change in the fraction of impe r ­
viousness on the peak discharge can be computed 
analytically fer the graphical me thod. The peak 
discharge will change in accordance with the changes 
to tc and Qi the change in the runoff volume re­
sults from a change in CN. The graph in TR-55 that 
relates the unit peak discharge in cubic feet per 
second per square mile per inch of runoff can be 
represented by a function having the following form: 

(18) 

in which bo and bl are coefficients that must be 
determined for small ranges of tc. The peak dis­
charge (qp) is computed by 

(19) 

The effect of urbanization is then determined 
analytically by 

(20) 

The derivative dqu/dtc can be obtained by dif­
ferentiating Equation 18 as follows: 

dqu/dtc = b1bot~ 1 - 1 
= b1quflc (21) 

The partial derivative atr /a f equals 1.67 
times the value of Equation 12, and the partial 
derivative aQ/af is computed with Equation 4. 
The first term on the right- hand s i de of Equation 20 
represents the effect of change in f on qp because 
of the effect of change in f on tci the secon<l 
term represents the effect of change in qp due t o 
the effect of f on Q. 

ADVANTAGES AND DISADVANTAGES OF SCS METHODS 

As have all hydrologic methods , the SCS methods have 
been criticized. A major concern of practicing 
engineers has been the inadequate form of the docu­
mentation of the methods. Before worksheets were 
made available in 1981 for the TR-55 methods, many 
applications were incorrectly made, The TR-20 docu­
mentation is not a good learning tool for someone 
interested in making a first application of the 

(%) (%) (%) 

21.5 9.5 6 
44.6 19.0 13 
63.1 28.6 20 

computer program. Also , the documentation does not 
make the limitations of the methods sufficiently 
clear. These problems are currently being ad­
dressed. Revised manuals will be available in the 
near future. 

Several elements of the methods have been criti­
cized as not being rationali however, this is to be 
expected for any simplified method. The two most 

abstraction relationship and the infiltration rela­
tionship that is imbedded within the methods. Al­
though these elements are criticized, it is not 
clear that they contribute to any inaccuraciesi that 
i s, these assumptions may not affect the accuracy of 
the methods when the methods are used for the 
purposes for which they were intended. 

The methods have also been criticized because of 
the apparent lack of an emp1r1ca1 basis. A.Ltnougn 
some effort has been made t o document the empirical 
as well as the conceptual basis for the scs methods 
(6, pp. 353-364), recent empirical studies have 
shown the accuracy of the methods to be similar t o 
that of other widely used hydrologic methods. The 
most recent study (7) comparing hydrologic methods 
on small urban watersheds indicated that the TR-55 
methods were relatively unbiased but showed slightly 
more error variation than both the rational method 
and the new USGS urban-peak formula. 

In spite of these critich;ms, the SCS hydrologic 
methods have numerous advantages. First, they have 
been widely used and no major problems have been 
reported. Second, the input data are easily ob­
tained, and the methods a re simple to apply. Recent 
studies ( 8, 9) have shown that reasonably accurate 
estimates of- the input can be obtained by using 
remotely sensed data. Third, the SCS methods rep­
resent an array of procedures, including peak­
discharge methods, simple hydrograph methods, meth­
ods for analyzing complex watersheds, and methods 
f or s1z1ng storm-water detention fac1L1~1es. The 
array of procedures enables the planner and designer 
to solve various elements of a problem by using 
procedures based on the same concepts. Such 
integrated design eliminates problems associated 
with the use of d1t t erent methods. A.Lso, the 
methods can be used for analyzing runoff problems 
for both urban and rural land covers. The SCS 
methods are also popular because they have elimi­
nated the reproducibility problem that is associated 
with many of the empir i cal formulas such as the 
rational method i regulatory agencies that must 
review and approve desig n plans are often confronted 
with the problems created by the range of values 
provided with empirical coefficients such as the 
runoff coefficient of the rational method. 

An important advantage of the scs methods is the 
continued research that is being undertaken to im­
prove and diversify the methods. For example, a 
two-stage riser design method was developed because 
hydrologists recognized that one-stage risers in 
detention ponds did not adequately control the run­
off frequency curve. Similarly, CNs were deve loped 
for new agricultural practices. 
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PEAK DISCHARGE: COMPARISON OF SCS METHODS WITH OTHER 
MODELS 

Leopold (10, pp. B9-Bll) provided a graph of the 
ratio of the mean annual discharges after and before 
development versus the percentage of the area served 
by storm sewers and percentage of the area that was 
urbanized (according to Leopold, 100 percent urbani­
zation corresponds to 50 percent imperviousness). 
The values of the ratio ranged from 1 to 6. As an 
example, when 50 percent of the area was served by 
sewers and 50 percent was urbanized, the ratio value 
was about 2.85. 

Dunne and Leopold (11), after Carter (12) and 
Anderson ( 13) , provided the following relationship 
between the percentage of imperviousness (I) and the 
ratio of the after- to the before-urbanization peak 
discharges: 

Qq (after urbanization)/Qp (before urbanization)= (0.30 + 0.00451)/0.30 (22) 

Thus, the ratio would vary from 1 to 2.5 for values 
of I from 0 to 100 percent. 

Sarma, Delleur, and Rao (14) provided the follow­
ing relationship for computing peak discharges on 
urban basins: 

peak discharge (ft3 /sec), 
drainage area (miles'), 
percentage of imperviousness, 
volume of excess rainfall (in.), and 
duration of excess rainfall (hr). 

(23) 

It is evident that the effect of urbanization will 
vary with the values of A, PE, and TR. For 
example, for a 1- mile' watershed in which 1 in. of 
precipitation excess occurs during 1 hr, the ratio 
of the after-urbanization to the before-urbanization 
peak discharges ranged from 1. 0 at I equal to zero 
to 2.86 at I equal to 100 percent. This range 
agrees favorably with the range resulting from 
Equation 22. 

The USGS urban peak-flow formula (14) has the 
following form: 

where 

UQr 

A 

SL 

RI2 
ST 

BDF 
I 

RQT 

bi (i = o, 
1, ••• , 7) 

urban peak discharge for return pe­
riod T (ft'/sec), 
drainage area (miles'), 
channel slope (ft/mile) with a 
maximum value of 70 ft/mile, 
2-yr, 2-hr rainfall intensity (in.), 
basin storage (%) , 
basin development factor, 
percentage of imperviousness, 
rural watershed peak discharge 
(ft'/sec) for the T-yr event 
(i.e., before development peak dis­
charge), and 

regression coefficients, which vary 
with the return period of the dis­
charge. 

Assuming that A, SL, RI2, and ST remain constant 
with development, the increase in peak discharge due 
to urbanization is a function of BDF and r. Sauer 
and others (15) indicated that the ratio of peak 
discharges after to those before development will 
range from 1 to 4.5 for the 2-yr event and from 1 to 
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2.7 for the 100-yr event as the value of BDF varies 
from 0 to 12 and I varies from O to 100 percent. 

