from which M, = 57.14. Eq. 25 is shorter than the one following Eq. 188
::d. as the computation progresses, the physical significance of each term i
aol(:::il:; nb)fro:elt;?gr.d:;; 1t in Fig. 6. Mr. Spiker has shown another, but long
As minor points, Mr. Beskin criticizes the use of the symbol A for anguli
change due to bending, as well as the use of the term “tapered beams.,” T i
term “tar.;ered beams” has an excellent precedent.® The symbol A was selectod
because, in a nmpber of treatises, it represents the angle between the tange o
to & ourve, and it seemed appropriate to extend its use to traverse diagrn
which are qolve.d largely as problems in geometrical alinement.
The wn'ber is grateful to Messrs. Goldberg and Weiss for their comments
Ag Mr. Weiss suggests, the moment-area constants are the basis of the elus
ourve tnf.vers'e. If they are delineated asa traverse, the flexure of the structu
can be .vnsualxzed and the deformations due to flexure become easier to use tha
when pictured as areas. Such delineation also gives an opportunity to divers !
and extend the use of moment-area constants. The object of the paper was b
take advantage of this opportunity. b
Mr. Polivka commented that “* * * the author's claim that the metha
reduces by one half the work of computation * * * if applied generally oot
not be upheld.” The writer’s claim was worded as follows: ‘“* * * for ’m I}
problems, the nlge}:raic work required will be only one half that required by )
proctfdure taught in current texts.” Tt may be added that slope deflection, M
amplified by. the elastic curve traverse, will never, for any problem inv'
more algebra}c work than slope deflection as taught in current college te’xtbo ‘,
The detailed equation given by Mr. Polivks, which he consolidates jnl
Eq. 21.a, n?presents either derivation of a formula by an algebraic proceduy
involving simultaneous equations as deseribed by A. Amirikian® M. Am Sol
C.E., or handbook work which the writer wishes to avoid. ’ ' i
.An important point which should not be overlooked is that the formul
derived by Mr. Amirikian are for frames composed only of members wil
constant cross sections. The introduction of tapering members would mal
no important ch_anges in solutions which use the elastic curve traverse bd:‘
would have a serious effect on Mr. Amirikian’s algebraic use of slope deflectl
The e.xf:eﬂent and constructive work of Mr, McGee in presenting the ¢
plete detail of .thc solution for an unsymmetrical two-story frame with fixe
base columns. is helpful. Following this step-by-step solution should elatif
most of thefltuations which can arise in the general use of the method,
shown by Fig. 4(c), this problem involyes eight unknown moments, ‘Th
number of gepmetrical unknowns is six, comprising four joint rotations and t
story deflections. Only two unknowns (8, and 0:) appear in Fig, 4( i
otherg having been eliminated in an easy manner so that only two simultineg
equations are needed for the solution.
Mr. Erexmfl offers suggestions regarding the extension of the method
structures having members of variable section. It is for such structures i
also for such complicated conditions as “semirigid” joints that the use of
elastic curve traverse best shows its advantage.’

"o, -
apered Structural Members: An Analytical ’l‘re-tm;nz." by Walter H. Weiskopl snd Jul

Pick y Am. Soc. C.'E., Vol. 102 (1937), p.

AMERICAN SOCIETY OF CIVIL ENGINEERS
Founded November 5, 1852 ’

TRANSACTIONS

Paper No. 2261

STORAGE AND THE UNIT HYDROGRAPH
By C. O. CLARK,! JUN. AM. Soc. C. E.

Wire DiscussioNn ny Messrs. James 8. Swuer, Orro H. Meyer, L. K.
SaerMaN, Gorpon R. Winniams, Ray K. Linscey, Jr., E. F. BRATER,
L. C. Crawrorp, Roserr . Kenvepy, Vieror H. CocaraNE, FRANKLIN
I". Sxyper, Howarp M. Turner, Don Jornsronm, anNp C. O. CLARk.

Synopsis

During the period since 1930, study of the flow records of many and various
Lypes of streams by the engineers of the United States has resulted in an im-
proved concept and understanding of the physical factors which influence
runoff and the flood-producing capacity of streams. Two fundamental tools
have emerged from these studies, the unit hydrograph and methods of flood
routing (means of modifying a hydrograph by the effects of valley storage),
lioth of which have been the subject of many papers,

The purpose of this paper is to clarify the inherent relationship between
tliese fundamental tools and to show how this relationship may be used to
derive ageurate unit hydrographs for very short periods of initial runoff which
nceurately reflect the influence of shape of drainage area upon the shape of the
liydrograph, allow the segregation of elements of the hydrograph aftributable
to particular components of the drainage area, and permit the definition of the
onleulation procedure to a degree which reduces the dependence of accurate
stream flow caleulations on intangible factors of personal judgment,

After showing that the constant time units characteristic of unit hydro-
graphs are the characteristics induced by storage capacity of the streams and
that storage eapacity and discharge capacity are each a limiting factor on the
other, the paper illustrates the incorporation of these characteristics in hydro-
praph caleulations.

DEFINITIONS
Throughout this paper, the terms ‘“unit hydrograph’ and “unitgraph” are
used interchangeably to mean a regimen of stream flow for a unit quantity of
uniformly distributed runoff originating at a uniform rate during a specified

Norp.—Published in November, 1943, Proceedings, Positions and titles given are those in effest
whon the paper or discussion waos received for publication.

| Hydr. Engr., U. 8. Engr. Office, Winchester, Va.
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unit period of time. The time elements of the regimen are independent of the
quantity of runoff and the discharge quantities are directly proportional to
the quantity of runoff. Included are both the unit hydrograph of L. K.
Sherman,* M. Am. Soe, C. E., and the distribution graph of Merrill Bernard,®
M. Am. Soc. C. E. The terms “storage” and “valley storage” are applied to
the entire volume of water stored between any two designated points along a
river and include both the volume in the channel and on the flood plain. The
same terms, expressed in time units, are used to designate the average ratio of =
storage volume to discharge capacity of the river reach. ¥
The following definition of accuracy will apply to the writer's use of the
term in subsequent paragraphs, and at the same time will illustrate some of :
the problems and aims of incorporating accuracy in stream flow caleulations: |
4

An engineer should learn early to distinguish between the forms of
accuracy which sometimes are called absolute, real, and relative. Absolute
aceuracy is the mathematical precision of correctly manipulated numbers, as =
used by engineers in computing payments to the cent from earthwork
surveys by cross sections or soundings. Real accuracy is an evaluation of
the closeness with which a measurement or computation approximates the -
truth, a quality inherent in the meaning of the engineering term “pre-
cision.” Relative accuracy is an evaluation of the closeness with which a
measurement or computation approximates another measurement or com=
putation, preferably where botﬂ determinations are comparable, and fre-
quently is expressed as a ratio or the difference between them, without
necessarily giving an absolute value of either. The elevation of one bench
mark with respect to another is a value that may have great relative
accuracy without any absolute accuracy. The terms with which others
designate these qualities of accuracy may differ, but the essential difference =
between them is acknowledged widely. 3

In the fields of evaluation and planning of river developments, relative
accuracy is attainable at low cost, usually by thoroughly planned systematie
analysis; and it is sufficient in the selection of the better of alternative plans.
Real accuracy, as in the evaluation of the selected plan of construction, high-
order surveys, or field observation and measurement of natural phenomena,
such as river stage and discharge, is an elusive value pursued at great cost, with
each additional fraction of attainment sometimes costing more than all prior
to it. Absolute accuracy in most engineering offices is the product of a caleu-
lating machine, useful as a tool in attainment of relative accuracy regarding 2
influences of small variables, but a source of colossal waste of time if confused
with real or relative accuracy. One cannot start with an hypothesis having & ¢
real accuracy of 80% and develop therefrom conclusions of 959, real accuracy.

By any unmodified references to accuracy which may be made in the body
of the paper which follows, the writer means only relative accuracy and the
degree to which a computational determination by simplified procedure approxi= =
mates the result of more laborious, accepted means of computation. No °
claims of unusual real accuracy are intended.

Investigators entering the field of flood flow analysis will do well to maintai

* “Stream Flow from Rainfall by the Unit Hydrograph Method," by Leroy K. Sherman, Engineering
News-Record, Vol. 108, 1932, pp. 501-505, " F

3“An %pmnh 1o Determinate Stream Flow,” by Merrill Bernard, Transactions, A, Svo. G, By
Vol. 100 (1935), p. 347.
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an open mind on the subject of real accuracy, since the difficulties of field
observation and measurement under severe flood conditions make it necessary
to concede the possibility of errors as large as 20% (or more) in some items of
published data. Such possibilities are indicated in many published records
by the discussion preceding the tabulations, and in others by subsequent
revisions when more reliable data are obtained.

The attainment of a high order of relative accuracy in computation is
expedij by concise, precise definition of procedure and the desired result.
As an'id to the more rapid attainment of relative accuracy in the computation
of flood hydrographs, the paper seeks to define the determination of the unit
hydrograph of surface and subsurface runoff in terms of two, large, basic factors
—the shape of the watershed from which runoff must come and the storage
through which it must come,

The writer does not claim that the determinations will exceed in real accu-
racy the many excellent ones which have been obtained by trial and error, tried,
tested, modified, and retried until they reproduce, well, the hydrographs of
record. He does believe that the first determination of the unit hydrographs
will prove satisfactory for use without modification in more cases than those
determined by any of several other methods with which he is familiar.

INTRODUCTION

Rapid advances in the understanding of floodtime stream flow date from
the Report of the Committee on Floods of the Boston Society of Civil Engi-
neers in which it was recognized that, for storms of equal duration, the period
of flood runoff was a constant not dependent upon the total volume of runoff
and that the maximum rate of discharge was, therefore, a direct function of
the total runoff. “For an instantaneous storm, the peak flow will vary directly
with the maximum width of the drainage area, all other conditions remaining
the same * * * unit peak flows will vary directly with the velocity of flow,
all other conditions remaining the same” and “pondage tends to reduce the
peak flow in the direct ratio that the volume of pondage bears to the total
flood run-off.” In these conclusions' lie the bases for many current concepts
of the unit hydrograph, time-area concentration curves, and valley storage
modification of flood flow.

A refinement of theory by Mr. Sherman? confirms the conclusion that the
flood period is & constant and that the peak flow is proportional to the total
volume of runoff, and extends the theory to show that, for a given unit quantity
of runoff, uniform over the drainage area, originating in a small unit interval
of time, the length of the hydrograph is a constant; that all ordinates will be
proportional to the total runoff; and that, by the application of this so-called
“unit hydrograph” to successive short periods of uniform runoff throughout
the flood-producing storm period, the resulting hydrograph of stream flow could
be reproduced with reasonable accuracy. This theory combines sufficient
verification in many watersheds with convenience of use to a degree which has

! Report of the Committee on Floods of the Boston Bociety of Civil Engineers, Journal, Boston Soe.
of Civ. Engrs,, Septemnber, 1930,
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status of an original contribution to fundamental hydrologic theory.
By the limitation of its definition, as pointed out by Mr. Sherman, the unit
hydrograph is correct and applicable only to areas from which the runoff for n
given period of time is uniform and therefore to drainage areas for which the
rainfall is essentially uniform over the entire basin. The extension of the
theory to the areas of such size that this condition is not strictly trueis a matter
of practical expediency, but one which introduces fundamental discregancies
between theory and fact which are not a fault of the theory but of its appll-
cation. In its original conception and application, the unit period was taken
as one day, and the agreement of computed and observed discharges within
that period of time was considered to be confirmation of the theory. The
aceuracy of the determination of the unit hydrograph was limited by the prac-
tical requirement of finding an isolated flood hydrograph resulting from
uniform unit rainfall. This latter requirement, while not a serious limitation
on the use of the method for periods of one day, provides an almost insurmount-
able obstacle to the derivation of the unitgraph for very small drainage a.reu s
and very short unit periods of time. 9
A number of writers®® have shown that the theory is equally applicable to
very small drainage areas when the unit period used is sufficiently short to be
in proper proportion to the total hydrograph. _.
In determinations of unit hydrographs for short periods of time, practical
difficulties of finding uniform, short-period rainfall, which produced large
enough stream flow to be analyzed accurately, make it necessary to determine
unitgraphs from multiple periods of runoff. Ifowever, such a procedure i§
indeterminate, as there are always more equations than unknowns and a
multiple of possible solutions.” For example, in determining a seven-period
unitgraph from a flood resulting from three periods of runoff, it is possible to
determine thirty-six unit hydrographs which, applied to the three items of
runoff, will reproduce the composite hydrograph exactly. The approximate
solutions are even more numerous. Consequently, the range of possible
solutions by independent investigators is too large—far greater than the range
of inaceuracy of stream discharge records. Most methods, graphical and
mathematical, of selection of the most probable of these unitgraphs under-
estimate the capacity of a stream to reach a high instantaneous peak from short,
intense rainfall and ignore tendencies toward double peaks which some st.reaml :
exhibit following intense, short-period rainfall.
The range of possible unitgraph determinations ean be reduced by oorre-
lating recognized discharge concepts with the physical limitations of valley‘
storage and with the time elements which necessarily result from storage and
discharge relations. The correlation can be utilized to develop, from time-ares
concentration curves of specific drainage areas, unit hydrographs with a smul[' {!

“Relation be'.ween Ram!n.ll and Run-off from Smnll Urban Areas," by W, W. Horner and F. Ty
Flvnﬁ. Transactions, Am. Soc. C, E., Vol. 101 (1936), p, 140,

¢ "*The Unit H,vdrompb Prluniple Applied to Small Water-Sheds,"” by E. F, Brater, ibid., Vol. IM*
(1940). p. 1154,

“Engineering Procedure as App!led to Flood Control Reservoirs with Reference to the Munldnau‘ E
Hood Control Project, Appendix IV,"” The Engineor School, Fort Belvoir, Va.. 1936,

-
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runge of determination variability, independent of assumptions regarding run-

off distribution in the flood-producing storm and reflecting influences of drain-
e aren shape and stream pattern. The streams of Virginia and North
(urolina, with a wide range of basin shapes, stream slopes, and pat.ten.m,
present admirable opportunities to prove or disprove some of the theories
ndvanced.

In some respects, the degree of proof or disproof is limited by the quality
of records and the means of their interpretation. Although recording stream
sawes have been installed on many of the streams, few of them are rated to a
(li=charge more than one half of the maximum stage of automatic record. TFor
(lie very flashy streams it is almost impossible for measuring parties to reach
he streams before they have fallen well below peak stage. The greatest
limitations on the check of aceuracy of the theories, however, are the lack of
recording rainfall gages and contour maps. Because of rainfall data limita-
tions, determinations of the time of precipitation without a possible error of 3
{0 6 hours were seldom possible. If the reproduced hydrographs agreed with
the observed within these limits of time, the theories were regarded as con-
firmed. In all but a few cases, the agreement was much closer than the
wllowable error,

The constant time elements which have been indicated as essential to the
theory of the unit hydrograph are dictated by valley storage relationships.
I'or that reason, some of the vital elements of valley storage concepts are
roviewed,

VALLBY STORAGE

One of the principal characteristics of the passage of a flood wave down an
open channel is the time elapsing between passage at one point and at some
downstream point—frequently referred to as the time of travel. The concept
of this time of travel as a function of the velocity of the water and therefore
influenced by the slope of the river, channel friction, and other items which
influence the velocity of flow in the river, is deeply rooted in the hydrology
of streams. However, time of travel is more closely related to the variable
storage eapacity of the open channel; dimensionally, time is the ratio of storage
to discharge. Flow in pipes is influenced by all the elements of slope, friction
factor, ete., which influence velocity of water in an open channel; but there is
o time of lmwel in a eclosed pipe, which is full at the beginning of the passage
of the wave, where an increase in the velocity and discharge at the upstream
end is accompanied almost simultaneously by an inerease in velocity and a
duplication of the waves at the exit end of the pipe. Time of travel is almost
nonexistent in rigid plpes, such as cast iron and concrete, and becomes in-
creasingly apparent in pipes which are elastic enough to have some variable

capacity for storage, such as rubber hose and the arteries of the human body.