Although the SCS peak-discharge methods use CN 
and the percentages of imperviousness and hydraulic 
length modified to account for the effects of ur­
banization on peak discharge, other methods use 
either the imperviousness alone or a combination of 
other factors. Methods that use more than one 
factor, such as the SCS methods, the USGS urban 
equations, and Leopold's relation between percentage 
of area served by sewers and percentage urbanized, 
are certainly more flexible and provide more oppor­
tunity to adapt the procedures for different water­
shed modifications than methods based solely on the 
percentage of imperviousness. Urbanization of a 
watershed can take many forms, from land cover 
changes such as residential development to the in­
stallation of a sewer system and modification of the 
channel system. Because the hydrologic effects of 
each of these factors are different, it is important 
to have a model that is sensitive to the type of 
urbanization and will reflect the hydrologic effects 
of the watershed change. However, as the number of 
factors in a model that relate to a specific pro­
cess, such as urbanization, increases, it becomes 
increasingly difficult to calibrate the model and 
separate the effects of the factors. The problem is 
compounded because the change of the peak discharge 
results from changes to various factors such as the 
level of natural storage, the timing of the runoff, 
the volume of runoff, and the drainage density. 
Conceptual models attempt to reflect the effect of 
changes in each of these factors on the runoff. 

DISCUSSION 

A variety of hydrologic models has been developed to 
represent each of the components of the hydrologic 
cycle. Models of groundwater flow, evapotranspira­
tion, channel flow, and infiltration are used for 
decision making; surface-runoff models are probably 
the most widely used. Because of the diversity of 
surface-runoff regimes, several surface-runoff 
models have been developed. In many cases, the 
models have been fitted with measured data from the 
site or region where the model was intended to be 
used. Other models have been developed without 
fitting to measured data and are recommended for 
general use at all sites within a large region. 
Such uncalibrated models are widely used because of 
the generality of their conceptual framework and 
their operational simplicity. 

The SCS concepts were initially developed for 
estimating surface runoff from agricultural areas. 
TR-55, which was published in 1975, provided methods 
for estimating surface runoff from urban water­
sheds. The methods recognize the effect of 
urbanization on all elements of surface runoff, 
including the peak discharge, the runoff volume, and 
the time characteristics of both surface runoff and 
channel flow. Thus, the methods permit the evalua­
tion of the effects of urbanization on all of the 
major aspects of surface runoff in urban areas. 
Because of this flexibility and the computational 
simplicity of the methods, TR-55 has been widely 
adopted as part of drainage and storm-water manage­
ment policies. 

The true hydrologic impact of urbanization cannot 
be known because the processes involved and their 
interaction are too complex to be represented mathe­
matically, especially when one considers the diver­
sity in urban watersheds. This has led to the de­
velopment of a number of urban surface-runoff 
models. Problems are created when different models 
are used by different hydrologists at the same 
site. This is sufficient reason for adopting one 
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method, even when we recognize that if we knew the 
true effect of urbanization, the model selected 
might not be the most accurate. What criteria 
should be used in selecting one design method? 
First, the conceptual framework of the model should 
be rational. Second, the model should be flexible 
so that it can be used for a variety of design prob­
lems. Third, the model should be applicable to 
large regions, not just sites within a single 
county. Fourth, the input data requirements should 
be minimal and easily obtainable. Fifth, the method 
should be highly reproducible; that is, different 
hydrologists should get the same design at a given 
location. Sixth, a model should be simple to apply. 

In summary, the SCS methods appear to satisfy the 
six criteria for model selection (i.e., conceptually 
rational, flexible in design, widely applicable, 
requiring minimal input, highly reproducible, and 
computationally simple) • Studies have also shown 
that the methods are reasonably accurate and rela­
tively unbiased when they are applied under the 
conditions for which they were developed. 
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Simple Methods to Evaluate Relative Effects of 
Longitudinal Encroachments 

LEON A. TRAILLE AND DONALD L. CHERY, JR. 

To aid highway planners and others who must site structures and fills in nat­
ural floodplains, simplified graphical solutions were developed that provide 
short-cut methods for easy assessment of encroachment impacts. Changes in 
stage (water-surface elevation) and hydrograph peak discharge due to encroach­
ments were determined. The discussion is limited to encroachments that paral­
lel the channel. 

Construction in floodplains of highway fills and 
other types of built-up areas with alignments gen­
erally parallel to the main channel of a river or 
stream constitutes longitudinal or lateral encroach­
ment. Such encroachments usually reduce storage and 
conveyance available for passing flood flows and 
generally alter the characteristics of flooding at 
the affected site. 

The impact of encroachments can be determined by 
using existing techniques that include an assortment 
of computer models and other methods. These tech­
niques are complex, however, require costly and 

time-consuming field data collection and prepara­
tion, and are therefore unsuitable at the prelimi­
nary design phase for assessing relative impact of 
encroachment alternatives on flooding. In this 
paper results are presented from a study that devel­
oped simple procedures to evaluate impacts of en­
croachment options on flood depths and peak-dis­
charge rates. Sample problems are presented to 
illustrate the procedures developed. 

RESEARCH APPROACH 

To develop the simplified procedures, representative 
channel cross sections were selected and a con­
trolled series of tests with existing mathematical 
models produced a set of predicted changes that were 
used to develop the graphic plots of relationships 
among groups of significant variables. The entire 
range of graphs developed and step-by-step proce-

.. 
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dures for using them are presented in a user's 
manual (_!). 

Two aspects of flooding modified by longitudinal 
encroachments that were addressed in this study are 
(a) changes in water-surface profile and (b) changes 
in hydrogr.aph peak-discharge rate. Figure 1 shows 
schematically the entire range of encroachment con­
ditions with respect to the symmetry of the main 
channel and overbanks. The simplified procedures 
can accommodate an asymmetrical channel and overbank 
cross section. 

ASSUMPTIONS AND LIMITATIONS 

To develop simple procedures with a minimum of input 
requirements and field data-collection tasks, the 
following assumptions were made: 

1. A single representative cross section and 
encroachment width can be used to model subreaches. 

2. Flow is subc.ritical before and after en­
croachment: there is a Froude number of 0.6 or less. 

3. Base flow that exists before the arrival of a 
flood wave is small relative to the amplitude of the 
flood wave: i.e., the event is single-peaked. 

4. Flow does not overtop levees or embankments 
along its length whenever the water-surface eleva­
tion increases: the result is complete blockage of 
the flow beyond the limits of the constriction (no 
storage or conveyance) • 

5. Flow is confined from transverse spreading 
beyond the outer fringe of the unencroached flood­
plain when a single floodplain is encroached on. 

Figure 1. Longitudinal-encroachment configurations. 
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6. Natural reaches to be constricted are unaf­
fected by downstream controls such as bridge sites, 
spillways, or stream junctions. 

7. Effects of encroachment are independent of 
valley symmetry or encroachment symmetry. 

CHANGES IN WATER-SURFACE PROFILE 

For flood flows with a steady or near-steady dis­
charge rate, the floodplains provide added convey­
ance for passing the flood. For such flow condi­
tions, flood profiles are governed by the principle 
of energy and mass conservation and can be solved 
entirely by using Bernoulli's equation C1l. The 
resulting loss of floodplain conveyance due to lon­
gitudinal encroachment causes increased flood stages 
within the constriction. The relative chanqe in 
flood stage due to encroachment is a function of the 
distribution of the total conveyance between the 
main channel and the floodplains and of the degree 
of constriction caused by encroachment. This rela­
tionship is used to develop the simplified proce­
dures for estimating flood-elevation changes due to 
a longitudinal encroachment by employing the step­
backwater flood-routing program HEC-2 <1>· The dif­
ference in water-surface elevation is expressed 
functionally by using the significant variables that 
govern the flood profile: 

(I) 

where 

6H increase in water-surface elevation due to 
encroachment, 

H' flow depth above bank-full stage, 
K a total conveyance for design flow at cross 

section without encroachment, 
Kmc main-channel conveyance, 

Ko = total overbank conveyance, 
6K 0 = conveyance loss due to encroachment, and 
Fr Froude number at the cross section. 

Fr is computed by using the following relation­
ship: 

where 

and where 

subscript N = Nth segment in cross section, 
.s. = acceleration due to gravity, 
B unencroached top width of 

section, and 
A total flow area. 

Conveyance is computed as follows: 

K = (l .49/n) (A5 /P2 ) 1i3 

(2) 

(3) 

cross 

(4) 

where n is Manning roughness coefficient and P is 
the wetted perimeter. 

Making the variable grouping in Equation 1 dimen­
sionless gives the following: 

LIH/H' = f((Kmc/K)(llKo/Ko) F,] (5) 

CHANGES IN HYDROGRAPH PEAK-DISCHARGE RATE 

The high frictional resistance and obstruction to 
the relatively shallow flow depths in floodplains 
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distort a transient (unsteady) flood wave as it 
travels through natural stream reaches. This addi­
tional storage serves to dampen the flood wave in 
th~ ~i!:~i:itiO!! 0f ~10w : rP.1=:111t. inq in hynrngraph at­
tenuation (_!). The construction of longitudinal 
fills within the floodplains results in a loss of 
overbank storage with consequent reduction in the 
attenuating potential provided by natural condi­
tions, which causes amplification of the outflow 
hydrograph peak. 

DAMBRK, the National Weather Service model of 
dynamic wave unsteady flow routing (5), was used to 
0enerate the nata haRP for simple- procedures to 
assess changes in hydrograph peak-discharge rate. 
The DAMBRK model is based on the one-dimensional 
flow continuity and momentum equations, commonly 
referred to as the Saint Venant equation_s for un­
steady flows (i). A finite diffe r e nce scheme is 
used to solve the equations <2• pp. 16-35). This 
model was chosen because of its capability to simu­
late stream reaches that have different roughness 
properties and reach lengths in the main channel and 
overbanks. Also, the overbanks and the main channel 
are treated independently in the solution scheme to 
account for the variation that usually occurs in 
natural stream reaches. The theoretical basis and 
capabilities of the model have been described by 
Fread (2_) . 

The constricted outflow hydrograph peak Q,,,_ was 

taken to be functionally related to the foll~wing 
significant physiographic and hydrologic variables: 

(6) 

where 

outflow peak for the constricted reach, 

Figure 2. Encroachment and channel schematic. 

B 
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Qmo .. -inflow peak, 
Omn = outflow peak for the unconstricted reach, 

t p Q time to peak of the inflow hydrograph, 
L tt reach lenqth of constriction measured alonq 

the channel, 
B = top width of the natural floodplain, 

b' top width of main channel, 
Ons normal flow bank-full capacity of channel, 
ncp equivalent Manning roughness coefficient of 

floodplains (overbanks), 

"me 

T* 

Manning roughness coefficient of main chan­
nel, and 
encroached top width of cross section. 

The bank-full depth of the main channel (Z'), the 
bottom width (bo), and the bed slope (So) were 
lumped together and incorporated in the variable 
QnB• Making the variables in Eq1Jation 6 dimen­
sionless gives 

Figure 2 shows schematically the channel variables 
used in the analysis. Two distinct situations, case 
1 and case 2 in Figure 2, were considered in devel­
opment of the simplified graphical solution scheme 
for Equation 7. Case 1 applies to conditions of 
negligible floodplain velocities , and therefore the 
overbanks are treated as off-channel storage. Case 
2 applies to conditions for which overbank veloci­
ties are significant and therefore incorporates con­
veyance as well as storage effects. 

EXAMPLES 

To illustrate the application of the simplified 
estimation procedures, three sample problems are 
presented. One example estimates the change in 

T• -- ·! 'V 

---b' 

,---
~ z· ~i~-~O_F_F -"-0"''''''''''~ OFFCHANNELSTO~R~A~G~E~~--
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8 

... ---b'--+i 
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Figure 3. Sample cross section. 
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water-surface elevation given the width of the en­
croachment. The next estimates an allowable en­
croachment given a limit to the increase in water 
level. The third example estimates the change in 
peak discharge for a given width of encroachment. 

Example 1: Change in Water-Surface Profile for a 
Given Width of Encroachment 

A proposed 960-f t encroachment is placed in a repre­
sentative stream cross section as shown in Figure 
3. The resulting change in water-surface elevation 
is estimated by a simple procedure given the follow­
ing information: 

Parameter 
Design flow peak (Q) 

Main channel slope (So) 
Left overbank roughness (nL) 
Right overbank roughness (nR) 
Main channel roughness (nmc> 

Amount 
12,000 ft 3 /sec 
0.0014 
0.12 
0.09 
0.06 

The rectangular approximation to the overbanks 
uses as datum the bank-full elevation of the channel 
shoulders (which have the same elevation) and ends 
where the overbanks begin to depart significantly 
from the horizontal plane. For the rectangular 
approximation of the overbank and an approximate 
triangular shape of the main channel (assuming an 
isosceles triangle), shown in Figure 3, the follow­
ing parameters were determined: 

Parameter 
Left overbank top width (WL) 
Right overbank top width (WR) 
Top width of main channel (b') 
Bank-full depth (Z') 
Top width of section (B) 

Amount (ft) 
1,200 
200 
60 
12 
1,200 + 200 

+ 60 1,460 

with these parameters the following steps give the 
desired estimate of the increase in water-surface 
elevation. 

Step 1 

Compute the normal flow depth (Ynl from Manning's 
equation, expressed as follows: 

where 

Q design discharge rate, 

flow area of one overbank, 
hydraulic radius of one overbank, and 
hydraulic radius of main channel determined 
at Amc/Pmc· 

12,000 = 1.486 x (0.00 14}1'' ( (1/0 .06} ( [1/2 (60 x 12} + 60 (Yn 

-12}js/3/{2[(302+122)Y. + (Yn -12}] }2/3) 

+ [(1,200/0.12} + (200/0.09)] (Yn -12)513) (9) 

The hydraulic radius of each overbank is approxi­
mated by the depth of flow in the rectangular over­
banks 1 i.e., Rob= Yn - 12. Successive esti­
mates of Yn by trial and error eventually give 
Yn " 17 ft. 