Most metliods of taking account of the storage in a river valley involve the
solution, either graphically or mathematically, of the storage equation:

11+Ilt_01+01
2 2

3 am By B SR S e e b (1)
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in which I is the total inflow rate and O the outflow rate, both in cubic feet per
second; S is the total volume in storage in the reach in (cubic feet per second)-
hours (12 (cu ft per sec)-hr = 1 acre-ft); and the subseripts 1 and 2 refer to
the beginning and the end of the period respectively.* This is the arithmetic
expression of the storage equation. The caleulus equation for the same oonn

dition is:
A8 = (I =(O)idh.cisuisnsnn sosndiovsnites
or
ds
?u" = I — 0 .........................

which is merely a mathematical way of saying that the rate of change of storage
is equal to the difference between the inflow and the outflow rates. In Eqgs. 2,
t is the length of a period of time, in hours. '

In general, the quantity of water stored in a short open channel increg
with an increase in the flow in the channel, or:

3

............................

in which @ is the flow in the channel, n is a positive exponent, and C is & cons.
stant for the particular channel. Thus the storage in a river is a function of
flow and varies directly with some power of it. oy

In a short reach of river it may make little difference whether storage N

considered as a function of inflow discharge or outflow discharge since therd
is little difference between them. In long reaches of the length considerad
practical for flood routing studies or of the length over which appreciable b
water effects may extend in floodtime, there is a great difference. o

Methods of accounting for the influence of storage on discharge originall)
were used in analyzing flood reduction effects of reservoirs, where storage was ‘
function of outflow. The accounting of storage between successive level pool
surfaces whose elevation was controlled at the dam was a satisfactory approxis
mation of the total storage. The amount of storage above the slack-wutor
pool level and under the backwater curve was ignored as truly of s
consequence.

The backwater storage, however small, existed because of the cone: ‘
existence of inflow to the reservoir. Reduction of the inflow rate necess
would be accompanied by a decrease in storage and an inerease of outfow ra it
Rapid inflow shutdown necessarily would be accompanied by a release of th
backwater storage and a consequent increase in the slack-water storage or I
the outflow discharge or in both. The released volume of water would |
free to roll, as a pressure wave, to the lower end of the reservoir. Others '
compared the movement to the rotation of saturated soil in a landslide. I
either case, the lower end of the reservoir would have to rise slightly and th
outflow discharge would have to increase. ]

The extension of concepts of storage modification to sloping channels @
natural streams extended the practise of correlating storage with outflow,

' “Flood Routing," Edward J. Rutter, Quinton B. (raves, and Franklin F. Snyder, Trans
Am. Boe. C. E., Vol. 104 &939). p. 278.

STORAGE 1425
some river reaches, the correlation with inflow is as close as the correlation w.ith
outflow. Some current concepts of the action of valley storage in redu(.nng
flood peak discharge are faulty because they are in terms of the original, limited
theory. The storage which may be treated as a function of .outﬂov'v redut}es
flood peak outflow discharge, but the portion which is a function of inflow in-
croases outflow, so that the net decrease or increase of peak discharge depends
on which storage portion is the greater. )

The idea that there is some valley storage which does not decrease flood
peaks is rather new. The nature of the actions is illustrated in Fig. 1, which
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shows water-surface profiles for a uniform, rectangular channel 500 ft wide, 20
ft. deep, and with a fall of 10 ft in its length of 10,000 ft. Line b shows the
profile for steady flow of 116,000 cu ft per sec throughout the channel length.
Assume that the steady flow into the channel at the upper end is reduced
quickly as by the closure of gates on a reservoir or the creva&;ing.of a levee,
With discharge reduced at the upper end of the reach and maintained at the
lower end by storage release, the distribution of discharge in the reach would
e similar to line ¢ to which profile d would apply. The change from profile b
Lo profile d involves the release from storage of 260 acre-ft during the period of
inflow reduction and requires the outflow discharge to increase to accommodate
uich a release. However, as the outflow increases, the discharge distribution
in the channel approacheg profile ¢ and the water-surface profile approaches
that indicated by line f. Storage under profile f is the same as under profile b.

A shift of water-surface profile from lines b to f takes place in a natural
channel by mass rotation transmitted by means of pressure waves of small



lower end of the reservoir.
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amplitude which surge back and forth through the reach, ceasing when the
stable profile for the new discharge distribution has been attained. In natural
channels under normal flow conditions, the reductions of inflow rates are
gradual with the greater changes of discharge distribution occurring near peak
stage. The surge of small amplitude transition waves is clearly apparent as a
broad trace in many autographic records of stage. Following discharge change,
the profile transition takes place in a very short time. The writer has a record
of a natural flow reduction, caused by the crevassing of a large levee, in which
the effect of the break in transforming the water-surface profile was transmitted
17 miles in as many minutes, whereas a normal flood wave transit of the same
distance requires about 15 hours.

In the example of Fig. 1, if the water-surface elevation at the lower end is-
held constant by opening the gates of a dam, a material increase of outflow =
rate would be required. To prevent any increase in outflow discharge, a rise
of about 3 ft would be required to store the initial volume as it shifted to the =

¥
Bt

In an unregulated reservoir of large capacity compared with the inflow to it, =
the storage may be solely a function of the outflow. In a long and uniform
channel, the storage may be almost equally a function of the inflow and the
outflow. All during the early stage of rapid increase in discharge in dry
channels, such as oceurs naturally in the arroyos of the Southwest, the storage
is solely a function of the inflow. Thus, @ in Eq. 3 is to be considered as &
weighted average value of the inflow and the outflow:

N AR e il el i @)

in which z is a coefficient with a value between 0.0 and 1.0. :
According to Tiq. 3, storage tends to increase with some power of the stream
flow. There seems to be no theoretical reason why the power could not be
either greater or less than unity. If it were less than unity, the peaks of large
floods would oceur earlier than those of small floods; if the power were greater
than unity, the reverse would be true. If the power is unity, storage and dis-
charge are in constant direct proportion, and time elements are constant
regardless of flood magnitude. L
Storage in a river channel does not necessarily increase directly with the
discharge, but studies of the variation in a large number of streams indicate -
that this is the case for most smaller streams and is a condition closely approxi=
mated over large ranges of discharge in many large streams. That is, the
exponent is 1.0 for small streams, and for many rivers of as much as 10,000 sq
miles of drainage area it is less than 1.3. Even for the latter streams, over &
large range the true storage may be closely approximated by storage directly:
proportional to discharge. 3
Storage which is directly proportional to discharge does not interfere with

time elements are compatible with, and necessary to, the similarly constant
time elements of the unit hydrograph. Wherever the unitgraph theory %
applicable, or wherever the time elements of flood passage are essentially con
stant, the storage is proportional to discharge. e
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There are a great many mathematical and graphical solutions for the storage
equations, both for conditions where the storage is considered to vary directly
with the discharge and where it is considered to vary directly with some
exponential power of the discharge. All but a few of these solutions are for
the special case in which the storage is a funetion of the outflow only and
therefore, are applicable only to routing floods through a very large reservoir:
Us? of these special solutions for natural channels, or for small reservoirs in
which backwater storage is appreciable, leads to undesirable optimism regarding
reductions of discharge by storage use.

The scope of this paper is limited to the general conditions in which the
ytorage is considered to vary directly as the discharge, but where the discharge
is a weighted value of the inflow and the outflow. Mathematically, these
statements resolve to the three equations previously given: ‘

S = (I = O) il eaicoiin vt oo oone (2a)
Q=2I4+0—=2)0.....c00oovvriruinnn.. (4)
) A B vt O L e e S T (5)
from which it is evident that:
- _ dS _ (I —0)d
K Q" ZAT T =g dD e (6a)
and
L I a0
O—I—sz—K(l—z)?E ................ (6b)

.Eq. 6b can be solved arithmetically for successive short periods of time,
T"in length, by designating the flows at the beginning of the short period as
0y and I, and those at the end by 0. and I, thus:

O +0: I,+1 , la—1 03 =
D L= B R b S (6c)
from which the following simple equation evolves:
Oy = Coly+ Cy 1 CYD8 iz s
In Egs. 6: : - . iy e g
L. Kz —05T
TR REROET e (7a)
L Kz+4+05T
C] Nz o + m“m’ ................... (7b)
o= K—Kz—05T -
K= Ko FOB[ e (7¢)
and
Co A Carm 00 5t svssis ca it dross (7d)

This is the Muskingum method of flood routing developed by T. 8. Burns

and F. B. Harkness, Members, Am. Soc. C. E,, and G. T. McCarthy,’
M. Am. Soc. C. E. ' ) cCarthy,’ Assoc.
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To illustrate the action. of lin |
1 . ear storage upon wave forms, tw hee |
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of z from 0.0 to 1.0. For this well-rounded initial wave form, the fundamen )i

effect of the storage modification is to translate the entire wave approxima

four time units, and to change the magnitude of the peak. The change of |
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ing the real bulbous shape of an advancing wave front in a near-dry channel,
(lie true storage in the reach is less than the full-length wedge during the first
part of the initial inflow. During this period, the actual outflow discharge is
more than computed. At the instant the wave front reaches the lower end,
the actual storage in the reach is somewhat more than that of a full-length
wedge. At this time and for a short time after, the actual discharge at the
lower end of the reach is less than indicated by the theory and the actual rise
i later than that calculated. The inequalities between the theory and fact
of wedge storage approximation are ironed out by the time the rates of flow
\ncrease at both ends are equal. Since the discharge at the lower end is closely
indicated at this time, the true rise at the downstream end is more rapid than
computed. The maximum total storage volume in the reach, represented by
{he area between the inflow and outflow hydrographs, is the same at this time
for actual and computed modifications.

In the case of a wave passing into a partly full ehannel, into which flow
is also coming from loeal streams, much less of the indicated negative discharge
i to be regarded as error. The negative values indicate the capacity of the
advancing wave not only to store its own waters, but to force the storage of
the incoming local flows through the induced backwater effect. Only when
the algebraic sum of all components of flow (including the negative values of
ihe routed inflow wave) is less than the flow prior to the flood can the sum be
Jiscounted as error. Tven then, the appearance of large negative values is an
indication of & period of hydraulic instability which in extreme cases results in
the formation of a hydraulic bore.

The negative values play ansimportant part in the accuracy of the general
storage theory and are to be discounted judiciously. The writer follows the
practise of retaining the computed negative values, discounting them only in
the drawing of the final hydrograph.

Fig. 3(a) shows the effect of storage that is equally a function of inflow and
outflow; thatis, z = 0.5 on a wave form with an initially very sharp peak. The
(irst wave has been routed through 2 hours of storage in each of five successive
roaches. In this case as in the case of the cosine curve, the translation effected
Iy storage is approximately equal to the value of K; but some reduction of peak
discharge is effected. However, the reductive influence of the storage decreases
s the initial wave approximates the stable, well-rounded form,

The actual progressive modification by storage which is almost equally a
function of inflow and outflow rates, illustrated in Fig. 3(a), has about the same
offect as the bodily transposition of the initial wave form combined with a final
modification of the transposed wave by a amall amount of reservoir storage.
The difference between the progressive caleulation of storage effect, which is
probably closer to truth, and the more easily computed transposition and gingle
storage modification calculation is illustrated in Fig. 8(b), in which the wave
form (a) has been progressively modified by passage through five reaches, each
having 2 hours of storage (2 (cu ft per sec)-hr per cu ft per sec of discharge) to
become wave form (b). The approximation wave form (¢) was derived by

bodily transposition of wave form (a) by 9 hours and routing it through reser-
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voir-type storage (xz = 0.0) of 1 hour. The agreement between eurves (b) and
iv), far from perfect, is within the degree of accuracy usually attainable in

vunoff caleulations.

This approximate form of storage calculation is used subsequently in the

Jorivation of unit hydrographs; & time-area concentration curve of the drainage
aren (a composite of all of the transposed, unmodified wave elements of the
watershed) is modified by a small amount of storage to form the basic unit-
graph.  The procedure will be explained in detail.
For many natural streams, the value of z, in Eq. 4, varies from 0.4 to 0.5,
lut the presence of a large flood plain carrying little flow near the lower end
of u reach will cause the storage to be more of a function of outflow than inflow,
and will reduce the relative influence of inflow, z, to 0.3 or lower. The back-
water effect of a large incoming tributary may act in a similar manner. Con-
vorsely, if the large storage is near the upper end of the reach, the value of =
may exceed 0.5 and result in an inerease of crest discharge rather than the
nsnally assumed decrease (the hydrographs in Tig. 12, introduced subsequently,
indicate such an influence).
An understanding of the mechanieal process of flow of water through a
reach of river or a reservoir in light of the Muskingum routing theory will pro-
vide a clearer concept of what can and cannot be accomplished hy valley
storage. 1t also will show that, contrary to popular concept:

(a) Valley storage does not always decrease flood peuaks; and
(b) The reservoir pool above » dam may not reduce flood discharges. In

fact, if the pool level at the dam is held constant by gate control, the storage
becomes the function of inflow solely,

and the peak outflow may be larger
h control, by reducing the effective

Fia. 3.—MovtricaTion oF A Suzans-Crustso WAvE Y StoRacs

than the peak inflow. Turthermore, suc
storage, may decrease the time of travel through the reservoir
with a beneficial or detrimental effect as the case may be.

to almost nothing,

SIGNTFICANT STORAGE RELATIONSHIPS
storage which varies directly with a

The fundamental storage equation for
tllow is (see Eq. 5b):

weighted average of the inflow and the ou
d0
O+(l—m)Km— I_det_ .................

easier to use in routing procedure, o

Although the Muskingum equations are
sich exist at certain points in the

knowledge of the following relationships wl
hydrographs of inflow and outflow is of great value in determining the quality
' dl d0

effect in the reach. The symbols, d and = 1 bre

used to represent the slope of the inflow and outflow hydrographs. When the
slope of inflow and outflow hydrographs is equal:

and quantity of the storage

dl _ do
z‘— = -(T‘- ........................... (Qa)
and a0
I-0=K e (90)

asees stabbundi
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When inflow and outflow are equal:

ks TSNE . e ore srarikarn: ol ie s oo siets e o] vy o N
d0 x dl
. dt Kmdt .....................
At peak inflow:
0=I—K%(1—x) ....................
At peak outflow:
. ORI
When inflow has ceased:
R TR R
and
0
K = ‘19(1— ol
i x
Volume of runoff remaining in storage is
X0 =@ ;
421 .....................
dl( —':I:)

VarLey Srorage Anp THE Unrr HyYyproGRAPH

A few years ago, the unit hydrograph was thought to be inapplicable t
streams having a great amount of valley storage. However, when vs ay
storage is defined as “all of the volume displaced by water during the passa ‘
of a flood wave, including the volume in the river channel,” it is evident ¢
no flood wave is unaffected by valley storage. ¢

From a different point of view, the nature of the effect is clear.
essential difference between nonsteady flow in open channels and in pipes is
the time that elapses in the former only between the change of inflow rate and
the change of outflow rate. The essential difference between an open chan ol
and a pipe is the variable capacity of the former for storage as compared w 1
the constant capacity of the latter. The time element and the storage capaci
are related, for the ratio of storage capacity to discharge capacity is tin o)

that is, g = T.

The unit hydrograph theory assumes that the ordinates of any flood hyd;‘
graph originn.ting from uniform runoff in the unit period of time will be diree
pl:oportlonal to the quantity of runoff, but that the abscissas, or time elemen 8
will l?e constant and, therefore, unaffected by magnitude of discharge. S
tl-le time elements are a function of the ratio of storage to discharge but no
discharge alone, it follows that the ratio of storage to discharge must be a cons
stant throughout the entire range of discharge to which the unit hydrograph |
tf’ be applied. In other words, the storage-discharge curve for all reaches ol
river above the point to which the unit hydrograph is to be used must b
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straight lines when plotted on rectangular coordinate graph paper. This is
{1ie simplest of the storage discharge relationships for which methods of solution
inve been devised—the basis of the Muskingum method outlined by Mr.
McCarthy.® An understanding of the manner in which it is possible for this
type of storage to modify a flood wave will provide an understanding of several
gsignificant relationships which must exist in any actual unit hydrograph if the
theory is applicable to the drainage area being studied.

Tae HYDROGRAPH AS AN INDEX OF STORAGE

Any flood hydrograph is the resultant of all of the factors that have
created it. Although no exact determination of the effect of any factor is
possible without the segregation of the results of other influences, it is possible
to determine the effect between certain limits, The accuracy of the determina-
tion will depend on the degree to which other influences can be segregated or
Jiscounted as insignificant.

The analysis of the hydrograph, as an index of previous storage effect, is
based on the hypothesis that, after inflow to the channel has ceased, all water
which will eventually become runoff, but which has not yet passed the gage, is
in storage (axiomatic), and that such storage varies directly with the discharge
(approximate, approaching truth in very small impervious watersheds). After
such a time, the ratio of rate of change of discharge to total discharge reaches
its greatest negative value, and remains constant thereafter:

d0
dt 1

P K.(f":_x) ...................... (14)

If all storage in a stream above a gage has been equally a function of inflow
and outflow (that is, if z = 0.5), the greatest ratio of decrease of discharge to
total discharge will correspond closely to a K-value of the time elapsing since
the cessation of inflow. For the same amount of total storage, entirely a
function of outflow, the ratio would have only half as large a magnitude,
indicating a lesser slope of the depletion curve.

The falling legs of a large number of hydrographs of flood discharge for
streams in major drainage basins from New Hampshire to North Carolina
oxhibit a ratio of decrease of discharge to total discharge which, for a value
x = 0.5, indicates a value of K closely approximating the time elapsing between
termination of runoff producing rainfall and the point of most rapid relative
decrease in discharge. The fact that the hydrographs fall so rapidly is highly
indicative that the storage affecting the hydrographs is of the balanced variety,
and, therefore, chiefly effective in the translation of waves.

The writer has indicated that the effect of such storage may.be approximated
by (a) the bodily transposition of the runoff wave element from its source to the
gage, and (b) the routing of the element through some amount of storage less
than the‘total with a value of z = 0. The summation of all of the transposed
elements for an entire‘ drainage area is the same as a time-area concentration

» *The Unit Hydrograph and Flood Routingj by Gerald T. MeCurthy, uny

resenited at the Conference of the North Atlautic Div,, Corps of Engra., U. 8. Army,
g\mn 24, 1938; printed by the U, 8. Engr. Office, Providones, R. L.

New London, Con.x:’.:
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curve whose base length is the time between cessation of runoff and the time
of most rapid relative decrease in discharge. The value of K selected for the
routing of the time-area concentration curve ig one corresponding to the ratio
of discharge decrease to total discharge for an observed hydrograph (Eq. 126
with z = 0.0). i8

The application of this method to a theoretical drainage ares of rectangular
shape with uniform instantaneous rainfall over the entire drainage basin is
shown in Fig. 4(a). If the rainfall were to remain constant for a unit period

Unit
t<—Time of Concentration-» TimeArea ~—»{ Duration I-Time of Concenlmion—-l i
ﬂ/Concqmnﬂon of Runoff Time-Flow Concentration
Curve (¢) Curve (a) !
Unit

Instantaneous

ydrograph (b)
Hydrograph (6) ;

Rate of Discharge

Rate of Discharge

INSTANTANEOUS (6) UNIT
Vi HYDROGRAPH HYDROGRAPH
B Time Time

Fia. d.—Hroroarari fon A RROTANGULAR DRAINAGE Amia

of time, as is predicated in the theory of unit hydrographs, the flow concentra- 3
tion eurve which was the time-area diagram (curve (1), Fig. 4(a)) is modified
to become the time-flow diagram (curve (a), Fig. 4(b)) which, routed through
the same storage, becomes curve (b), Fig. 4(b). The advantage of an instan- ,
taneous hydrograph is that it can be derived from the fundamental charac- P
teristics of the basin and then used with any length of unit period to determine
the unit hydrograph, in which any ordinate of discharge is the average ordinate
of the instantaneous hydrograph for the unit time period previous to time
desired. Where the curyature of the instantaneous hydrograph is not excessive,
the ordinate can be determined by averaging ordinates of that graph separated
by the unit time period desired.

DETERMINATION OF THE INSTANTANBEOUS HYDROGRAPH
FrROM StREAM Frow Rucomrps

Where adequate planimetric maps of a stream are provided in which 2
recorder rainfall and discharge records are available, the elements to be deter-
mined are the base length of the time-area concentration curve, or the time of
concentration, the time-area curve, and the magnitude of the unbalanced
storage effect or the amount of valley storage (solely a function of discharge)
by which the time-area curve is to be modified. E

Referring to Eq. 12b, it will be seen that, when the inflow to the storage
reach has ceased, the ratio of decrease of discharge to total discharge is a con-
stant; or, as the Muskingum flood routing equation expresses it, the outflow
at the end of any period of time bears a constant ratio, ("s, to the outflow ati
the beginning of the period of time.

Plotting the value of K which is indicated by the rate of decrease of dis-
charge throughout the falling hydrograph, the indicated value should decrease E
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to a minimum at the time that inflow ceased and remain constant thereaflter.
The time between cessation of runoff-producing rainfall and the minimum
indicated value of K is the writer’s concept of time of concentration and is so
used in the remainder of this paper.

Taking the time of concentration derived in this manner as the time base
length, a time-area concentration curve for the drainage area above _the gage
is prepared. This curve is used as the inflow to the river channel and is routed
through an amount of storage represented by the indicated minimum K-value
and an z-value of zero.

ExrensioNn oF Storace THuory 1o GrROUND-WATER FLOow

In practise, the indicated value of K does not remain constant after reaching
its minimum value. The inflow from ground water continues and does not
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Fra. 5 —DeramyarNaTioN or ErrFecrive STorAGE FROM REcussioNat, HYDROGRAPH;
James River AT Lick Ruw

decrease as rapidly as the storage-controlled surface runoff. Therefore, it
heecomes an increasingly larger percentage of the total discharge and increases
the indicated value of K.

Actual curves of the indicated value of K are plotted in Fig. 5 against the
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discharge rate for the major part of the falling leg of several hydrographs at a

stream gaging station at Lick Run, Va., on the James River (drainage area

= 1,369 sq miles). The indicated value of K decreases to a certain minimum
value whiech is essentially constant for all hydrographs and then increases from
that point as the discharge decreases, becoming very large as the discharge
becomes very small.

Application of this theory of runoff would imply a definition of surface run-
off as being that quantity of total runoff which, after the cessation of inflow,
is discharged in direct proportion to the amount of flow remaining to run off.
Ground-water flow would include all other flow.

Since ground water is detained by storage also, it would be convenient for

hydrologists if that storage were found to be in direct proportion to the rate of
discharge. In analyzing the discharge hydrograph of any stream, it is rare
to find one which, after reaching an abnormally high peak, continues to fall
without further rainfall until it has reached an abnormally low flow. How- ;;
ever, this was the case following the flood of September, 1935, on the James
River. In that hydrograph, the discharge at Lick Run increased from 271

cu ft per sec to 19,400 eu ft per sec and then fell steadily to 258 cu ft per see,
the lowest discharge of the year. During the falling period, the rainfall was so

small and scattered that it is doubtful if it contributed in any way to the stream b
flow. The indicated K-curve for this hydrograph is among those shown in
Fig. 5 o

After studying a large number of hydrographs extending into periods of low
flow, both for this station and for several other stations in the James River
basin, an approximate value of K of 200 hours was selected as an average

representation of the ground-water storage effect in that watershed. TFor this

station and for three others of good record, five hydrographs for each station
were separated into the two volumes which could be represented by the channel
storage modification outlined and the subsurface (ground-water) flow released
from storage of 200 hours. No hydrographs were found in which the subsurface
part was less than 309, of the total runoff, and there were no major flood hydro~

graphs in which it exceeded 42%. Using a value of K of 200 hours and of
z = 0.0, another unitgraph for subsurface flow was derived. Combination of

709, of the surface unitgraph and 309 of the subsurface unitgraph provided an
excellent practical unitgraph for this drainage area, which included both surface

and subsurface flow.

Thus in the derivation of a unitgraph for instantaneous origin of runoff, 3

by the method proposed by the writer, a unitgraph of surface runoff, derived
by routing the time-area concentration curve through an amount of unbalanced
storage as outlined herein, is combined with a unitgraph of subsurface runoff

determined by routing the same histogram through an appropriate amount of

subsurface storage. What the ratio of these components will be in the final
hydrograph will depend on the pertinent fact of how much of the water comes
from surface runoff and how much from subsurface runoff in the particular
watershed. For the streams analyzed along the eastern Appalachian slope, a
70 : 30 ratio seemed quite satisfactory. (If the additional work is justified,
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separate unitgraphs of surface and subsurface runoff may be utilized. With
such use, no assumption of a fixed ratio is necessary.) A

Although such u division is arbitrary, it is n9t as unsatisfactory as the
current practise of attributing to ground-water dlschar‘ge all low beneath a
straight line drawn from a point before the rise to an arbitrary and undefinable
point on the descending hydrograph. The volume of flow so negl.ecte.d fre~
quently contains more than 20% of the total run.off. Any detgrmmutlon of
runoff from subsequent storms, to be used in a unitgraph so fien_ved, must be
made in the light of such a derivation, with the result that, in _txm_es of great
floods, the runoff percentage used for the flood-producing precipitation may be
less than the average percentage runoff for the month corrected for prior and
subsequent ground water.

DERIVATION OF THE INSTANTANEOUS AND Untr HyproOGRAPHS

or the purpose of illustrating the method of derivation of unitgraphs, the
Appomattox River at Petersburg, Va., was selected. There are several reasons
why the drainage basin is not a good location for the application of the unit-

TABLE 1.—DERIVATION OF INSTANTANEOUS IyproGRAPH AND 12-HR
Unirararn oN Appomarrox River NEAR PETERSBURG

INSTANTANROUS
RourinGg CALCULATION® MFTANTANROS ik
T Time- Sn;‘rlm "?;;I:;a fiydiv-
iMe: | wrea ' Sad ow 5
in - y Rou = 0.70 fow {ou ft
days [SgENeIOn s F QI D00 | time-aran | Col.6| 0304 fper | Cute | hoos™
l % Col, 2 | X Col. 5 “grr&,l(":" 12 hre | por secs
m | @ (3) (@) (5) ) o (8 ) (10)
0.0 0.0 0.0 0.0 0 .o, =3
08 ‘1"2 To1 0.0 1.01 0.70 0.03 0.73 500 %
10 | as 2.13 0.:; 3.% ;.gg g. ;g :li.gg ;% . 500
20 18‘3 gﬁ 310 8.24 .78 0.40 615 | 4220 a.%
25 |19 10.70 3.63 }ag; xg.% g.g lg.;:i 'gm 2‘490
30 | 76 4.25 6.32 ¥ X 081 821 | - 5,630 6,490
35 | 65 3.64 4,64 8,28 5.80 088 0.08 | 4,50 8,100
10 | 55 3.08 3.04 6.72 4.70 93 503 | 3870 4,230
45 | 90 5.04 2.06 5.00 5.60 108 063 | 4560 4310
50 |14.0 7.88 3.52 11.35 7.80 .02 A 5:360
Y ; 10,30 7.20 1.32 852 | 5850 \
6o | 58 508 15 7.01 533 | 134 [ 007 | 488 | 5210
0.5 ) 3.35 .36 2.36 1.25 360 | 2470 3,520
T (5 Soia 1.47 1.47 1.03 1.18 221 | 1,510 1,090
7.6 0.65 0.65 0.46 111 1657 | 1110 1,310
8.0 0.20 0.20 0.20 1.04 1.24 850 080
8.5 0.13 0.13 0.09 0.98 1.07 735 800
9.0 0.06 0.00 8‘8; 8'% g.gg g(wi) , 10
18'30 om 00" os 0.81 0.81 560 5804
i ol 2 with & = 15 hr, = = 0.0, *Col. 7 equals 0.30 X Col. 2 routed
:vgau'l\'&-%o':)m{uf :ro=r?)\.1&mg' ‘K)‘M&o&l«‘hxus rate of disoharge. * 116,000 (cu ft per sec)-hr, or 13%,

remaining to run off. Bueccessive values of unitgraph hereafter are 0.942 X preceding value.

graph principle; but, because of its peculiar shape, it is parti(':ularly a.dn[.)ted‘ to
the illustration of the benefits inherent in the method of umtgmph derivation
proposed. Because it was not used in any way i.n the derivation of any of .the
data or principles on which this method is predicated and because the writer
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had done no work on this stream previous to the present calculation, this bagin
was used. The calculations in Table 1 show the first computations made and
neither the original data, the first interpretations of these data, the calculations,
nor the plotting, have been changed or altered in any way to make the com-
puted hydrograph agree more closely with the observed hydrograph. (Only a

Numbers Indicate
Travel Time in Days

Fra. 6.—DRANAGE AREA OF THE APPOMATTOX RIVER ABOVE Prrenssuna

slight change in estimated time distribution of runoff is necessary to improve
the agreement,) This stream has a flatter slope and a longer time of concentra- i
tion than any other stream of comparable drainage area in its immediate
vicinity and therefore is adapted to illustrating some of the faults as well ag
the good points of the application. Fig. 6 shows the drainage area of the
Appomattox River above Petersburg and the manner in which it was divided
to provide the data for the time-area concentration curve; Fig. 7 is the profile
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Miles Above Gage

Fro. 7.—Proriun or e Arromarrox Rivmn anove Purersnunc

of the river above the gaging station as taken from the best available U. 8.
Geological Survey topographic sheets; and Fig. 8, curve (a), shows, in bar
diagram form, the time-area concentration curve converted to flow for 1 in. of
runoff; and ecurves (b) and (c) show the time-area curve after routing through

9 hours and 200 hours, respectively, of storage. A combination of 70% of
curve (b) and 30% of curve (¢) is the instantanecous hydrograph, curve (d),
for the Appomattox River at Petersburg. Fig. 9 shows the application of the
12-hr unitgraph derived from the instantaneous hydrograph to the flood of
April, 1937, This is the second largest flood for which there is any available
record at Petersburg and one of the largest floods that has occurred in the
past 100 years. (The largest flood, August, 1940, caused by protracted rain-

fall, did not exhibit a double peak but is equally well reproduced with the
same unitgraph.)

STORAGE 1439

The following statements of fact must be taken into consideration in judging
the degree of accuracy with which the computed record follows the observed
record: -

1. The area is too large for the proper upplicuti('m of a single un.itgra.ph
(drainage area, 1,385 sq miles). Because of the direction of Phe S.tl'el?ll.l in com‘i
i»m’ison with the general east and west travel of storm fro.nts in this vwmlt.y an
hecause of the long time of concentration, a difference in rainfall both in the
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quantity and in time on the east part and west part of the drainage area may be
considerable as it was in this case. Much better results could be obtained by
using separate unitgraphs at the same gaging point for the upper and the lower
drainage areas.
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Fra, 9.—ArrLicaTioN o taR 12-Hr Usrragars, Derivep PROM THE INSTANTANEOUS
i Hyproarary, To raw Froop oF Avmw, 1037

2. A more than usual degree of doubt as to the act}ml qun.nt.ity of total
precipitation is present in view of the small num.ber of gaging stn.mnns (only 9;1(:
in the drainage basin), the nearest recording rmnfa.l'l stations being some ngl.es
outside. The station in the center of the upper drainage area recorded 5.18 in.
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5
of rain as compared with 2.58 in. recorded at Hopewell, Va., a station seveml,
miles east of Petersburg, 3
3. Observed discharges are from a single-stage discharge curve without
slope correction. The gage is on a very flat stream and only 2.5 miles above &
power dam. Although the gage is reported to be out of the backwater area in
times of low water, the control for high water is thought to be the dam, in
which case there is probably a large slope correction to discharges at this Bage,
If 8o, the observed stage hydrograph could not reflect the marked discharge
decrease on April 29. At peak stage, 1 ft on the stage discharge curve is 3,000
cu ft per sec. This, and other features of the reported record, are suﬂiciently,
in doubt to cover the variation between observed and computed hydrographs.
4. On the other hand, the method may be no more accurate than is indicated

by the agreement of the curves.

A comparison between the instantaneous unitgraph for the Appomatm
River near Petersburg (drainage area, 1,335 sq miles; average slope of the ri r
profile, 2.9 ft per mile; length above gage, 122 miles; and concentration time,

25 \
! James River al Lick Run; 3
[ Drainage Area 1369 Sq M| |
3
; 15
:
£
E’, 10
.

¥
8 Appomattox River Near Petersburg:
® /\ _+~ Drainage Area 1335 Sq Mi
s 5 \\/ / _\<\

0 ]

0 1 2 3 4 5 6 7 8 9

Days After Beginning of Runoff

Fia, 10.—Insranrtanzovs Hypnoararus, Avromarrox Riven Near Perersnuxa A
AND James River ar Lick Rux #1

144 hours) and for the James River at Lick Run (drainage area, 1,369 sq 1
average slope 17.3 ft per mile; length, 78 miles; and concentration ti
hours) is shown in Fig. 10. Fig. 11(a) shows a similar comparison betwea
instantaneous hydrographs of the Smith River at Bassetts, Va. (drainage
265 sq miles; average slope, 16.6 ft per mile; length, 37 miles; and concen
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time, 7 hours) and for the Meherrin River at Emporia, Va. (drainage area,
750 sq miles; average slope, 2.4 ft per mile; length, 86 miles; and concentration
time, 78 hours). Fig. 11(b) shows a comparison of observed and computed
llood hydrographs at Bassetts for the flood of August 18, 1939, and a similar
comparison at Emporia for the flood of March 6, 1932.