Alternatively, the conveyance in the subsections 
can be computed independently by using Manning's 
equation and plotted graphically. From this pro­
cedure, the normal flow depth (Ynl can be deter­
mined. The main channel conveyance as a function of 
depth <Kroc> can be determined from Equation 4 as 
follows: 

Kmc = (1.486/0.06) { [1/2(60 X 12) + 60(y - 12}] 5 /2[(302 

+ 122)Y, + (y- 12)] 2 }l/3 (IO) 

where y is total flow depth. For three trial solu­
tions (y = 12, 15, and 18 ft) Kmc = 28,018, 
51,907, and 82,680 ft 9/sec, respectively. 

Assuming that the hydraulic radius of the over­
banks can be estimated by the depth of flow y - z', 
the overbank conveyances (KL) are determined as 
follows: 

K = (l.486/n 0 b) Wob (y - z')513 (11} 

Therefore, the left overbank conveyance (K~) is 
determined as follows: 

Ki.= (1.486/0.12} x 1,200 x (y-12)513 (12) 

For y = 15 and 18 ft, KL m 92,730 and 294,400 
ft' /sec, respectively. The right overbank convey­
ance (KR) is determined as follows: 

KR = (1.486/0.09} x 200 (y - 12)513 (13) 

For y = 15 and 18 ft, KR= 20,607 and 65,461 
ft 9 /sec, respectively.

1 
Plots of Kmc, KL, KR, and total K as a 

function of depth y are shown in Figure 4, where 

(14) 
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Figure 4. Conveyance versus depth for cross section. 
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Yn is determined 
tion 81 i.e., R 
From Figure 4, 
computed above 
Yn = 17 ft. 

Step 2 

for the depth that 
12,000/0.0014112 = 

the depth at which 
is satisfied is 17 

satisfies Equa-
3. lxl05 ft'/sec. 
the value of R 
ft. Therefore, 

Determine the weighted Froude number from the con­
veyance and area distribution derived in step 1 and 
Equations 2 and 3. From Figure 4, the conveyance 
distribution is as follows: Kt 2.0 x 10 5 ft'/sec, 
RR= 3.5 x 10' ft'/sec, and Kmc = 7.0 x 10' ft'/sec. 

From Equation 3, 

°' = ( [(2.0 x 105
)

3 /(i ,200 x 5)2
] + [(3.5 x 104

)
3 /(200 x 6)2

] 

+ { (7 x 104
)

3 /[60 x 6 + 1/2 (60 x 12)] 2 })!{ (3.1 x 105
)

3 

-;- [5(1,200 + 200 + 60) + 1/2(60 x 12)] 2} 
= 2.07 

From Equation 2; 

F, = ( (2.07 x 12,0002 x 1,460)/ {32 .2(1 ,460 x 5) 

+ [1/2(60 x 12)] }3 )y, 
F, ~0.17 

Step 3 

Determine 6Ro/Ro• 
From Equation 9, 

f'JC0 = (1.486/0.12) x 960 x 55
/
3 = 1.74 x 105 ft 3 /sec 

From step 2, 

Ko= 3.05 x 105 
- 7 x 104 ft 3 f.sec 

= 2.35 x 105 ft 3 /sec 

(15) 

(I 6) 

(I 7) 

(18) 

Af<:0 /K0 = 1.74/2.35 = 0.74 (19) 

Step 4 

Determine 6H/H'. Figure 5 [taken from the user's 
manual by Traille and others (_!, p. 37)] provides an 
estimate of the surcharge for values of Fr, Rmc!Rr 
and 6R 0/Ko determined in steps 1-3. From step 1, R = 
3.1 x 105 ft'/sec and from step 2, Kmc = 7.0 x 10' 
ft'/sec. 

(20) 

From Figure 5 at Kmc/R = 0.22, 6Ko/K 0 = 0.70, and 
for Fr= 0.1, 6H/H' = 0.7, where H' is the depth of 
flow above bank-full stage or 17 minus 12. 

6H = 0.7 x 5 .0 = 1 5 ft 

Example 2: Maximum Encroachment for a Given 
Permissible Increase in Flow Level 

(?.1) 

Determining the maximum encroachment for a specified 
rise in water-surface elevation (for example, 1. 0 
ft) requires first determining the following ratio: 

llH/H'= 1/5 = 0.20 (22) 

From Figure 5 for 6H/H' = 0.20, and Kmc/K as de­
termined in .Example 1, step 4, 6R 0/Ro = 0.29. For the 
rectangular approximation to the overbank, the con­
veyance can be assumed to be linearly distributed in 
each overbank. Therefore, the allowable constriction 
width Tz for 6Ro/Ro = 0.29 is computed as 
follows: 

(23) 

or 

Tz = 0.29 x [(2.4 x 105 )/(2 .0 x 105 )] x 1,200 = 417 ft (24) 
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Figure 5. Changes in water-surface elevation . 
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Figure 6. Dimensionless plot of peak-flow changes due to lateral encroachment: case 1.C.1 . 
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Figure 7. Dimensionless plot of peak-flow changes due to lateral encroachment: case 1.D.1 . 
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Exampl e 3: Change in ffydrog r aph Peak Fl ow Rate 
(No Overbank Conveyance ) 

Values for the input variables of Equation 6 are 
required. Determine a representative trapezoidal 
approximation of the channel cross-section geometry 
for the selected subreach. The next step estab­
lishes whether the flow condition is based on the 
obstruction in the floodplains. The parameters in 
Equation 7 are established next. These parameters 
can be adjusted to account for the effects of mean­
ders and the variable overbank roughness coefficient 

<l>· 
The following data are given for a heavily vege-

tated overbank channel (i.e., no overbank convey­
ance): 

Parameter 
Width of cross section (Bl 
Width of main channel (b') 
Depth of main channel (Z') 
Main channel roughness (l'lmcl 
Main channel slope (Sol 
Encroached top width (T*) 
Time to hydrograph peak (tp) 
Inflow hydrograph peak (Qmol 
Reach lengths of channel and 

overbanks <Le = Lil_ = Lr,l 

Amount 
200 ft 
10 ft 
10 ft 
0.025 
0.0015 
40 ft 
0.30 hr 
2,000 ft'/sec 
1,200 ft 

Follow the next two steps to estimate the percentage 
of increase in the flow rate. 

Step 1 

Calculate values for the parameters in Equation 7, 
excluding the roughness ratio. Normal bank-full 
flow (QnBl is computed by using Equation 8: 

QnB = (J.486/0.025){(10 x 10)5 /[JO + 2(10)2 ] } 113 (0.0015f' 
= 514 ft 3 fsec 

Qm 0 /QnB = 2,000/514=4 
B/b' = 200/10 = 20 

Qm 0tp/B3 = (2,000 x 0.30)/2003 = 75 x 10-6 

L/B = J ,200/200 = 6 
T* /B = 40/200 = 0.2 (25) 

Step 2 

Figure 6 approximately satisfies all the variable 
groupings except Qmo/QnB· Extrapolation of Figures 7 
and 8 for L/B = 6 gives ~ /~ = 0.88. From Figure 6 

n c 
read Qmn/Qmc as 0.92. Averaging with 0.88 to deter-

53 

mine the value at ~0/QnB = 4 gives 0.90. The amount 
of amplification to the outflow hydrograph is there­
fore QI1lc/Qmn = 1/0.90 = 1.11. Thus, the outflow peak 
of the encroached reach Qm is magnified 11 percent. 

c 

CONCLUSIONS 

The simulation results indicate that the change in 
water-surface profile can be expressed as a function 
of the valley section's conveyance distribution in 
the main channel and floodplains, the average flow 
depth in the overbanks (expressed as a depth above 
bank-full stage), the Froude number of the flow in 
the unencroached condition, and the degree of con­
striction (conveyance reduction) in the overbanks 
due to the encroachment. 