10
T Srmlh River at Bassets, V‘rgima
Peak Discharge 16400 al Sth Hour

ﬂ'\z solo
L et

/ k Meherrin River at Emporia, Va.;
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Vi 11.—Hronoonarns vor Tue Swirn River AT BASSRTTS AND THE Meazmay River aT Esmponria

DETERMINATION OF THE INSTANTANEOUS HYDROGRAPH FOR
. StrEams Wrraour Frow Recorps

The determination of any kind of unit hydrograph for a stream without

' tocords is a hazardous task. In most cases, it will be possible to install river

linu‘ recorders temporarily, obtain a record of rise and fall, compute a rating
ourw and determine the elements of time of concentration, K and z, with a

wl‘mr degree of accuracy. Since the record is utilized chiefly to determine the

“time of concentration, the proposed derivation of a unit hydrograph from a
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record of a small flood is not subject to the errors incurred by use of similar
records in unit hydrograph derivations as originally proposed by Mr. Sherman.
However, it is necessary occasionally to approximate the flow characteristics
of a stream without records. For such attempts, a correlation of time of con-
centration or storage capacity with river slope would be adequate.
Attempting to correlate the storage per mile of river expressed as hours per
mile (the reciproeal of velocity) with average slope of the stream above the
gage, the writer found, as would be expected, that this item increased with
the decrease of slope. The average storage in hours per mile was found to
be numerically equal to the reciprocal of the square root of the slope in feet per
mile from source to gage, when the slope is taken as that of a straight-line
profile with the same area below it as the actual profile. For some streams the
variation from the average value was large—sometimes as much as 100%,.
The storage was larger for streams in alluvial beds than for those in rock gorges,
although the range in slope for which studies were made overlapped. The
average storage above two or more gages on the same stream, although varying
with the slope, was more nearly constant than indicated by the aforementioned
average criterion. 4
’ How much of the variation in storage is to be attributed to the natural
causes and how much to limits of data cannot be ascertained. Most of the
stream profiles were determined from U. 8. Geological Survey sheets of 100-ft
contour interval, although some of the flatter streams erossed only two such
contours in their entire length. Tor steeper streams, erossing enough contours
to reduce the possible error in slope determination, the time of concentration
became so small that the possible error of 6 hours in time of precipitation was a

large percentage of the total time. Perhaps someone working in an area for

which good maps were available and which contain recording rainfall gages may
be able to find & more precise relationship.  Also, the writer was unable to find

a usable definition of average river slope that could evaluate the influence of

local concentration of extreme slope as a truly small influence on flow-time of
the entire stream, compared with well distributed fall of the same amount.

The amount of the storage by which the time-area concentration curve
should be modified will approximate 10% to 25% of the time of concentration,
with the smaller values being used with the longer times of concentration and
extremely narrow drainage areas.

Unir HYDROGRAPHS FOR LARGE DRAINAGE ARBAS

By definition the application of the unit hydrograph is limited to areas over 1

which the amount of runoff originating in any unit period may be considered as
uniform within the required accuracy of the solution. For the flashy streams

of the South Atlantic Coast, this is a drastic limitation, because they drain
areas whose principal dimension is west to east, whereas the usual rainfall -

isohyets run north to south, and complete coverage of a major drainage basin

by any storm is the exception rather than the rule. Because the streams are =
flashy, 6-hr unit periods are too long for component drainage areas, but the
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shortest practical period for entire principal river systems. Under such con-
ditions, the difference between the theory and fact of uniform origin of runoff
may be large even for drainage areas of 500 sq miles or less.

For these streams, the storage-discharge relationship in all reaches of many
of the rivers may be approximated closely by a straight line throughout the
range of flood discharge. This being the case, the Muskingum method of
flood routing is applicable to the translation and storage modification of flood
waves. Where the Muskingum method is applicable, the unit hydrograph
theory may be used, by deriving the unit hydrograph for the component drain-
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age areas of such size as to approximate the uniformity ecriterion and by
routing the unit hydrographs themselves to the point for which a composite
unit hydrograph is desired. The use of the proper amount and distribution of
runoff with each routed component unitgraph will reproduce the component of
runoff from the drainage area in question, and the sum of all components will
be the desired composite flood wave. The degree of accuracy will be the same
as though flood hydrographs had been computed for all tributary gages and
then routed to the point for which the hydrograph is desired. In flood control
work, the advantage of being able to identify individual components of a
hydrograph is obvious. ‘
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For forecast work, it is desirable not only to have a complete breakdown of
the drainage area into small parts but also to have a table of summations of
these component unit hydrographs in various applicable combinations. If, for
any particular storm pattern, practical uniformity of runoff origin over several
component drainage areas exists, considerable time may be saved by using the
combination graphs rather than the separate components.

Table 2 is a typical arrangement of component unit hydrographs prepared
for the James River at Richmond, Va. Illustrating the nonuniformity of
oceurrence of runoff typical of South Atlantie rivers, the largest known flood
(May, 1771) at this city is reported to have oceurred without sufficient rain in
the city to settle the dust.

DerErRMINATION OF ArpPrOXIMATE Rouring CoONSTANTS

There are several ways of determining the storage constants for use in the
routing of the unitgraph components. If the inflow between the tributary gage
and the outflow is small or if it can be determined with enough accuracy to
give proper weight to its influence, the amount of storage effective between
the tributary gage and the desired outflow point can be determined from the
relationships of Eqs. 9 to 12; or, where the hydrographs are of similar shape,

35 T T =
Dan River at Danville—_| _____Dan River at
g P
25 %
a3 b= Rain-=f / /‘L
; i } / - / Y- '
fu d. = \
g0 / / (Cu Pt per Sec) - Hr
g / Storage =32 =6 F1 per Sec \
5 5 g \\\
0
18 19 20 21
August, 1939

Fra, 12,—ArproxiMaTe DETERMINATION oF Sromsae vrom Hyproauarns

as is frequently the case, by measuring the displacement between the falling leg
of the inflow and outflow hydrographs. Thus, in Fig. 12, the storage effect
between Danville, Va., and South Boston, Va., on the Dan River, is 32 hours.
Although there are 680 sq miles of intervening drainage area, the discharge from
that area had decreased to insignificant proportions prior to the time which is:
used as a criterion. g

The most aceurate method of determining the storage-discharge relation is
still from the accumulated differential between inflow and outflow, as outlined:i
by Mr. McCarthy.? 4
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SUMMARY
The paper has attempted to show that:

1. The constant time elements essential to the theory of the unit hydro-
graph, and common in many streams, are attributable to fundamental charac-
teristics of the watersheds which maintain the storage capacities of the stream
channels in constant direct proportion to the flows in them.

2. Such a relationship between storage capacity and discharge capacity
produces certain characteristics in the rates of rise and fall of the hydrograph
which are caleulable by a simple established method. .

3. These characteristics can be incorporated in a unit hydrograph, without
the necessity of making or utilizing any quantitative determination of runoff
distribution, in a few steps defined as follows:

(@) From a record of flood discharge, determine the time at which the rate
of discharge decrease is greatest in relation to the prevailing dischar%:s;

(b) The time elapsed between the end of runoff-producing rainfall and the
time so determined is the base length (time) of a time-area concentra-
tion curve derived by dividing the watershed a long its water courses;

(¢) The time-area concentration curve is routed as if through a reservoir
with storage equal to K times the outflow when K is the time indicated
by Eq. 126 at the time determined as in step (@) when z = 0.0;

(d) The result expressed in cubic feet per second per inch of runoff depth
on the watershed at unit intervals of time is the instantaneous hydro-
graph; and

(¢) The instantaneous hydrograph is converted to a unit hydrograph for
any desired period of time by subdividing the instantaneous graph
into periods of the desired unit length and averaging the ordinates
over the preceding periods of time. Thus, in a 6-hr unit hydrograph,
the rates of discharge at the end of 6, 12, and 18 hours, respectively,
are the average ordinates to the instantaneous hydrograph in the
6-hr periods preceding the sixth, twelfth, and eighteenth hours.

4. A similar procedure may be applied to the determination of a unit hydro-
graph of subsurface flow, and the two unitgraphs may be combined in the
average proportion applicable to the watershed, or used separately if desired.

5. The derivation of the unit hydrograph in this manner has some ad-
vantages:

(a) The procedure is definable so that all hydrographs derived by different
individuals will be identical;

(b) The determination is independent of any knowledge of runoff distribu-
tion, except the time of ending, and therefore not subject to the
errors due to indeterminability of runoff distribution which are
factors in other methods known to the author;

(¢) The influences of shape of drainage area and the capacity to produce
large peak flows from concentrated runoff—both factors which are
obscured by protracted runoff in other methods of derivation—are well
indicated. ';‘he method also can be used to indicate the change in
hydrograph form which is likely if a natural reach of river is replaced
by a reservoir pool; and

(d) The unit hydrogragfx quantities are instantaneous rates of discharge

« at the time specified, not average values during the preceding unit
period as in Mr. Sherman’s original method, and the resulting hydro-
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graph is properly drawn through all computed points, rather than as
a bar diagram, and peaking of the hydrograph is no ionger a matter
of personal judgment. Hydrographs computed from the same dis-
;rnab;x}::on of runoff with 6-hr unitgraphs will agree with those by 1-hr

6. The derivation of the unit hydrograph in this manner has some dis-
advantages:

(a) Hydrographs are likely to fall a little too low on the receding leg
between the point of maximum recession rate and the point where
subsurface flow becomes predominant;

(6) When applied to too large drainage areas, the hydrograph may have
too slow a rise and too rapid a fall, as a result of using the same
storage factor for near and remote elements. This fault is corrected

graphs
cated in Table 2;

(¢) Although this method reflects influence of shape of drainage area and .

eapacity to produce high peaks well—better than any other one
known to the author—it is possible that such influences are exag-
gerated slightly.

easilisb{ subdividing the drainage area and computing separate unit-
or the components and combining them in the manner indi-
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DISCUSSION

James 8. Sweer,® Assoc. M. Am. Soc. C. E—The relationship between
flow and storage in open channels has been demonstrated in this paper. The
analysis and the suggested procedures of the flow routing are a definite con-
tribution to flood control design estimates. However, in forecasting work,
where time of preparation and issuance of a forecast must necessarily be reduced
to & minimum, the procedure must be simplified to effect a quick answer, with-
out sacrificing the limits of relative accuracy, Mr, Clark’s method involves
time-consuming, laborious computations, and therefore is not adaptable for
this type of work. On the James River where stage relationships between the
gages along the entire length of the river are not always well defined, due to
the nonuniformity of the distribution of the storms over the basin, it is best to
use the method of the summation and routing of the discharges. Discharges
in the upper reaches of the main stem and the tributaries should be ascertained
cither through the direct reports from the stations or through the simple rain-
fall-stage relations and should be routed to a downstream point on the main
stem. Adjustments should be made to synchronize the arrival of the dis-
charges at the desired point simultaneously. The discharges from the inter~
vening ungaged areas should be adjusted, taking into consideration the ratio
of index areas and rainfall over them and the area coeflicient that reflects run-
off characteristics and channel storage of the area. Determined empirically,
these coefficients for various parts of the basin range from 0.6 to 0.7. Thus,
discharge of the James River at Buchanan may be expressed as follows:

Q=@+ Q,r+Qr+Quiiveeiveeesssonnes (15)

in which @z = discharge of the James River at Buchanan; @ = discharge of
the James River at Lick Run, 9 hours previously; Qp = discharge of Craig
Creek at Parr, 7 hours previously; @r = discharge of Catawba Creek at
Iincastle, 5 hours previously; and Qu = discharge from the ungaged area (280
sq miles) above Buchanan.

Tor uniform storms, using the disecharge at Lick Run as an index for the
ungaged area discharge, Iiq. 15 is further simplified:

Qs = 1123QL + Qr+ QF:ceevavnsimesnnares (16)

Discharges, including peak discharges, ean be determined in a similar
manner at all desired points along the main stem and converted into stages.
With the equations prepared in a simple form such as Egs. 15 and 16, actual
computations take very little time after the headwater discharges become
available to the forecaster.

It is regretted that Mr. Clark is introducing a new concept of time of con-
centration, thus adding another to the multitude of existing definitions, Not
in the hope of relieving the confusion, but rather to add another choice for the
future selection of an appropriate definition, the writer suggests that con-

 Regionsl Hydrologic Engr., U. 8, Weather Bureau, Flushing, N. Y.
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sideration be given to the definition of concentration time as time elapsed
between the beginning of the effective rainfall (rainfall after the initinl loss is
satisfied) and the time of the peak rise of the stream.

Orro H. MeYER," Assoc. M. Am. Soc. C. E—A new tool for synthesizing
runoff from rainfall is presented in this paper. It is a good and useful tool,
as is shown by the excellent agreement of reconstituted hydrographs with
natural hydrographs. Although this method will not replace other accepted
techniques of synthesis entirely, it deserves to be used in a large proportion
of cases because of both its simplicity and accuracy.

The author does well to emphasize relative accuracy. stimates have
often been condemned for lack of aceuracy when they were in fact the best
available.

Some conclusions, in the paper, such as increase in outflow following

decrease in inflow, mass rotation of water-surface profiles, and negative out-

flows, are apparently deduced from empirical and approximate formulas.
These conclusions should be examined eritically. Also, the statement that £

is constant (and the derivation of formulas based on that condition) involves
rationalizing from an empirical assumption. The value of K can often be
assumed constant, with good “relative accuracy’” and in many cases with
entirely satisfactory results; yet this value usually varies somewhat with 8

and @; in fact, it is often so variable as to be unusable. The writer has de-
veloped numerous storage-outflow curves for streams in the Sacramento and
San Joaquin valleys of California, and for good routing results these curved ;"
considerably; in several cases, there were sharp reversals of curvature. The 5
principal effect of using a constant K, instead of a variable K, will probably

be the shifting of high peaks in time relative to lower flows.

Mr. Clark mentions storage as “balanced” or “unbalanced.” These two

types of storage appear to refer to “reach” and “reservoir” storage, respectively,

The division of runoff into surface and ground-water flow, by the criterion &
that the runoff in direct proportion to storage is surface runoff, is arbitrary,
This theory is permissible only for convenience or when no other means of
division is practicable. An important part of the runoff other than surface
runoff never reaches the true ground-water table, but flows quite near the

surface, and responds promptly to rainfall. The writer has found an apparent

correlation between this volume in subsurface storage and the infiltration from
rainfall; that is, the subsurface storage determines not only the outflow but
also the surface runoff factor. Thus, a part of the rainfall may be routed
“through the ground'; but as it travels underground a short distance only
(at most several hundred yards) the outflow should be added to the “net”

pluviograph and synthesized into the hydrograph along with the direct surface
runoff. Of course, the inflow into subsurface storage is not total rainfall less
direct surface runoff, as evaporation must also be considered; likewise, some

of the subsurface storage is lost to the true ground water, and some is lost in

transpiration.
1 Maj., Field Artillery, U. 8. Army, Corvallis, Ore.
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The author constructs & time-area concentration curve, routes it through
storage, and averages the outflow over a unit time to form a l.mitgrapl.x. If the
time-area concentration curve were averaged over a unit period, routlng. of' the
resulting graph might produce the same unitgraph. To ext:end this 1d.ea
further, a summation of the products of a time-area concentration curve with
successive parts of a net pluviograph could be routed through the storage
with about the same labor as by the author’'s procedure. Although the
suggested method would have the advantage of permitting use of‘ a storage-
outflow relation involving a variable K, it would involve more routing. How-
ever, there are less laborious procedures than the Muskingum method, such
as “Ing routing,”"* or the use of a flood routing machine. L )

The application of Mr. Clark’s technique is not necessarily limited to the
Muskingum method of routing, but ean be used with any of about a half-
dozen methods in current use.

L. K. SuerMaN,” M. Am. Soc. C. E—The definite, but complex, relations
that exist between the hydrograph of surface runoff, the procedure of ﬂoo.d
routing, and the law of proportionality of certain hydrographs, are presented in

his paper, )
i Allll;;he objectives noted in the “Synopsis” have been fulfilled, with t‘)‘ne
very important exception. That exception is the author’s statcment,. to
derive accurate unit hydrographs.” No unit hydrographs or percentage distri-
bution graphs have been derived in this paper. g :

Col. 10, Table 1, is labeled “12-hr unit hydrograph (c}x ft per sec).” This
caption is very misleading to a reader. It is not a unit hydrograph. The
definition of a unit hydrograph, accepted and used since 1932, is: The hydrogra:ph
of surface runoff from a given basin due to a 1-in. depth of net rainfall, applied
ata uniform ratein aunitof time. The ordinates of flow of this unit hydrograph
(expressed in cubic feet per second) and the ordixmtm_ of .ﬂow of an obse.rved
hydrograph, due to a net rain of X inches in the same unit time, are proportional
to their respective volumes of total surface runoff.

Net rain means rainfall minus infiltration and other losses. :

The distribution graph is the unit hydrograph with ordinates expressed in
percentage of the total volume of the observed hydrograph. The percentage
distribution graph is commonly used in practice.

The proportionality of ordinates holds true for any two hydrographs of
surface runoff on the same basin, provided the net rains in each case hold a
direct relation of intensities, and follows identi¢al sequence of downpours. :

Let it be required to apply the foregoing criteria to this Appo.mattox Rwe.r
basin with a drainage area of 1,335 sq miles. If 1 in. of net rain fell on this
basin, and if the rain followed identical times and similar intensities as that of
April, 1937 (see Fig. 9), it would produce a hydrograph with the same t.xme base
as that observed in Fig. 9. The ordinates of runoff would be proporhona.te: to
the ordinates in Fig. 9, and the volume of surface runoff would be 1,335 in.-miles
or 36,000 (cu ft per sec)-days or 72,000 (cu ft per sec)-half-days. 'The t,ote'o.l
surface runoff (by scaling ordinates in Fig. 9) in the flood of April, 1937, is

12 “Simplified Flood Routing,” by Otto H. Meyer, Ciril Engincering, May, 1941, p. 306.
1 Cons. Engr., Chicago, Ill.
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215,000 (cu ft per sec)-half-days. The base flow (also estimated from Fig. 9)
’ 1,000 +4- 2
was, approximately, —’—;—-—’009 X 19 half-days or 29,000 (cu ft per sec)-

half-days. Then 216,000 — 29,000 = 187,000 (cu ft per sec)-half-days as the
total volume of surface runoff due to the April, 1937, storm.

A similar storm producing 1 in. of runoff from this basin was 72,000 (cu ft
per sec)-half-days.

The average depth of net rain, measured from the surface runoff hydrograph,
is 187/72 = 2.6 in. of average depth over the Appomattox basin in the flood of
April, 1937.

The eomparable figures given in Table 1 are: Runoff for 1 in. of net rain
= 60,000 (cu ft per sec)-half-days. This is the total of Col. 10. This amount
is 879 of the total runoff. Therefore, 100% of 1 in. of net rain is 69,000 (cu ft
per sec)-hali-days. Accordingly, the depth of net rain utilizing the author's
figure is 187 /69 = 2.7 in.

This agreement by the author’s elaborate routing analysis is an ingenious
and possibly very useful accomplishment. It has no value as a derivative of
the ratio of 1 in. of net rain to the total runoff from a particular storm. That
is found readily in a few minutes from an observed hydrograph and a known
size. of drainage area, Col. 10, Table 1, is the runoff of 1 in. of net rain over the
basin; but it certainly is not 1 in. applied over the basin in one unit of time.
Therefore, it is not a unit hydrograph or a distribution graph. It certainly =
cannot be used to derive the hydrograph of runoff from the Appomattox basin :
under a storm of entirely different pattern. That is what the unit hydrograph E
ia for. The same criticism applies to all the data in Table 2.

The author states (see heading, “Derivation of the Instantaneous and Unit
Hydrographs') that another storm “is equally well reproduced with the same
[so-called ] unitgraph.” He has not demonstrated the truth of this statement.

However, it would seem possible to utilize the methodology of Table 1. In 3
this case the data furnished no record of the amounts of unit-time rainfalls on P
the basin. The total net rainfall averaged over the basin is simply and readily 3
found as 2.6 in. or 2.7 in. How much of this fell in each of how many half-day 5
periods is unknown. If this were furnished or found, a unit hydrograph could
be derived. The unit hydrograph could be derived just as well if the 12-hr it
rainfalls for the period, April 25-29, were known—by the methods described '
by Mr. McCarthy? or the writer.!* In deriving a unit hydrograph, the first step
is to find the volume or volumes of net rainfall that fell in unit periods of time. '
These are the volumes that produce the hydrograph of surface runoff. '

In the author’s example of April, 1937, in Fig. 9, the total runoff was found =
to be 2.7 in., which is the sum of several unit-time downpours; but, in this case, q
lt;he number or relative amounts of the unit volumes which total 2.7 in. is not

nown. !

The bar pattern, Fig. 8, curve (a), indicates that the author has discovered
that the 2.7-in. runoff was due to 12 unit periods of rain with ordinates p S

M “Physics of the Earth," N z “ &
by O, E. h%:il::er. 119”42 .aIr,' B ational Research Council, Div. of Physical Sciences, Pt. 9—*"Hydrology, ""
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portional, or equal, to this bar pattern. Mr. Clark does not deseribe how he
found this bar pattern. The number of blocks agrees with the number of time
units in Table 1, Col. 2. The ordinates or heights of these blocks agree fairly
well with Col. 2 averages.

The total percentage of Col. 2, however, is not 1009, or even 87%, to
correspond with the total of Col. 8, Table 1.

It is hoped that, in his closure, the author will consider this feature of
Table 1 and the block pattern (a) of Fig. 8. He may have found a way of
determining the unit volumes of net rainfall which created the observed
hydrograph, without prior data on rainfall. Astounding as this statement may
seem, there is nothing fundamentally impossible about it. The hydrograph of
surface runoff reflects, not only the physical characteristics of the basin, but also
the pattern or sequence of the creating net rainfall. In other words, with an
observed hydrograph of surface runoff, it is possible to derive the unknown unit
raing and thus the unit hydrograph. With the unit hydrograph and the ob-
served rainfall, the corresponding hydrograph of runoff is found readily.

If the author presents further consideration of this feature, it is also hoped
that he will follow the orthodox procedure of eliminating base flow. The
problem is sufficiently complex without including it. In this connection, atten-
tion is called to the work of Robert I2. Horton, M. Am. Soe. C. b, which includes
routing and the derivation of unit hydrographs.'®

The writer does not agree with the author’s statement that 1,000 sq miles is
a large basin upon which to apply the unit hydrograph or distribution graph.
The distribution graph has been frequently and satisfactorily used for basins of
5,000, 10,000, and even 30,000 sq miles. The theory of the unit hydrograph
assumes a uniform rate of rain for a relatively small fraction of the time of
runoff. The volume in this unit time is the same volume as the nonuniform

rain in this unit time. Each unit volume changes with the storm intensity. If
the unit times are taken small enough, the runoff hydrograph will be exactly
reproduced.

In practise, whether to use small areas and apply routing, or use large areas
without routing, depends altogether upon the available data including the
number of stream gages in the basin.

GorpoN R. Winuiams,'® Assoc. M. Am. Soc. C. E—Numerous positive
statements are made by the author which controvert accepted concepts and
experience in the field of river hydraulics. These statements are not sub-
stantiated in the paper by experimental evidence or observations of actual
conditions.

The most radical theory deals with “pressure” or momentum waves moving
downstream through reservoirs and natural river reaches. The author claims
that, if the inflow to a reservoir or river reach is decreased sbruptly, the slope
storage in the upper end of the reservoir or reach moves downstream as a
pressure wave and increases the stage and discharge at the lower end of the pool

1 *Virtunl Channel-Inflow Graphs," by Robert E. Horton, Tranaactions, Section of Hydrology, Am.
(eophysical Union, Pt. IIT, 1841, p. 818 (5.
16 Senior Engr,, Office of the Chf. of Enges., U, 8. Army, Washington, D.C.
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or reach. Laboratory experiments have been conducted in which “decrement

waves”’ were produced in artificial channels.!” Such waves move downstream
in accordance with the equation,

in which » = wave velocity; ¢ = acceleration due to gravity; dy = initial

depth; and v; = initial velocity of flow. It is doubtful whether the natural

inflow to a reservoir or river reach could decrease fast enough to create a true
momentum wave. The contention that such a wave would cause an increase
in stage and discharge at a downstream point was not substantiated by Robert
E. Horton, M. Am. Soc. C. E,, in his experiments. The author refers to an

incident in which the effect of a levee break was transmitted downstream asa

decrement wave at the rate of a mile a minute. The river would have had to

be about 240 ft deep to transmit a momentum wave at the rate of 88 ft persec.
A decrease in inflow to a river reach might be accompanied by an increasein =

elevation, but not in discharge, at the lower end of a reach in a river having an

erodible bottom or in a river carrying a large bed load. In such a case the de- =
crease in inflow would cause a flattening of slope and a loss of erosive power
and earrying capacity, which in turn would result in a filling in of the channel
and a possible increase in elevation. Such a phenomenon is bagically different
from the author’s theory, but would give evidence that might lead to such

a theory.

The statement is made (see heading, “Valley Storage’) that the aforemen- 5

tioned phenomenon “takes place in a natural channel * * * by means of

pressure waves of small amplitude which surge back and forth through the

reach * * * " and that “‘the surge * * * is clearly apparent as a broad trace

in many autographie records of stage.”” This surge, which is evident on gaging
station charts, is very common, particularly at high stages, and is merely a f
local disturbance at the station, due to turbulence in the stream. The surge
is often most pronounced on swift, turbulent streams where the presence of
shooting flow and even small waterfalls eliminates any possibility of pressure
waves traveling up and down the stream. Surges in gaging station wells can

often be reduced by modifications in the size and type of intake connection.

Ray K. LinsLey, Jr.' Jun. Am. Soc. C. B.—The author’s discussion of 3
storage, the unitgraph, and accuracy in engineering is a valuable contribution X

to hydrology.
The concept of storage which may act to increase outflow is familiar to
all persons who have worked with reservoirs storing appreciable volumes of

water under the backwater profile. The navigation pools of the Upper Missis-
sippi and Ohio rivers are examples of this effect. To the writer’s knowledge the =
author is the first to apply this concept to storage in natural streams. Ob-
viously, under the proper conditions it can apply, but the discussion should be =

approached with some caution.

In Fig. 1 it will be noted that, as the water-surface profile changes from Iy ';
to d, the slope of the water surface at 0 has been decreased. Since values of 1

11 “Channel Waves §ubject Chiefly to Momentum Control,” by Robert E. Horton, Bulletin TP-16, !

8CS8, U.B.D.A., May, 10938,
18 Associate Hydrologie Engr., U, 8, Weather Bureau, Sacramento, Calif.
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velocity and hence v*/2 g upstream from 0 have been lowered, the slope of the
energy gradient is decreased even more than that of the water surface. Using
the data of profiles a and b the writer computes 1.486/n in Manning’s formula
to be 54.3. Assuming s equal to the slope of the water surface from station 2
to 0, the discharge at 0 under profile d becomes 108,000 cu ft per sec, whereas
for profile f it would be 130,000 cu ft per sec. By approximation the slope of
the energy gradient at station 0 for profile f seems to be 0.00055 {t per ft which
gives a discharge of only 108,000 cu ft per sec.

Although these discharge values are only approximate, they serve to demon-
strate the close interrelation between stage, discharge, and storage which must
be considered in any discussion of river hydraulics. Actually, in the examplé
of Fig. 1, it appears that the change from profile b to f would absorb the storage
released by the decreased inflow through a rise in stage but with a decrease
in outflow.

The writer has never observed a natural stream in which the release of
inflow-controlled storage acted to increase outflow. On numerous oceasions
the writer has observed the effect of levee breaks or the operation of diversion
weirs. The usual reaction is a sudden sharp fall in stage at the downstream
station which is transmitted, as the author indicates, with great rapidity.
Generally, however, the fall in stage is small in comparison to the volume of
water diverted. This is explained by the two factors—(1) loss in discharge
capacity at the station by reason of the reduced slope and (2) the release of a
volume of inflow-controlled storage. However, since a considerable portion
of this inflow-controlled storage is withdrawn by the diversion, the effect of
the lost discharge capacity seems to be the important factor.

In natural channels the rates of change of flow, especially of decrease of
flow, are usually too slow to permit a sufficiently rapid release of inflow-
controlled storage to produce an increased downstream discharge. Possibly
the abrupt cessation of rainfall from an intense local thunderstorm over a small
basin or sharp decrease in discharge from a reservoir might accomplish such a
result.

It is possible that, for some reservoirs, the decrease in discharge capacity
of the outflow weir, as a result of a decrease in velocity of approach, may
account for all or a portion of the rise in stage at the dam when the inflow is
reduced.

The general scheme of deriving a unit hydrograph by adjusting a time-area
concentration curve for valley storage has been discussed by several writers.
The method outlined by the author should permit the determination of unit
hydrographs with a minimum of basic data, a minimum of disagreement
between separate investigators, and a high degree of relative accuracy. It
represents a considerable advance over earlier procedures.

The author makes the point that the ordinate of a unit hydrograph for any
unit period will be equal to the average ordinate of the instantaneous hydro-
graph for the previous unit period. This is demonstrated easily since the
ordinates of the time-flow concentration curve of Fig. 4(b) bear the same
relationship to the time-area concentration curve of Fig. 4(a). Inasmuch as
the routing method assumes storage to be directly proportional to flow, the
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r.elntio'nsl‘lip is not disturbed by any manipulation which follows. The rela-
th.!lphlp 18 not peculiar to instantaneous hydrographs, however. If two 6-hr
unftgraphs are added with a 6-hr lag and the sum is divided by two, a 12-hr
unitgraph results. The ordinate of the 12-hr graph at hour 12:00 ig 'the sum
of the 6-hr and 12-hr ordinates of the 6-hr graph divided by two, or the average
ordinate of the 6-hr graph during the first twelve hours. ,

Th? author indicates an attempt to correlate storage with slope in order
to devise a method for determining K for basins without adequate data. He

found that the relation could be expressed approximately as: K o K or,

F A

'u? which L is the length of the stream in miles. Eq. 18a considers only the
distance along the main stream and the slope. It would seem that other
factor_a of importance would be the storage in tributaries and the comparative
magn.ltude of flood flows to which the streams are subjected. If drainage area
were introduced into Eq. 18a, it should indicate the effect of these two factors.
Then: R = E ; or

L ‘J; L] Al

The writer has used the square root of A4 because peak flows tend to vary
as the square ::oot of the drainage area, and, in all probability, tributary
storage also varies as some power of drainage area less than one.

TABLE 3.—ComprarisoNn Brrween lQs. 18a axp 18b

Stream (ﬂ.' r L 4 (:'l o

miI:; (miles) |(hourw) miles) gg\ g%

Appomnttox River near Petersh o
Jumea Rivor at Lick Run, Vo oo 39 | 122 | 144 | hass [ 201 | ooss
Smith  River at Bassotta, V. Gt 166 | 37 7 | “268 | 077 0.047

T er at Kmporin, Va............., .., 2.4 86 78 75 i
e A . . 50 1.40 0.051
Ame; .[:a 1:‘:';!; vz‘;ent-bar ver at Bidwell Bar, Calif.,| &0 93 16 1,353 1.26 0.046
or ork, at Colfax, Calif................
Noeth Fork, a¢ Auburn, Calif,, 20001000 % 56 w0 | o9 | Le 0,004
Kinﬁmwor + at Coloma, Calif.. .. 1. 1 11 " 91 i) 12 635 | 190 | 0.075
kI ORI v s cmrasonitia s

Above Notth Fork, Calif, 7| (53 8 7| vos | 73 | 838
San Joaquin River above Big Crek, Calif.. " 192 40 7 I.O:l2 2.22 gg;g

. Table 3 affords a comparison between Eqgs. 18a and 18b. The first ‘four
items are from data given by the author, and the last seven are based on data

available to the writer, Unfortunately, determinations of K for streams of the

Slerm. Nevada drainage are complicated by the presence of a snow pack which
eﬁe('mvely reduces the drainage area, length of channel, and time of concen-
trgtlo‘n, in addition to the other problems indicated by the author. The i
criterion of Eq. 18b seems to be more nearly a constant than does the value of 'é
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K Vs/L from Eq. 18a. Values of K V's/L VA have somewhat more of tendency
to be higher for the California streams than do the values of Eq. 18a. This
may indicate that a variation must be expected from region to region, but more
likely it indicates that some power other than the Vs should be used.

Inspection of Ilig. 6 indicates that the author divided the drainage area
on the basis of equal units of stream mileage. Either Eq. 18a or Eq. 18b
could be used to determine the subareas and should give a time-area concentra-
tion graph which more closely approximates the true graph. Eg. 18a is the
simplest to apply, and, since the problem is merely to divide a basin for which
K is already known, should be nearly as satisfactory as I5q. 18b. The number
of reaches will equal K/7, and the values of d/ Vs (d is the length of the reach)
for all reaches should be equal. The solution is reached easily by approxima-
tions if & family of curves showing the variation of d/ Vs with d, and with s,
is plotted. A first approximation to the proper value of d/Va will be the
value of T L/K Vs, which, for the Appomattox River, is 6.0. A final value of
5.75 was determined by the writer, which gives ten reaches of 8.6 miles, one
reach of 12 miles, and one of 24 miles.