Constricting the natural channel valley by en­
croaching laterally was found to decrease the rate 
of hydrograph attenuation and thus to increase the 
natural peak-outflow hydrograph. The characteristic 
shape of the inflow hydrograph, as defined by the 
peak-discharge rate and the time of rise of the in­
flow hydrograph, was found to exert considerable 
influence on the attenuation of a flood. 
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Simple Methods for Estimating Backwater and Constriction 
~ __ ,,_ 

.JltUUl 

STEWARTW. TAYLOR ANO HSIEH WEN SHEN 

Analytic expressions for bridge backwater and constriction scour are presented 
for subcritical flow through five commonly occurring bridge crossings. To 
assess the effects of constriction scour on bridge backwater, a known cross-sec­
tion technique Is employed. Based on th~ analyLic uµr• .. iun~. !Jr it.ly61Ja&k· 
water and comtriction scour are numerically simulated over a wide range of 
flow conditions. Regression analysis is used to develop simplified explicit 
relations for bridge backwater as a function of Froude number, pier energy­
Ion coefficient, constriction ratio, and conveyance ratio . The resulting re­
gression equat ions are sufficiently accurate for preliminary hydraulic analyses 
of bridge waterways in a feasibility study. Simplified expressions are not in­
tended for detailed de•ign analysis. Practical application of the simplified ex­
pressions is illustrated through a step-by-step design procedure. 

In a feasibility or preliminary design phase of a 
bridge, highway engineers are faced with estimating 
bridge backwater, scour of the bridge waterway, and 
the effects of scour on the bridge backwater. Ex­
tensive literature has been written on these sub­
jectsi many rigorous methods are available for de­
tailed analysis. The existing methoCis or mooels 
often r equ i re access to a computer and a large 
amount of detailed data, such as river channel geom­
etry, sediment data, geometry of the bridge, and so 
forth. At the feasibility or preliminary level, 
detailed data are often nonexistent and often esti­
matedi hence, a detailed analysis is not justified 
in terms of accuracy or in the time required for the 
lengthy computations. Highway engineers must ex­
plore many options in the feasibility or preliminary 
phase. A simple yet reasonably accurate hydraulic 
analysis, given the data constraints, is presented 
here and is intended to guide highway engineers' 
decision making before a detailed analysis is made. 
The advantages of this analysis over other short-cut 
methods are as follows: (a) bridge backwater is 
functionally related to eas ily computed uniform-flow 
properties and bridge characteristics i and (bl 
bridge backwater is computed explicitly, whereas 
other procedures involve a trial solution. 

ANALYSIS Oli' BACKWATER ANn ('ONS'l'lHC:'l'TON SC:Ol!R 

Simple methods are based on the detailed analysis of 
flow modification by bridges and abrupt encroach­
ments presented by Taylor (1) i highlights are given 
below. Bridge crossings are-grouped into five cate­
gories, shown in Figure 1, and are described as fol­
lows: case I, bridge piers crossing a river chan­
neli case II, bridge piers crossing a river channel 
with floodplains; case III , abrupt width encroach­
ment of a river channeli case IV, total abrupt en­
croachment of !loodplains1 ~nd case V, partial 
abrupt encroachment of floodplains. These five 
cases were selected to represent commonly occurring 
bridge crossings. Additional cases could be created 
by introducing bridge piers in the width encroach­
menti our studies, however, indicate that additional 
backwater caused by piers in such cases is small 
when compared with the magnitude of the backwater 
due to width encroachment. 

As sumptions 

Some assumptions are made to generalize and simplify 
the analysis with the knowledge that only rough es­
timates are obtainable from simple solutions. 

Figure 1. Nomenclature . 
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e. Cose "ll 
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1. Flow is subcritical. 
2. Bridge crossings are normal to the flow (non­

skew) , and floodplains are symmetrical around the 
river channel (noneccentric). Although bridge open­
ings are often skew or eccentric in practice, intro­
ducing these variables, given the degree to which 
the flood discharge, channel roughness, and so on 
are known, defeats the whole purpose of a simple 
analysis. 

3. Flow never overtops the lowest elevation of 
the encroachment embankment (no weir flow) and never 
contacts the bottom of the bridge deck (no orifice 
flow)i occurrence of either of these phenomena could 
cause a bridge failure. This study assumes that 
sufficient freeboard will be incorporated into the 
bridge design to prevent weir flow or orifice flow. 

4. Flow is uniform before the construction of a 
bridge crossing1 i.e., flow at the future bridge 
site is not strongly influenced by some downstream 
control. Uniform-flow conditions are easily calcu­
lated and are useful parameters on which simple so­
lutions may be based. 

5. Constriction scour occurs uniformly within 
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Figure 2. Definition sketch for bridge piers: cases I and 11. 
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the bridge opening, and local scour is neglected. 
Without detailed knowledge of sediment sizes and the 
lateral distribution of bed shear stress, it is not 
possible to predict the lateral distribution of con­
striction scour. Local scour around piers may be 
estimated from any of the numerous pier-scour equa­
tions and superimposed onto the constriction scour 
depth to estimate the total depth of scour. 

6. There is no change in river regime; i.e., the 
river is quasi-stable from a geomorphic point of 
view. Potential changes in the river regime should 
be studied once the final bridge site has been 
chosen and more data are available. 

Backwater Analysis 

The steady-state backwater, or increase in stage up­
stream from a bridge crossing, is found by applying 
the energy equation across the control volumes shown 
in Figures 2 and 3. For valid application of the 
one-dimensional energy equation, control volumes are 
selected so that the flow at a given cross section 
is nearly one-dimensional in the longitudinal direc­
tion and the pressure distribution is nearly hydro­
static in the vertical direction. 

With reference to Figure 2, the backwater for the 
bridge piers of cases I and II is found by consider­
ing the energy balance between sections 1 and n. 
For uniform flow without bridge piers, flow velocity 
and depth are by definition constant in the longi­
tudinal direction. The energy equation for uniform 
flow may be written as follows: 

where 

a = kinetic energy coefficient, 
U mean flow velocity, 
~ acceleration of gravity, 

(J) 
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Figure 3. Definition sketch for abrupt encroachment: cases Ill, IV, and V. 

2 3 n 

.E!.!1.!! 
L(l-2) L(2-3 l L13-n) 

Elevation 

y flow depth, 
z = bed elevation, and 

hf(l-n) energy loss due to friction. 