E. I. BraTer,® Jun. Am. Soc. C. E—The unit hydrograph is the most
useful tool available for the purpose of converting a quantity of surface water,
resulting from precipitation, to a river discharge hydrograph. Since the unit
hydrograph concept was introduced, & number of different interpretations and
methods of application have been evolved. A description of these various
concepts and techniques should be included in technical literature. Such a
study and discussions of it should help to unify and improve engineers’ under-
standing of the unit hydrograph. This paper is a valuable step in that direc-
tion. However, the engineer who may be desirous of making use of this
technique will hope that a more detailed description of the methodology, with
examples of the numerical computations, will be included in the author’s closing
discussion. For instance, the “time-area concentration curve’ is an important
feature of the method, but the author has not shown how one may be obtained
for a given watershed.

In his method of flood routing, Mr. Clark sets up the relationship between
storage and discharge in Eqgs. 3 and 4. In Eq. 4, z is a term that is allowed to
vary from 0 to 1. When # = 0, the storage becomes proportional to the out-
flow from the channel reach; when z = 1, the storage must be proportional to
the inflow; and, when z = 0.5, the storage becomes proportional to both inflow
and outflow in equal weight. The third condition assumes trapezoidal or
double-wedge storage. Mr. Clark indicates that for most streams z is nearly
0.5. However, he chooses to discuss at considerable length the importance of
the case in which z is greater than 0.5. In this connection, the writer does not
agree with the author.

In the first place, the case of z = 1 is a physical impossibility in a real reach
of channel, since, if storage is proportional to inflow, storage must become
zero at the same instant that inflow becomes zero. TFor this to be true, the
final portions of flood water would have to travel the length of the reach in-

1% Amst, Prof., Civ. Eng., Univ. of Michigan, Ann Arbor, Mich.
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stantaneously. This paradox is illustrated by Fig. 2, in which, for z = 1, the?"
inflow hydrograph and the routed or outflow hydrograph end at the same time,
Thus, if such a graph were routed through successive reaches, the recession
side of the graph could not advance in time. The result of several routings
of the author’s graph is a number of large plus and minus ordinates occurring
at the end of the original hydrograph. S

Mr, Clark is of the opinion that storage of this type does occur and tha
it may cause outflow rates from a given reach to be greater than the inflow
rates even without the addition of inflow from the local drainage area. Inthe
third paragraph following Eq. 3 he states: '

“Reduction of the inflow rate [where backwater exists] necessarily
would be accompanied by a decrease in storage and an inerease of outflow
rate. Rapid inflow shutdown necessarily would be accompanied by a
release of the backwater storage and a consequent increase in the slack-
water storage or in the outflow discharge or in both.”

As an illustration of the nature of this action, the author takes the case
uniform discharge in the rectangular channel shown in Fig. 1. He assumes that
the uniform flow of 116,000 cu ft per sec is suddenly stopped at the upper end
of the reach and concludes that this will cause an increase in the depth at the
lower end because 260 acre-ft of water are released from storage at the upper
end. The writer wishes to point out that, since there is no change in the
conditions at the lower end of the reach, the normal discharge of 116,000 cu ft
per sec will continue there until the effect of this sudden stoppage can be trans-
mitted through the length of the channel. A recession type of wave will be
started at the instant of shutoff which, neglecting energy losses, might have a
velocity as great as V, = vgd + V = 322 X 20 + 11.6 = 37 ft per sec.
Therefore, the earliest possible time that the effect will reach the lower end

10,000

Is —— = 270 sec after stopping inflow. During this time a volume of
-27—0:?%0—0 = 720 acre-{t will have passed out of the lower end of the reach.
; s

This is more than sufficient to make room for the 260 acre-ft which the author =
wishes to accommodate. There is in no sense a “release” of stored water, due
to a decrease in the discharge at the upper end of the reach, either in a channel ‘
such as this or in the backwater above an impounding reservoir. Kinetic
storage is held in place solely by the resistance to flow from point to point in
the channel. Tt is already in complete equilibrium—that is, flowing as fast
as possible with the energy available. A decrease in depth at the upper end
of the channel can only decrease the energy and thus retard, rather than ac-
celerate, flow. : ’

1 i

L. C. Crawrorp,® Assoc. M. Am. Soc. C. E—~—One phase of this
interesting paper pertains to natural channel or valley storage and the relation-
ship of this volume to discharge or stage. The channel-storage rating has
become a valuable tool in flood routing, hydrograph analysis and synthesis, and
infiltration studies. The author’s comments on real and relative accuracy are

® Consultant, lowa Inst, of Hydr, Research; Dist. Engr., U, 8, Geological Burvey, Iows City, IM‘_
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very pertinent to unit hydrograph and channel-stor?.ge ratings which may be
developed by indirect methods through the analysis of records of discharge
Juring past major rises or capital floods. _

The basic stage and discharge records, which are coopers..tnvely collected Py
the United States Geological Survey and other agencies, give an opportunity
for potential channel storage and related studies that probably has not been
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sufficiently emphasized. Indirect methods of storage determination have
been developed and are being further extended through new concepts, m:«ih as
Mr. Clark presents, and through the use of basic l:ecords of st.ream'ﬂow. i} !ms,
it is possible to ascertain with considerable relative accuracy various relations
pertaining to natural channel or valley storn.gt_a that otherv.nse would be too
costly and wholly impracticable without extensive oross—sectlo.nal surveys.

Practical experience with recession curves and storage relations have shown,
however, that additional refinement in technique may be necessary and de-
sirable. Such refinement is possible if sufficient hydrologic data are collected
and correlated with stream flow records. .

Fig. 13 shows determinations of gage height and s.torage in a small head-
water area of about 1 sq mile on Difficult Run near Fairfax, Va. The method
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of channel-storage determinations was presented by O. E. Meinzer and other
members of the United States Geological Survey,™ in the following deseriptive
discussion: :

“The gaging station is equipped with a V-notch weir and a water-smg: I
recorder. Measurements of channel storage were made by means of 134
secondary gages. The trunk-stream and each of the branches were divided
into 100-foot segments, and at the middle of each segment a secondary
%}age was installed and a profile of the cross section of the channel was made.
ach gage consists simply of & 2- by 2-inch stake driven into the bed of the
stream so that the depth of water above the top of the stake can be measured
with a scale. Secondary gages were installed and cross sections of the
channel were made as far upstream on each of the four branches as any
gbream existed. The volume of water in each segment at any time wasg
computed in cubic feet by multiplying the area of the cross section, in
square feet, of the stream at the gaging station for that segment, by 100,
and the channel storage in the entire stream system was computed as the =
sum of the volumes of water in all of the 134 segments. No account was
taken, in the computations, of the dead storage below the level of the tops
of the 2- by 2-inch stakes.” :

The observations and calculations of storage were made by V. C. Fishel of
the United States Geological Survey in connection with an effluent seepage
study. T
Despite the probable precision in the determinations of storage volume,
the relationship of the gage height at the weir to a storage volume is shown
to be somewhat complicated and uncertain. However, if the computed storage
is related to an average stage prevailing upstream as calculated from depth
measurements from each of the 134 stakes, about two dozen of the storage =
determinations during appreciable outflow and channel storage may be alined
as indicated in Fig. 13. This relationship is interesting in connection with
Mr. Clark’s discussion of the correlation of storage with discharge. 3

The measurements on Difficult Run indicate that the stage or discharge at.
the weir is a very rough index of stages and storage that may prevail in even
such an extremely small basin. In addition, it is often presumed that the same =
relation exists between outflow and storage during rising stages as during the
recession. Some methods recognize the existence of this hysteresis effect in
connection with channel-storage studies but continue to assume that the net
result is small or may be neglected. Some investigators in the field, neverthe-
less, recognize the inaccuracies in such an approach. 4

In any event, the study on Difficult Run demonstrates that more exact
analysis is possible and probably desirable when the base data are suitable and
sufficient. By relating mean upstream stages with channel-storage determina~
tions, evaluations can be made of certain factors whose effect heretofore has
been generally given only casual consideration. Moreover, computations'in-
volving the volume of channel storage during the rising side of a hydrograph
can be made with some increased aceuracy from such a storage curve as de- =
termined from the recession limb or by other methods. '

The use of multiple gages for determining the channel-storage rating also
affords a relatively simple method for larger basins. For example, several

U '*The Channel-Sto) Method of Determining Etffuent Seepage,” by O. E. Meinzer, R. C, Cady,
PR VR Yol i o By Vg oo s o B A {0 A
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busins with areas greater than 3,000 sq miles have bee_n examined to explore
and demonstrate the procedure presented in this discussion. Fig. 14 shows !’.he
orientation of the channel-storage determinations as eomputed from recession
curves for several major rises at the gaging station on the Wabash vaer at
lLogansport, Ind. The basin above Logmport comprises 3,760 sq rpx_les and
storage takes place in several tributaries with complicated inflow conditions.
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Figs. 13 and 14 illustrate important limitations in the assumption of Mr.
Clark and others (see heading, “Valley Storage’’) that “.over a large range the
true storage may be closely approximated by stora.ge dxrectly_ proportional to
discharge.” The method, utilizing an average height or wel_ghted upstream
prevailing stage as an index for storage, appears alsp to prornde a so.nfewhnt
convenient approach for channel-storage determinations during the rising, as

he falling, stream stages. .
wel{rﬁetogmionsg;xpressed hgrein are those of t,llle.writ.t?r and not necessarily
those of the organizations with which the writer is identified.

Rosuxr E. Kennepy,? M. Ax. Soc. C. E—At the risk of being more or
less academic, the writer would like to comment on the old controversy over the

basic assumption of the unit hydrograph. ) . )
In Fig. 15 the unit hydrograph, as labeled, is the runoff of a net rain of 1 in.
over the watershed in a certain time unit—1 hr, 6 hr, or 12 hr—as may be

2 Agst. Engr., U. 8. Bureau of Reclamation, Denver, Colo.
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chosen by the investigator. Then the basic assumption of the unit hydrograph 5
idea is that, when a 2-in. net rain, for instance, falls on the watershed in the
same length of time as the 1-in. net rain, the ordinates of the new hydrograph
will be twice as high as those of the unit hydrograph, but the time of runoff will
be the same for both storms. In Fig. 15 the hydrograph of a 2-in. net rain is

Synthetic Hydrograph Computed by
Pr ianal Ordii of Unitg
Side of §; thic Hydrograp
Compated by Channel Hydraulics
- Qz
w
L3
=
4
s
a Q,
(b) Unn mmicynnh
AT A D

Time

Fia. 15 —Companmon or Hyppoanars Comruren ny Uxrrorarr Mermop witn ONR
Comrurep by Cuanxen Hyoraviics oN Recussion Siom

labeled “Synthetic Hydrograph Computed by Proportional Ordinates of Unit- i
graph.” The time length of both hydrographs, according to the basic definition -
of the unit hydrograph, is the line AE, for practical purposes. It is not claimed
that the base lengths are exactly identical, which opens the question as to how
much difference might occur under extreme conditions. -3

A glance at the cross section of a stream channel in Tig. 15(a) shows that
the channel storage of the two storms cannot be emptied in the same time,
That would mean that the water stored in the channel at Qs and represented
by point B on the hydrograph in Fig. 15(b) must run out in the same time te
that stored at Qy in the channel and shown as point C on the smaller hydros:
graph, Fig. 15(b). This cannot occur because the water stored in the channel
between Qs and ¢y must go first, and that takes time. No matter how fast
may flow, the water cannot escape in “nothing flat”! '

Just how much longer time the larger storage requires to empty is suscept B
ble of mathematical treatment. The writer developed this relation and then
found that his labor had been largely anticipated in mathematical analyses
published by Robert E. Horton, M. Am. Soc. C. E., in 1936* and 1937.* =

Any two floods can be so compared on the recession side of their respective
hydrographs that the discharge at one point, for example, is twice that of
other. Let these two points be points of contraflexure. Two such stages ar
ghown in Fig. 15(b) at point B on one hydrograph (dashed line) and point C on
the smaller hydrograph below, ignoring for the present that the latter was used
to illustrate the unit hydrograph. g

# “Natural Stream Channel-Storage,” by Robert E. Horton, Transactions, Am. Geophysical Un
1936, Pt, 11, pp. 406-418. i e YN ARSI P

“Aanul Stream Channel-Storage"” (Second Paper), by Robert E. Horton, ibid., 1937, Pt. II,
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The difference in time required by the channel to empty itsell of these two
floods from this point of contraflexure is computed as n* — 1 when » is the
ratio of the ordinates of the two stages at this point. In Fig. 156, n = 2; and
9030 __ | = .14, Lines EF and CG, Fig. 15(b), are each 14% of line DE.

When the discharge of the larger flood is three times the smaller one at the
point of contraflexure the larger flood requires 25% longer time to empty from
that point on the hydrograph. If the larger flood discharge is ten times the
smaller flood discharge, the larger flood would take 58% longer to empty.
However, in practise the last featheredge of the storm water flow is so diluted
with ground water or base flow that the end of the hydrograph is entirely
indeterminate.

To complete the dashed-line hydrograph, resort was made to the non-
mathematical assumption that the larger storm would take as much longer to
fill the channel system as it does to empty it when compared to the time re-
quired for the smaller storm, so A’A was made 149, of AD. The rising leg of
the dashed-line hydrograph was made parallel to that of the smaller flood.

The two areas shown crosshatched in one direction were made equal to the
one area crosshatched in the other direction because the two hydrographs
bounding these crosshatched areas represent the runoff from the same storm.

In conclusion it appears from the completed figure that the multiple ordinate
concept of the unitgraph is not strictly correct because, when two such hydro-
graphs as shown are superimposed, at only one point is the ordinate of the
larger one exactly twice that of the smaller one. No matter how much shifting
was done, all the ordinates of the larger or dashed-line hydrograph could not
be twice those of the smaller one.

Nevertheless the unit hydrograph is a most useful tool in hydrology.

Vicror H. Cocarane,® M. Am. Soc. C. E—The relationship between
the unit hydrograph and the storage capacity of the drainage system, as well
as a simple and practical procedure for caleulating hydrographs, is presented
in this excellent paper. The author rightly states that the determination of a
liydrograph depends upon two, large, basic factors—the shape of the watershed
and the storage through which the runoff must come. The influence of these
two factors is largely accounted for by the use of what the author calls the time-
area conecentration eurve, and both the accuracy and simplicity of the method
are due to this device.

Storage is related to time, and may be expressed in time units. The paper
contains a discussion of storage concepts, and some rather surprising con-
clusions are drawn, but it does not appear that the author’s procedure is
dependent upon the validity of these conclusions. If the processes by which
a hydrograph is built up are viewed from the standpoint of time instead of
gtorage, a different, and perhaps more easily understood, explanation of the
basis of the author’s method is derived.

If a drainage basin is divided into a number of areas, or zones, such that
their downstream boundaries are at equal time intervals of flow from the
point of measurement, a bar diagram of these areas would be the time-area

3 Cons. Engr., Tulsa, Okla.
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diagram for the watershed, the base of each bar being the constant time interval
for flow through the zone. This diagram, when converted to flow in cubic

feet per second for 1 in. of runoff in one period, becomes the time-area cons
centration curve. d
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Fra. 16,—Tyrican Zone Hyoroararn

If all the runoff-producing rainfall in a unit period of time could
delivered instantaneously at the outlet (zero storage), the hydrograph wo
be a single bar with one time unit as the base and a height equal to the ¢
bined height of all the bars in the time-area concentration curve. If the
net rainfall in each zone could be concentrated instantaneously at the zony
outlet, and if the zone concentrations should then flow to the point of measur
ment at channel velocity and without further modification, the time-area curve
would be the hydrograph of flow at the outlet. This latter process accounts. ( "
the greater part of the effect of time (or storage), and the time-area diagrim
resembles the actual hydrograph.

However, the zone contributions do undergo modification within the limi
of the zone and during the passage downstream. In Fig. 16 the bar diag
represents the runoff originating in the nth zone above the outlet durmg il
unit time 7. By the time it reaches the outlet it is modified to a typical oufs
flow hydrograph, such as curve (e), which is shown in relation to the precipitie
tion and in the translated position. In this connection the author makes th
valuable suggestion that the modification (which is in addition to that impli¢
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in the time-area concentration curve) be determined by means of the
Muskingum equations with z equal to zero and with K, the time lag in hours
hetween center of mass of net zone rainfall and center of mass of zone runoff,
equal to some small amount, such as 1.25 7. The modified hydrograph be-
comes the bar diagram (b), and if a smooth curve is drawn through the ordi-
nates of (b) it will be the zone hydrograph (c).

TABLE 4.—CompuraTioN oF HyprograrH; K =157

Net Rainfall
ooy Distribution
Zone | Zone, In | Dupth, 2 o
Number | Square | in | oes to Periods:
Miles | Inches 1 2 3

—
2 100 24 240 110| 40 | 90
55 48 69 34 17 9 5 3
A3
3 60 | 27 | 162 |[54]54 |54

27 41 47 24 12 6 3 2

30 55 B8 43

2 11 s 3 1
3 17 8 3 1

Totats 300 750 Sum, 20 79 97 151 142 132 o7

The author’s use of a constant value for K seems to be based on the assump-
tion that most of the modification occurs within the limits of the zone, This is
n reasonable basis for practical use, for it will be found that the precise shape
of the zone hydrograph is of little consequence. However, it is not difficult to
make use of variable values of K. The summation of the zone hydrographs
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for a one-period rain may be used as a unit hydrograph, but it is better to
complete each zone hydrograph for its entire runoff and then combine the flows.
The hydrograph is sensitive to the shape of the time-area diagram and to ] !.
t.!xe number of periods of rainfall. Variations in rainfall intensity and distribu-
tion, infiltration losses, and other factors may be taken into account zone by
zone. The method is simple and flexible. Tt is based on the same conception
?f constant time elements that underlies the unit hydrograph theory, but it |
is more adaptable to a variety of conditions. The hydrograph may be com- F
p.uted for an approximate time interval and then corrected to fit the proper
time base. When the time-area diagram and other constants are properly
det:ermined, the hydrograph due to any type of storm can be calculated with
satisfactory limits of approximation. Conversely, any kind of storm can be
employed in deriving the constants. k:
Table 4 shows the suggested arrangement of data. The caleulations are";
for a four-zone watershed having an area of 300 8q miles, The zones vary'
considerably in size, and a three-period rainfall is irregularly distributed both
with respect to zones and time periods. Constant K equals 1.5 7, so that
Co+ C1 = Ca = 0.50. The modification of runoff for zone 1 is computed
as shown in Table 5. 9

TABLE 5.—CompPUTATION FOR THE MODIFICATION OF RunoFr,
ZoNe 1, TarLy 4

L Ruworr 1N Mmet-Ixcnes
No. Description
40 | 28 | 20 Remaindar
1 | Runoff, in mile~inches X 0.50......,.. 2
2 | Line 3 (advanced one period) X 0.50, . . 0 %(4) }g & SR e oo o
3 | Time-period ordinates................ 3 .
4 | Recorded in Table 4, and shown graphi- e % ]l sl e Lo
(Y R i esead® 20 24 22 11 L) 3 2

The zone hydrographs, A1, A2, A3, and A4, are combined by adding th
computed ordinates, resulting in the irregular hydrograph B (see Table 4).
The relatively small amount of precipitation in zone 2 during the middle timg
period is the cause of the dip in A2 and the corresponding flattening of B, T o

shz.;rp peak in A4 results in a bulge in B. If the same total net rainfall wer j"

hydrograph D, having a considerably lower peak. o

If the surface and subsurface flows are separated, the foregoing method mm) ,
be applied in the case of the Appomattox River (see heading, “Derivation ¢
the Instantaneous and Unit Hydrographs”). Assuming a unifo;'mly din
tributed net rainfall of 2.35 in. (3,140 mile®-inches), oceurring in the thres
periods ending at noon of April 26, and a time lag (storage) of 15 hours, th
adding subsurface flows amounting to 0.57 in. in 10 days in accordance wif
curve (c), Fig. 8, the results agree substantially with the computed hydroge il
shown in Fig. 9. '
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In the “statement of fact’”” No. 1, Mr. Clark states that there may have
been a considerable variation in rainfall from east to west both in quantity
and time. The writer assumed a variation of from 1.7 in. to 3.1 in., with a
weighted average of 2.35 in. over the entire basin, and found that, on the whole,
the computed curve did not fit the observed hydrograph any better than did
the author's hydrograph, Fig. 8. The effect of varying X from a minimum of
9 to a maximum of 20 was found to be negligibly small. It would seem that
the time-area diagram is the most important factor in the computation. 1In all
cases there was too much difference between the peaks and the valley between,
as compared with the recorded flows. It is likely that the record is at fault,
as suggested in the “statement of fact’” No. 3, or that the largest zone areas
have been somewhat overestimated.

Fravkuiny I, Snyper,® Assoc. M. Aum. Soc. C. E—Papers dealing with
unit hydrograph and flood routing procedures have been quite numerous in
recent years and the author is to be complimented for his efforts to clarify the
inherent relationship between these hydrologic tools. However, the extent
to which that objective has been accomplished is modified by the introduction
of a number of confusing and unsupported statements about certain hydrologic
phenomena.

In the “Introduction,’” the author, referring to an article,’ states that “‘For
example, in determining & seven-period unitgraph from a flood resulting from
three periods of runoff, it is possible to determine thirty-six unit hydrographs
which, applied to the three items of runoff, will reproduce the composite hydro-
graph exactly.” Theoretically, if the unit hydrograph procedure were exact,
there would be one unit hydrograph that would reproduce the composite
hydrograph exactly. For illustration, one can assume a unit hydrograph and
compute a composite hydrograph. There exists, therefore, a unit hydrograph
which will reproduce the composite hydrograph exactly. In actual practice
there is no unit hydrograph that will reproduce observed composite hydro-
graphs exactly. However, if the composite hydrograph is not the result of a too
complex storm, numerous methods are available for determining a unit hydro-
graph that will reproduce the observed composite hydrograph with a satisfactory
degree of accuracy. The example’ cited by the author illustrates this theory,
as the most probable distribution-graph values obtained by ‘least squares’
for a composite storm do not reproduce exactly the observed hydrograph.

Fig. 3 shows the results of a study of the effect of storage that is equally a
function of inflow and outflow on a wave form with an initially very sharp
peak. The author has made a common mistake¥ in obtaining an outflow
hydrograph different from the inflow hydrograph after assuming that the
reach storage is equally a function of inflow and outflow (z = 0.5, or that
storage varies as the sum of inflow plus outflow).

The fact that the outflow hydrograph should be identical with the inflow
hydrograph except for a time shift is readily proved from the general storage
equation and is evident from a consideration of the Muskingum formulas,

2 Hydr. Engr., War Dept., Office of Chf. of Engrs., Washington, . C.

3 ““A Direot Method of Flood Routing," by C. O. Wisler and E. F. Brater, Transactions, Am, Soe, C, E.,
Vol, 107 (1942), p. 1519.
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Eqgs. 6d, 7a, 7b, and 7c. Another result is obtained when ecertain basic require-
ments fundamental to most routing procedures are violated:? (1) The routing
interval, 7, must be small enough to define, satisfactorily, variations in rate of - B
flow; and (2) the reach should be of such length that the time of travel is
approximately equal to 7. In the example under discussion a 2-hr value of
time of travel, K, was assumed by the author for an imaginary reach of a
river. The value of 7' that was used to derive the hydrographs in Tig. 3 is
not given, but, according to requirement (2), T should be 2 hours. Then, with
z equal to 0.5, Cy = 0, C; = 1.0, €2 = 0, and Oy = I, —that is, outflow at the
end of the period equals inflow at the beginning. Requirement (1) was
violated since a value of 7' equal to 2 hours is too large to define, adequately,
the hydrograph in Fig. 3. Howover, 0. will always equal I, from Eq. 6d as
long as T is made equal to K.

On the same basis the outflow curve labeled z = 0.5 in IMig. 2 is in error B
and should be identical to the original curve except for a time shift of 4 hours,
The negative values for the curve, z = 0.5, and for the other outfow curves,
also, are definitely due to the selection of units and the limitations of the routing
procedure, and to couple these values with physical phenomena either real or
imaginary seems unwise. ’

Another erroneous result is often obtained when routing a hydrograph such
as that for Danville in Fig. 12, through a reach with a value of K considerably
greater than a reasonable value of 7. The slow prolonged rise and rapid fall
coupled with the assumptions of the Muskingum routing procedure result in a
peak outflow rate higher than the inflow rate even though a value of z con-
siderably less than 0.5 is assumed. Walter B. Langbein,®® Assoc. M. Am.
Soe. C. E., has suggested an adjustment of the Muskingum procedure to
compensate for the inability of the weighted flow to represent, storage in the
reach adequately when either inflow or outflow is changing rapidly.

To justify the basic assumptions followed in developing the Muskingum 2
routing procedure, the value of T should be made approximately equal to the
value of K. If this is not done (and it is seldom possible in practical applicas
tions), the value of z is a function of the length of reach, or K, in addition to i
indicating the portion of the weighted flow that is derived from the inflow.

The attempt to prove that shifting a hydrograph in time and routing it
through a small value of storage gives a hydrograph quite similar to that .
obtained with the Muskingum routing procedure using a value of z = 0.5 hug
resulted in a failure to make clear an important objective of the basie idea,
Most flood routing procedures actually provide no time advantage for fore- =
casting purposes—that is, the inflow data must be extended into the future just
as far as it is desired to obtain values of outflow. The procedure proposed
by the author—namely, shifting the inflow hydrograph in time and routing it
through a predetermined amount of reservoir-type storage—does give a time @
advantage equal to the amount of the time shift. 3

The writer has been accumulating data in connection with such a routing
assumption and, as would be expected from the ease with which routing
procedures can be verified, has had little difficulty in obtaining satisfactory

3 ""Channel Btorage and Unit Hydrograph Studies," by Walter B. Laogbein, Transactions, Atn. Guo- 8
physical Union, Pt. I1, 1040, pp. 620-627. g
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results when routing observed hydrographs for y.rigus streams in the eastern
United States.

In analyzing these records a procedure convé,jant for routing the transposed
hydrograph through a certain amount of reservyj. 4o storage was developed.
As stated by the author, where storage, 8, and Gtflow, 0, are uniquely defined
by the elevation at the outlet such asin a resery;, (z = 0.0 in the Muskingum
procedure), the ratio of successive increment ¢ storage to increments of

discharge, 2—3‘ » has the dimension of time and g yorasented in this discussion

by the symbol T,. If storage is in acre-feet &4 ) in cubic feet per second,

T, is in units of days and equals (very nearly) | 5 ﬁ—g . Starting with a volu-

metric expression of the storage equation for 86,6 gatisfactory routing period,
the mean inflow, 7, minus the mean oufltow, € oquals the change in storage.
For units of cubic feet per second for dischage, acre-feet for storage, and
days for time: AS

V=@ =G5 ovvenommwssnn s (19)

With the usual assumption of straight-line vy 400 of inflow and outflow

%Q+ Oy, With the

subseript 1 indicating the value of the variabl 44 40 beginning of a routing
period:

during the routing period, ¢, and, since 0 tl, equals

AO | AS
’“0'=—2’+§T=AO<°-+0.5%) ........... (20)
23025 AS :
Substituting 7', for 0.5 A0 and solving for AO g,
BO=CUT =0, . ... (21)
in which
L Sy o)
05 + T, oo enmnnineeneiiinanins

This solution of the storage equation lend;i ¢ readily to tabular com-
putation and to the use of variable values of T, by plotting the variation of ¢
against 0. When inflow is zero, AO equals -g g, and ¢ equals 1 — C, in
which C, is a recession coefficient of the °“tﬂ°'hydrogmph equal to % i

1

Fig. 17 shows graphically some of the time "\tionships utilized in analyzing
observed records. Loeal inflow has been sepitaq from the outflow hydro-
graph so that the latter represents the total yoot of the transposition, T',
and the reservoir-type storage, T', on the hy‘vgraph of inflow at the upper
end of the reach. The total time shift betwe« oonior of mass of inflow and
outflow, T'r, is equal to the sum of T and Typq jo

Tr = Tv+ T, (23)

The value of T is also equal to the vn.lu.e ‘K in the Muskingum routing
procedure provided the fundamental routingequirements previously dis-
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cussed are not violated. However, if the inflow hydrograph, I, of Fig. 17

is routed using the Muskingum coefficients with K = 24 hours, = 0.40, and

t = 6 hours (too long a reach), the time lag between center of mass of inflow
and outflow, T, will be 21 hours instead of 24 hours. A quite similar outflow
hydrograph is obtained by this procedure, using 7, = 10, 7, = 11, and
Ty =21 (Ta = 21).

14

12+ Ig. Inflow
: Transpased 0
@ |12 Hours (7 3"’\' Ty =4 Hrs

|
- [~ Ts=8 Hrs
a0 X L=
- Inflow, 11 3 Ta=12 Hrs
- /
) T, w16 Hrs
E:) Vo= N
& / 4 ,{__"_,'%A,-r. =20 Hrs
e 4 A’ ‘\: |
- , /s l\‘“ Ty=24 Hrs
g 6
o
3 , \ Outflow, O, Equals 1,
= / \ Routed Through Reservoir
e A ] == \ I\ / Storage, 7', of 12 Hours
- [} Center of /~ i c‘en 1
a / Mass of [, = o
\ ass c(l 0
2 [/ \,
// \\
Tg=12 Hrs
0 | = b
0 1 2 3 4 53

Time, in Days
Fro. 17.—Tiue anv Sroracn Revarionsnirs

The value of T in any particular casé is available from inspection of the

hydrogrfxph and the following relationship is useful in estimating values of T,;
From Fig. 17, tyr equals 7, plus t,,, in which tyr is the total time lag of the

crest discharge, 7' is the crest lag due to the transposition, and ¢, is the lag ..

of the crest discharge due to reservoir-type storage effect; therefore:

and, since T, equals 7 — T,

The time between center of mass of the inflow and outflow hydrographs, T;v?

or Tw, is readily obtained by transferring the hydrograph shapes with earbon
paper to a sheet of stiff paper, cutting out the hydrographs, and locating the
centers of area.

In the beginning the writer had hoped that values of T, and 7', could be
assurped constant throughout a wide range of flow conditions, an assumption
that is theoretically incorrect but one that is made in most routing procedures,
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A variation of T, can be handled without much difficulty but when both T'¢
and 7, vary so that their sum also varies, the problem becomes more difficult.
As might be expected, observed hydrographs for many streams could be
duplicated by assuming constant values of the time and storage factors.
However, when a stream with a wide flood plain such as the Missouri River
goes overbank, there is a variation of several hundred per cent in the factors.

Under the heading, “Valley Storage,”’ the author states that “The reservoir
pool above a dam may not reduce flood discharges.” Most engineers will
subscribe readily to this generality, and its acceptance is indicated by the fact
that considerable attention is given to this problem in the design and operation
of reservoirs for hydroelectric projects. The author also states that, “* * * if
the pool level at the dam is held constant by gate control, * * * the peak
outflow may be larger than the peak inflow.” The writer could also agree
with this statement if the words “natural peak” discharge at the dam site
were substituted for the words “peak inflow”; but it will take considerable
more evidence than the Muskingum routing hypothesis to convince him that
the peak outflow can be greater than the peak inflow. As a matter of fact,
because of backwater storage above a level reservoir pool, the level of the
pool at the dam would have to be lowered somewhat to make the peak outflow
of a flood as large as the peak inflow. The peak inflow in some cases is larger
than the natural peak at the dam site would have been prior to construction
of the project because of the elimination of some valley storage but prineipally
because of the change in timing of the concentration of the runoff from the
areas draining directly into the reservoir.

The author’s extension of storage theory to ground-water flow is quite
interesting. The use of a unit hydrograph for distributing ground-water
runoff may be quite practicable, but the use of storage values determined from
recession curves for deriving the rising part of the runoff hydrograph is subject
to more criticism in the case of ground-water runoff than in the case of surface
runoff, and the procedure is open to question even for surface runoff.

Other than the use of a constant factor for dividing total runoff into surface
and ground-water runoff, the author’s procedure probably would be satisfactory
for many purposes. However, the writer tukes exception to the inference
that, in comparison, current practise in treating ground-water discharge is
unsatisfactory. Reference is made to a paper® discussing this and other
phases of runoff phenomena in which both direct runoff and ground-water
runoff for the Schuylkill River above Pottstown, Pa. (drainage area, 1,147 sq
miles) were computed storm by storm for a year of record using only observed
values of precipitation and temperature. This article presents a graphical
comparison of the computed ground-water discharge and the observed hydro-
graph.® The accuracy of the ground-water phase of the computations proved
more than sufficient for any need of the writer in flood forecasting or hydrologie
studies.