With bridge piers the energy balance is expressed as 
follows: 

<>1 (U2 /2~) + Yt + Z1 = °'n (U~ /2!) + Yn + Zn+ hi(l - n) + hL(t -n ) (2) 

where the energy loss due to piers is assumed to be 
of the form 

(3) 

Subtracting Equation 1 from Equation 2 and rearrang­
ing yields 

(4) 

The upstream velocity u1 may be written in terms 
of Un by using the relation for mass conservation, 

(5) 

Because the .f ric tion losses with 
piers are approximately equal, 
hf(l-n)• Equa tion 4 becomes 

and without bridge 
i.e., hf(l-n) = 

Y t -Yn = (a<n (I + KL) - <>1 (An/ A1 )2] (U ~ /2 _f) 

Dividing by the normal hydraulic depth 
where B is the channel top width) results 
nondimensional backwater expression 

(6) 

(An/B• 
in the 

(7) 

where Fn = Un/CgAn / B) 1/ 2 is the Froude num­
ber and y* = Yl - Yn is the backwater. The pier 
energy-loss coefficient (KL) is generally a func­
tion of the pier shape and degree of pier constric-
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tion. As an approximation, the ~KP of Bradley 
Cl>, which is equivalent to KL, may be used to 
evaluate Kr,• Equation 7 requires a trial-and­
error solution for y1 that is easily computed in 
three to four iterations by using the Newton-Raphson 
convergence scheme once A1 and a 1 are in terms 
of Yl· 

Backwater associated with the abrupt encroach­
ments of cases III, IV, and V is found by applying 
the energy equation in a stepwise fashion to the 
control volumes shown in Figure 3. Given the down­
stream boundary condition Ynr the energy equation 
is applied between section n and section 3, where 
flow depth is a minimum, to solve for y3. Data of 
Liu, Bradley, and Plate ( 3) indicate that section 3 
roughly coincides with the downstream face of the 
embankment. Once y 3 has been determined, the 
energy equation is written from section 3 to section 
1 and solved for Y1. The two energy expressions 
are thus 

<>3(Uj/2 !) + Y3 + Z3 = °'n (U~/2 !) + Yn +Zn+ hr(3·n) + hL(3-n) (8) 

°'1 (U~/2!) + Y1 + z1 =a3 (Uj/2!) + YJ + z3 + hf(l·JJ (9) 

where 

hf(3-n) friction loss occurring in the control 
volume bounded by sections 3 and n, 

hL(3-nj z eddy loss occurring in the control vol­
ume bounded by sections 3 and n, and 

hf(l-3) friction loss occurring in the control 
volume bounded by sections 1 and 3. 

Schneider and others (_!) define the friction 
losses as follows: 

hr(3-n) = L(3.n)Q2 /K3K4 (10) 

hr(l-3) = (L(1-2)Q2/K1K3] + (L(2-3JQ2 /K~] (! 1) 

where K is the conveyance. Reach lengths L(l-2), 
L(2-3), and L(3-n) are determined as follows. 
The accelerating flow upstream from the abrupt en­
croachment may be studied by using potential-flow 
analysis. Figure 3 shows the streamlines that re­
sult from a Schwarz-Christoffel transformation of a 
potential source in a half-plane with boundaries 
representing those in open channel flow. Schneider 
and others (_!) locate section 1 of the intersection 
of the center streamline and the equipotential line 
emanating from the points where the water edge and 
embankments intersect. Section 2 is located at the 
upstream face of the embankment. As demonstrated bv 
Schneider and others (4), the straight-line distanc~ 
between sections l and 2 is not representative of 
the average streamline length. Instead, the lengths 
of all streamlines are averaged to find L(l-2) as 
a function of the straight-line distance and the 
constriction ratio. The length Lc 2_3) is approxi­
mately the length of the abrupt encroachment, simply 
the bridge embankment width. As seen in Figure 3, 
the reach between sections 3 and n is characterized 
by large eddies downstream from the encroactunent 
that result from flow separation occurring at or 
slightly upstream from section 3. The length of the 
separation zone, approximately L(J-n), is the dis­
tance from the efflux of the abrupt expansion to the 
point where flow reattaches to the sidewalls of the 
channel. For case III, measurements by Abbott and 
Kline (~J are used to estimate L ( 3-n) as a func­
tion of the area ratio. Field observations by 
Schneider and others (_!) suggest that L(3-n) is 
one encroachment width b for cases IV and v. 
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Energy loss due to lateral mixing in the expan­
sion reach is given by Taylor (!l as follows: 

llL) 

where H = (B - b)/2, the step height. For case III, 
KL is obtained by numerically integrating velocity­
profile data for abrupt channel expansions, given by 
Lokrou (~). The relation between KL and the con­
striction ratio a = b/B is shown in Figure 4 (6). 
A different relation for KL is derived for ca-;es 
IV and V based on the observed field data of 
Schneider and others (4); it is given in Figure ~. 

With all energy-las-; terms defined, Equation B is 
solved by trial and error for y 3 ; Equation 9 is 
then solved by trial and error for Yl given YJ• 
A Newton-Raphson convergence scheme may be used to 
speed computations. 

Constriction Scour 

The constriction scour resulting from bridge piers, 
cases I and II, was found to be negligibly small 
when compared with local scour. By using a physical 
model study, Laursen and Toch (7) found that the ef­
fect of pier contraction on scour will seldom be im­
portant in modern bridge design. They indicated 
that i~ crder f~r the d~pth of s~o~r to b~ appr~~i­
ably affected, the contraction would have to be 
about 10 percent, an amount seldom attained in cur­
rent bridge design practice. Although constriction 
scour is small for bridge piers, local scour may be 
subst.antial. The mechanics of local scour around 
piers has been discussed by Shen (8) and by Richard-
son and others (9). -

Constriction ~cour for cases III, IV, and V is 
estimated by considering the equilibrium scour depth 
in a long constriction. The constriction-scour 
depth (~Ysl, shown in Figure 6, is found by 

Figure 4. Coefficient of energy loss due to lateral mixing: case Ill . 
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Figure 5. Coefficient of energy loss due to lateral mixing: cases IV and V. 
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Figure 6. Definition sketches for constriction scour. 
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Figure 7. Constriction scour: case Ill. 
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solving the equations of water continuity, sediment 
continuity, and sediment transport simultaneously. 
When the sediment transport into the constriction is 
the same as the transport out of the constriction, 
the scour hole achieves the dynamic equilibrium 

where Q8 is the sediment discharge and q8 is the 
sediment discharge per unit width. 

For case III, a simple sediment transport func­
tion is chosen: 

q.=KlJ'y• (14) 

where K is an empirical coefficient, and the ex­
ponent r > 0 and s < O. Laursen (10) has shown 
that the bed-load equations of Duboys, Shields, 
Schoklitsch, Meyer-Peter and Muller, and Brown­
Einstein can be reduced to Equation 14. The coeffi­
cient K is generally a function of channel charac­
teristics, channel roughness, and bed-material 
size. The exponent r ranges between 4 and 6, 
whereas the exponent s varies between -2/3 and -1. 
Solving Equations 5, 13, and 14 simultaneously and 
letting 6ys = Y2 - Y1 gives 

6.ys/Y1 = (B/b)(l-r)/(s-r) -1 (15) 

Equation 15 is plotted in Figure 7 for r = 4, 5, 6, 
and s = -2/3, -1. In the absence of better data, 
choosing r = 6 and s = -2/3 will give a conservative 
estimate of constriction scour. 

Constriction scour for cases IV and V is found by 
using the analysis by Laursen (11). Assuming that 
no sediment is transported over the floodplains, the 
Manning resistance equation, the water and sediment 
continuity equations, and the sediment transport 
relation given by Laursen (12) may be solved simul-
taneously to give - · 

y2/y1 = (Q/Qm c)6/7 (b • /b )6/7 [ (2+a)/(3+a)] (n2/ni)6/7 [ a/(3+a)] (! 6) 

where Qmc is the discharge conveyed in the main 
channel, b' is the main-channel width, and a is the 
exponent depending on the ratio of shear velocity to 
fall velocity (u./w). Laursen' s analysis (11) 
suggests that the maximum scour depths occur for 
large values of u*/w. Assuming a= 9/4 (u*/w >2), 
n1 = n2, and Q/Qmc = K/Kmc, Equation 16 may be writ­
ten 

(17) 
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Negative values of Ays/Y1 may be obtained from 
Equation 17 but have no physical meaning. If nega­
tive values are computed, it is assumed that 
Ay 8 = O. For case IV, b'/b g 1 so that 

(18) 

Equations 17 and 18 are plotted in Figure 8. 

Effects of Constriction Scour on Backwater 

Constriction scour enlarges the bridge opening, 
which in turn relieves ur xeuul:et> Lhe uilckwiller. 
Although the development of scour is a time-depen­
dent process, the backwater in such a case may be 
estimated by assuming that the scour develops in­
stantly. This is reasonable, because the time re­
quired for the constriction scour hole to achieve 
its full equilibrium depth is short, probably less 

effect of scour on backwater, the backwater is first 
computed based on the preceding energy analysis for 
the case of no scour, i.e., a rigid boundary assump­
tion. The depth of constriction scour (Aysl is 
estimated from the appropriate scour relation-­
Equation 15, 17, or 18--and is subtracted from z3 
to obtain the elevation of the scoured bed. Back­
water is then recomputed for the fully scoured con­
dition . This procedure is -Ce_rmed tile k.nOwf1 (:LUSS­

section .method. The difference y* - y: , where 
y~ is the backwater associated with c onstric­
tion scour, reflects the amount that the backwater 
has been reduced by the scour. 

SIMPLE METHODS FOR ESTIMATING BACKWATER 

The backwater equations presented in the previous 
section, with or without constriction scour, require 
an iterative solution for y* or y;, which makes 
them impractical for quick, preliminary estimates of 
backwater. To avoid the trial-and-error procedure 
inherent in this or any other bridge backwater 
analysis, the backwater equations are formulated 
into an iterative computer model, which is used to 
synthesize a large data base. The synthesized back­
water data, generated over a wide range of flow con­
ditions and channel constrictions, are nondimen­
sionalized. Regression analysis is used to fit a 
model from which backwater may be determined explic-

Figure 8. Constriction scour: cases IV and V. 
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itly. Although the regression model may not be able 
to reproduce the results from the analytic expres­
sion exactly, the approximate nature and need for 
quick backwater estimates at the feasibility study 
level justify the approach. 

Dimensional. Analysis 

Grouping variables nondimensionally into physically 
meaningful parameters is a useful way of reducing 
the number of independent variables describing 
bridge backwater. The analysis of backwater and 
constriction scour indicates that the general rela­
tion (cases I-V) for backwater is of the form 

(19) 

where n0 b is the overbank and nmc is the main­
channel Manning roughness coefficient. By inspec­
tion, Equation 19 is nondimensionalized to give 

(20) 

in which 

(21) 

is recognized as the Froude number. 

Regression Analysis 

The synthesized data base was nondimensionalized 
according to Equation 20 and transformed into log­
arithms. Stepwise (forward) regression analyses of 
the transformed data were made based on the follow­
ing criteria: F-level for inclusion= 0.01; F-level 
for deletion = O.OOSJ and tolerance level = 0.001. 
Results of the regression analysis, including re­
gression statistics of the transformed data, are 
given in Figures 9-16. For the sake of brevity, the 
extensive plotted results of case IV, rigid bound­
ary, are not included. 1'he complete results are 
discussed elsewhere (1). The regression equations 
may be easily solved for backwater by using a hand­
held calculator, or if a graphical solution is de­
sired, the figures may be used directly. The range 
of flow conditions, channel properties, and bridge 
opening widths for the data base is summarized in 
Figure 17. For the rigid boundary condition of case 
III (Figure 12), laboratory data of Liu, Bradley, 
and rlate (1_) were uoed in the analyciE rather than 
synthesized data. 

Discussion of Results 

For the bridge piers of case I, the regression 
analysis indicated that the backwater ratio is a 
function of Fn and KL only. For the case II 
bridge piers, regression analysis indicated that the 
product (an)ll2Fn and KL describe the 
backwater ratio in nonuniform channels. The influ­
ence of pier width and spacing and pier shape is ab­
sorbed into the loss coefficient KL• Because con­
striction scour was shown to be negligible for 
bridge piers, the results are applicable to both 
rigid- and movable-boundary conditions. 

Laboratory data (simple normal crossing, vertical 
board abrupt encroachment) of Liu, Bradley, and 
Plate (3) were used in the case III rigid-boundary 
regression analysis. By combining Fn and b/B into 
one term, the backwater was found to be a function 
of a single parameter. Because KL is a linear 
function of b/B (Figure 4) , energy losses in terms 
of KL are contained implicitly in the denominator 
of Fn/(b/B). For case III, movable-boundary back­
water data were numerically simulated. The reg res-
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Figure 9. Results of regression Oise lloua!Sl:~ ~~ EQ1B t1 on N R2 Error 

analysis. 
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sion analysis indicated that the movable-boundary 
backwater could also be expressed as a function of 
the single variable Fn/!b/B). The constriction 
scour depth (llys) is included implicitly in b/B, 
as suggested by Equation 15. Although exponents r 
and s were varied in the simulation (4 < r < 6 
and -2/3 < s < -1), the backwater was found to 
be insensitive to these parameters. An expression 
relating the movable-boundary backwater to the 
rigid-boundary backwater is found by dividing Equa­
tion 25 by Equation 24, or 

y:fy* = 0.274 (Fn/(b/ B)] 0 · 1 4 4 (30) 

This relation indicates the degree to which con­
striction scour will relieve the backwater from the 
rigid-boundary condition. 

Backwater for case IV, rig id boundary, was found 
to be a function of four variables, as given by 
Equation 26. Stepwise regression showed that Fn 
and Kmc/K accounted for 95 percent of the varia­
tion in. y*/Yn• although b/B and nmc/n0 b were 
significant at· an F-level for inclusion of 0.01. 
The standard error of the estimate (S = 0.16) sug­
gests that the error associated with Equation 26 is 
-31 to +45 percent. The kinetic energy correction 
factor (an) was not found to be a significant 
parameter, even though an varied over a wide 
range (1 < an < 9). A simple model for case 
IV, movable boundary, was developed by relating the 
movable-boundary backwater to the rigid-boundary 
backwater so that y;/yn=f(Fn, y*/Ynl· 
Constriction scour (llYsl as given by Equation 18 
is a function of kmc/K and is thus contained im­
plicitly in y*/Yn· The standard error of the es­
timate (S = 0.13) suggests that the absolute error 
in using the movable-boundary relation (Equation 27) 
is -26 percent, +35 percent. A more accurate esti­
mate of the movable-boundary backwater may be ob­
tained from 

in which R2 = 0.99 and s = 0.061; the absolute er-

ror is -13 to +15 percent. For the sake of brevity, 
no graphical solution of Equation 31 is given. 

For the range of conditions investigated, the 
backwater for the partial floodplain encroachment 
case V, rigid boundary, was found to be of the same 
order as that for case IV, A comparison of the case 
V backwater against case IV backwater is shown in 
Figure 16. Evidently the backwater is nearly the 
same for both cases over the investigated range of 
b'/b, although the expected decreasing trend for 
case V is somewhat apparent. More data are required 
to assess the flow distribution and energy losses 
for case v, because Figure 16 indicates that in some 
instances the backwater for case V is greater than 
that for case IV, a physical impossibility. For 
practical purposes, however, the rigid-boundary 
backwater of case V may be conservatively evaluated 
by using the relation for case IV. The movable­
boundary backwater relation for case V is similar to 
that developed for case IV, i.e., y;/Yn = f(Fn, 
y*/Ynl, although the numerical constants differ in 
magnitude. The standard error of the estimate (S = 
0 .15) suggests that the absolute error in using the 
movable-boundary backwater relation (Equation 29) is 
-29 percent, +41 percent. 

PRACTICAL APPLICATION 

Practical application of the simplified backwater 
and constriction scour relations is demonstrated as 
follows: 

Step 1: Estimate the uniform-flow conditions of 
the river reach under consideration for the design 
discharge. If a rating curve does not exist, the 
Manning equation may be used to derive the rating 
curve. Cross-sectional area, wetted perimeter, and 
top width may be tabulated from river cross sec­
tions. The river slope may be computed from river 
cross sections or topographic map s . Studies by Chow 
(13) and Barnes (14) are useful references for esti­
mating Manning n-values. 

Step 2: After the river configuration has been 
studied, use Figure 1 to categorize the river cross­
ing as case I, case II, and so on. Enter Figure 9 
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Figure 10. Change in water·surface elevation: case I, rigid 
boundary. 

Figure 11. Change in water-surface elevation: case II, rigid 
boundary. 
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Figure 12. Change in water-surface elevation: case Ill, rigid boundary. 
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to locate the appropriate backwater relations. Es­
timate the required nondimensional independent vari­
ables (Fn, b/B, Kmc/K, nmclnob• KL)• 

Step 3i Compute the backwater ratio y*/Y1 by 
assuming r1g1d-boundary l'lydraulics from tl'le appro­
priate relation in Figure 9. 

Step 4: Compute the constriction scour ratio 
~YslY1· If the bridge category is case I or 
case II, constriction scour is assumed to be negli­
gible. For the remaining cases compute ~Ys/Y1 
as follows: case III, Equation 151 case IV, Equa­
tion 181 and case V, Equation 17. 

Step 5: Compute the backwater 
by assuming movable boundary hydraulics 
propriate relation in Figure 9. 

ratio y:/Y1 
from the ap-

Step 6: If the increase in stage (y* 
depending on whether the boundary is rigid 
able) is unacceptable, assume a new bridge 
and recompute y* or y~. 

* or Ys• 
or mov­
openinq 

Figure 14. Change in water-surface elevation: case IV, 100 
movable boundary. 
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As with all regression-based equations, extrapo­
lation outside the data range over which the equa­
tions were developed may give erroneous results. 

SUMMARY AND CONCLUSIONS 

Analysis of Backwater and Constriction Scour 

Expressions for backwater based on the conservation 
of energy in open-channel flow were presented for 
five commonly occurring bridge crossings. To sat­
isfy the one-dimensional flow assumption, the theo­
ries of potential flow and empirical results were 
used to locate cross sections in zones of nearly 
one-dimensional flow. An expression for constric­
tion scour was derived as a function of the ratio of 
channel width to bridge opening width and exponents 
describing the bed-load transport rate. A procedure 
referred to as the known cross-section method was 

y. y* 0.413 

~=1.173 Fn1.14e(-) 
Y n Yn 
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Figure 15. Change in water-surface elevation: case V, 100 
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Figure ~ 6. Comparison of changes 
in water-surface elevation for cases 
IV and V, rigid boundary . 
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developed for easily assessing the effects of con­
striction scour on backwater. 

Simple Me thods f ox Est imat i ng _Backwat er 

Through numerical simulation, dimensional analysis, 
and regression analysis, explicit relations for 
bridge backwater were developed for both rigid- and 
movable-boundary conditions. For bridge piers, it 
was found that the backwater is a function of the 
Froude number, the kinetic-energy coefficient, and a 
pier energy-loss coefficient. The Froude number and 
the ratio of bridge opening width to channel width 
were found to describe the backwater in a channel 
abrupt encroachment. In the case of floodplain en­
croachments, the Froude number and the ratio of main 
channel conveyance to total conveyance were found to 
be the primary parameters controlling backwater. 
These solutions are of an accuracy suitable for use 
in a bridge feasibility or preliminary design study: 
the backwater regression equations, however, are not 
intended for detailed analyses. 

Pr ac tical Application 

Step-by-step procedures were given to demonstrate 
how the simple backwater and constriction scour re­
lations may be applied to feasibility studies. 

Recommendations 

Further studies are necessary to quantify the multi-
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z'(ft) Sc l\oc ~b Q(ft3/e) 15! F11 

o.roxn--0.005 0.030 640-150 ,000 0.1 --0.4 O.OJJ-0.81 

1- 15 0.0001 --0 .01 0.030 0.01 69- 15,200 0.1 -1.0 0.04 -0.91 

0 .001 --0.0012 0.022 2.s-5.0 0.065-0.29 

o.roll4--0 .om 9 0.030 57- 99,000 1.4 -3.0 0.1 -0.5 

10-50 0.00001--0.001 0.030 0.07S-0 .15 490-590,000 0.077-2.9 0.12--0.59 

10-50 0.00001--0.001 O.OJO Q.075-0.15 490-:590,000 0.13 -23 0.12--0.59 

dimensional flow phenomena resulting from floodplain 
encroachment. The time dependence of bridge scour 
and development of armor layers within the bridge 
waterway also need further investigation. Last, 
both analytic and simplified procedures need to be 
verified against field data . 
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