The author’s use of the quantity, K, and the time of concentration in the
development of unit hydrographs is confusing. Under the heading, “The

. YA Conception of Runoff-Phenomena,” by Franklin ¥, Snyder, Transactions, Am. Geophysical
Union, Pt. IV, 1089, pp, 725-738.

 I¥id., Fig. 4, p. 728.
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Hydrograph as an Index of Storage,” it is stated that, at the time of most
rapid relative rate of decrease of discharge, “The falling legs of a large number
of hydrographs of flood discharge for streams in major drainage basins from
New Hampshire to North Carolina exhibit a ratio of decrease of discharge to
total discharge which, for a value of z = 0.5, indicates a value of K closely
approximating the time elapsing between termination of runoff producing
rainfall and the point of most rapid relative decrease in discharge.” With
z = 0.0 the values of K for these same recessions determined by Iiq. 12b
would be equal to one half the value of time of concentration (0.5 7%). In
the “Summary” it is stated that the time-area concentration curve should be
routed through reservoir storage “equal to K times the outflow when K is the
time indicated by BEq. 12b” at the time of most rapid relative rate of decrease
of discharge when z = 0.0; that is, K = 0.5 7.. However, the author states
(see heading, “Determination of the Instantaneous Hydrograph for Streams
Without Flow Records”) ‘“the amount of storage by which the time-area con-
centration curve should be modified will approximate 109 to 259% of the
time of concentration * * *” 1In the example for the Appomattox River

above Petersburg, & value of K = 0.06 7', was used (K = 9 hours, T, = 144 :
hours) whereas the average value of K for the James River at Lick Run as

determined from the data in Fig. 5 was 0.5 7. (K = 14 hours, 7. = 28 hours).
With a somewhat similar procedure, which is about the most common and
oldest known rational method of determining synthetic hydrographs, the writer
has obtained satisfactory unit hydrographs from time-area curves routed

through storage values equal to the unit hydrograph “lag” defined as time {

from center of mass of effective rainfall to peak of the unit hydrograph.
Values of #lag” are almost always greater than one half the time of concen-
tration as defined by the author.

Howard M. Turner, M. Am. Soc. C. E., and Allen J. Burdoin,® using & 4

similar procedure, obtained fairly good reproduction of observed hydrographs
for the Connecticut River at Sunderland, Mass., by routing a time-area or
inflow hydrograph through a reservoir storage for which K equals 59 hours
with a value of time of concentration equal to 50 hours (K = 1.2 T,).

The principal purpose of the preceding discussion is to emphasize the fact

that there are still two variables in the development of a synthetic unit
hydrograph: A time element (time of coneentration, 7%, in this paper), and a
storage factor (expressed as a percentage of 7. by the author). The use of a
slope factor has been introduced by the author as an aid in determining the
time factor, but the storage factor has not been correlated directly with any
physical features of the drainage basin.

From the writer's experience in attempting to correlate the two variable

factors with physical features,®® he is not too optimistic about the author’s use
of a slope factor to determine the time variable except in localized areas. The
river slope adopted by the author is believed to be a more representative slope
factor than the average over-all slope usually obtained by dividing the total

M *“The Flood H\'d?n h," by Howard M. Turner and Allen J. Burdoin, Journal, Boston Soe. of
Civ. Engrs., Vol. XXVIII, No. 3, July, 1041, p. 2332,

2 “Synthetic Unit-Graphs,”” by Franklin F. Snyder, Transactions, Am. Geophysical Union, Pt. I,
1938, pp. 4474514,
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fall by the length. However, the data presented in the paper indicate a range

L
of values of C, in which 7, = ' 73; , from 0.6 for the Smith River at Bassetts

to 2.0 for the Appomattox River near Petersburg. (A value of average slope,
as defined by the author, of 11.6 ft per mile for a length of 37 miles was deter-
mined from available reports and used for the Smith River at Bassetts instead
of the value of 16.6 given in the paper.) Although the writer believes the ex-
ponent of the slope factor should be smaller than 0.5, variation of the exponent

L
of 8 in the expression T, = C & would have little effect on the relative range

of values of €' which vary from 0.6 to 2.0 for the Virginia drainage basins dis-
cussed in the paper.,

The suggestion of the author that the determination of the time and storage
factors for streams without records should be based on actual measurements
should be emphasized. A time Tactor such as “lag’ 3 can be obtained for any
river station where discharge is principally a function of stage, without installing
any equipment, by observing the time of crest stage and comparing it with
field observations or official records of the rainfall characteristics of the storm.
A storage factor is not so casily determined but it is not subject to as great
a range in value as the time factor and the time factor provides a partial index
of the actual value of the storage factor,

Howarp M. Turner,® M. Am. Soc. C. E—The first part of this inter-
esting paper is a discussion of the channel storage in a reach of & river. The
author compares the storage in this case with that in a reservoir, indicating
the difference in the behavior, due to the fact that the relation between outflow
and storage is not clear on account of the slope. The suthor cites an assumed
case showing how a sharp diminution in inflow “requires’” an inerease in outflow
at the outlet end of the reach. The writer has never seen any such effect.
There is a sudden decrease in inflow at the outlet of many water power plants
at 5 o'clock or 6 o’clock every afternoon for months during the year when
there is no waste. The writer has examined many hydrographs taken at
gaging stations some distance downstream from such stations and has never
seen any evidence of any rise attributable to the cause given by the author.
He admits the possibility, but believes that the author’s statement is much
too categorical in stating that it is “required” under such eircumstances.
There may be a slightly rising outflow because the high discharge existing at
the upper end has not yet become stabilized at the lower end—that is, water
is still going into storage and this rise will continue for a period of time after
the power station shuts down due to the time lag between the two points,
The outflow then drops off in the regular recession curve as the storage drains
off. The difficulty in the author's contention is his statement (sce heading,
“Valley Storage”) that the additional storage must be released “during the
period of inflow reduction.” This increased storage that must flow out may
be released over a longer period of time.

8 Cous. Engr., Boston, Mass,; Lecturer on Water Power Iing., Harvard Univ., Cambridge, Mass,
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The writer has analyzed several of these conditions and, by using the
storage curve determined from the recession side of the hydrograph (that is,
the storage as a function of the outflow), he has obtained very satisfactory
agreements with an actual hydrograph by routing such power station discharges
through this storage with time allowance for travel.® In two of the three
cases considered, the hydrograph downstream did show higher flow than that
upstream, but this was due to the flow from intervening drainage and the
inaccuracy of computing the power station discharges from the kilowatt-hour
output and the difference disappeared when the inflow hydrograph was adjusted
to give the same total runoff. There was no evidence in these cases of any
rise which the author states is required by sudden reduction of inflow to the
reach. If the author has any actual examples showing this effect, it is hoped

that he will present them as it is an extremely interesting and, as he states, ,:

a somewhat new conception.

The author then describes his distinction between storage as a function of

the outflow and storage as a function of the inflow. The writer believes Mr.
Clark has oversimplified this theory. Actually, storage is a function of neither

inflow nor outflow alone, depending as it does on topography and the level of

the water surface, which in turn are dependent upon slope. Therefore, any
difference between the author’s two coneepts of storage is dependent on a
difference in changing slope which with the topography of the banks affects
the volume of storage. In this case a more exact statement would be that,
in the case of the unsteady flow of a rising or falling river stage, the changing
slope affects the storage.

The writer finds it difficult to accept some of the statements made in

regard to the storage affected by the inflow. In Fig. 2 the author shows curves

outflow hydrograph intersect the inflow hydrograph at the peak of the former,

which is gemerally held as a basic requirement between inflow and outflow -:'

hydrographs.

As would naturally occur if these curves are correct, the curve of outflow "‘
with ¢ = 1.0 intersects the curve of inflow at the peak of the former and thus -
the storage increases the peak discharge from the outlet of the reach by a

very great amount. The writer gives z = 0.3 to 0.5 as the usual range of
values. If this condition is valid, there will be many cases in which there will
be little if any diminution of peak due to storage. The writer does not question
the conclusions reached with the author's equations, but he has never seén
any indication of such effects and therefore distrusts the original equation. )
He believes that it is based on too simple a function of the storage compared
to that actually existing in any normal river channel. A

The second part of the paper develops a method of constructing a unit
hydrograph from an instantaneous hydrograph. In this case the author uses

" The l“lood-l—lydroimph and Valley-Storage,” by Howard M. Turner, Transactions, Am. Goo-
physical Union, 1043, Pt. 11, p. 6183,

for routing a simple sine curve with different storages based entirely on inflow i
(z = 1.0) through to a curve based entirely on outflow (z = 0.0). In the case
of the former the flow with storage is greater than without storage. Where :-
z = 0.5, the hydrograph is very little changed. It is not until z equals less
than 0.5 that the storage reduces the inflow, and not until z = 0 does the b

TURNER ON STORAGE 1473

storage as a function of outflow alone (z = 0). The writer i§ not certain
whether the author considers the condition to be somewhat different for a
given reach than for the storage of the entire river system, aifwe t..he stox:a.ge
used in this section of the paper does not seem to correspond with his previous
statement regarding what he has found to be that on most rivers.

The author’s process consists of using storage based on 'the actual ﬂPod
liydrograph nt the beginning of the recession curve and routing through lt.a.
{ime-area concentration curve which is in effect an inflow hydrograph built
from an analysis of the time required for the water from the different parts
of the drainage area to reach the outlet. In doing this the same storage
relation is used for the rising stage of the hydrograph as for the falling stage.

The writer was much interested in this procedure as it is based on the same
principles that were used by him and Mr. Burdoin.® Usir!g their metlzfod, a
rational inflow hydrograph was constructed from the duration of the rmntiall,
the concentration time was obtained from the deflection point on the recession
curve of the hydrograph, and the total flood volume was routed through
storage computed from the recession curve to obtain the outflow or ﬂcfod
hydrograph. The author extends these principles somewhat further adding
the feature of the instantancous hydrograph. ;

The suthor’s method differs with regard to the storage which he determlz.ms
from only one point on the hydrograph—the inflection point on the descend}ng
limb. This assumes a straight line from this point down to zero, an assumption
which may not always be correct. (On the Appomattox River at Petersburg,
one of the examples cited, the curye is not a straight line all thfa way.down.)
Mr. Olark draws an instantaneous inflow hydrograph for a given river 'by
sctually figuring the time-area relation instead of using, as the writer did,
a general one based on shape. This makes a much more flexible arrangement
than the writer’s and gives & more aceurate inflow hydrograph. Such accuracy
may not always be necessury, however, when the rainfalls over the aren for
different storms are considered. (For example, the Appomatto.x .R.wer at
Petersburg has had other floods which present different characteristics. The
one of March, 1932, with a peak of 8,000 cu ft per sec and about the same length
of base shows no depression at the top of the hydrograph.) The wnt..er found
that an assumption of a rectangular shape gave satisfactory results in many
cases that varied considerably from a rectangle. :

The author’s method, however, would permit extending th_e time-area
concentration inflow not only to cover the shape of a given area \jnth assumed
uniform rainfall but also to include varying rates of rainfall on different parts

his area. ;

N tThe author presents a new treatment of the base flow which, in the particular
case of the Appomattox River, gives much better results than would the
customary method—that is, a straight line at the base of the hydrograph,
which, if used, gives a computed hydrograph less close to the actual one than
the author’s. This hardly can be taken as a proof that thf: mgthor’s method
is any better since the entire matter of the rainfall distribution is unknown, as
the author states. (Rainfall at Hopewell amounting to.23% of the total
occurred during the two days, April 28 and 29, in the middle of the flood.)
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There are many unknowns in the behavior of the ground storage during a flood,
Unanswered are such questions as how the water gets into the ground with a
rapidly rising river, how far back the rise in ground-water level continues before
the river begins to drop again and the storage flows back into the river, and
how much of this drainage from storage in the ground may be due to normal
ground-water flow backed up by the rising level and thus not originating from |
the flood rainfall. The outflow hydrograph will also be much affected by the
assumption as to the amount of flood appearing as ground-water flow assumod 9
by the author as 309% of the total. The author suggests that this percentage,
taken from records of another river, must vary with floods of different magni-
tude. To use 30% for an instantaneous hydrograph for all floods may lead
to error in the case of much greater or much smaller floods, The author
should give some examples of the proportion of ground-water runoff whieh
his method discloses in small floods compared to very large floods. The
writer has found that with all these possible differences, the simple method of
drawing a straight line across the base of the hydrograph is sufliciently acourate
for general use in spite of its theoretical limitations.

The author is to be congratulated for devising an additional tool to use in

the attempt to analyze the steps between the rainfall, inflow hydrograph, and‘;
the flood hydrograph. ;

Don Jounsrone,** Assoc. M. Am. Soc. C. E.—The difficulties of wine
nowing out the grains of wheat in technical literature are certainly not decreased
by inventing new meanings for old phrases. Ingineering terms should menn
the same thing today as yesterday. If new concepts are introduced, new
terms should be invented. The author, in applying the term ‘‘unit hydros
graph” or “unitgraph” to a hydrograph which includes ground-water flow, in
misusing a basic definition. Similarly, in applying the term “concentration
time” to the time interval “between cessation of runoff-producing rainfall and
the minimum indicated value of K’ he is tying another time-honored phrase
to a new concept. Mr. Bernard’s definition of concentration time (“a time
interval at the end of which all parts of the watershed are contributing to the
flow at the point of observation”) gives that partioular combination of wor"'
a job to do and should pre-empt it from other uses.® Other examples of
eriticizable terminology include the use of “runoff” for “rainfall” in the third
and fifth paragraphs of the “Introduction’” and in the third paragraph of the
section headed “Valley Storage and the Unit Hydrograph,” followed b
its use in an entirely different sense in the second paragraph of the next section;
and the use of “the channel” in that same section without indicating whether
reference is to the main stream alone or to any “channel” in the watershed,

Passing to other matters, attention is invited to the statement in the
“Introduction” that the determination of unitgraphs from “multiple peri
of runoff [sic] * * * is indeterminate, as there are always more equations
than unknowns and a multiple of possible solutions.” Presumably the author
meant ‘““‘more unknowns than equations,” but, waiving that point, the states

® Asst. Prof,, Civ. Eng., Ohio State Univ., Columbus, Ohio (on military leave),
*“An Approach to Determinate Steam Flow,” by Merrill Bernard, Traneactions, Am. Boo. Q. W
Vol. 100 (1935}, p. 360, e
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ient is still incorrect. By unitgraph theory, surface runoff in the zth period
resulting from a storm of n periods duration is ¢y f(z) + caf(z — 1) + - -
| eaf(z — m + 1), in which ¢, ¢s, - -+, ¢a are the net rainfalls fc?r the corrhe-
sponding periods and f(z), f(x — 1), -+ -, f(zx — n + 1) are .the ordinates of the
unitgraph for the zth, (x — 1)th, ---, (x — n + l)t..h periods, If flow mea-
surements and rainfall measurements were precise, if .the base flow (ground-
water flow) were known, if the net rainfalls for‘ all periods were .detem?mable,
and, finally, if the stream behaved exnctly. in accordance with unitgraph
theory, it would be possible to derive the nmtgral.)h from the hydrograph. of
o multiple-period storm by successive subtractions. Aﬁ!;l:tt'l'l)t, successive
subtractions yield nothing of value, as none of the four “if’s is exactly in
accordance with fact and as the process involves the accumulation of error
from step to step. The concept is set forth here, however, to demonstrate
that there are actually as many equations available as there are unknowns
(so far as unitgraph theory is concerned), and that there. should therefm:e be
no possibility of multiple solutions from a given set of data if a proper tech.mgue
of derivation is sapplied. One such technique has heen outlined by William
T. Colling,” Jun. Am. Soc. C. E. :
- (It(.) lt!::lllst’)ws (see “Introduction’) that “the practical r?quil_'emen't. of findmg
an isolated flood hydrograph resulting from a uniform unit rainfall,” wh.nch ?he
author states “provides an almost insurmountable obstacle to the d'erlvn?:lon
of the unitgraph for very small [?7] drainage areas and very short unit periods
[intervals] of time,"" is no longer a requirement at o:ll. As a mt.ztter of fa:ct,
a protracted period of heavy rainfall is the ideal period from w.hlch to derive
the unitgraph, because (2) rainfall is more likely to be ne{nrly uniform over the
watershed, (b) infiltration conditions are more nearly uniform throughout the
period of rainfall, and (¢) the fact that rainfall actually extended over the
selected unit time interval is assured. To carry this argument further wm{ld
be beyond the proper scope of discussion; the writer acknowledges that despite
the incorrectness of the quoted statements there is still _need for a method that
will permit deriving unitgraphs without reference to rmn_fu.ll recorfls.

The argument under “Valley Storage,” down to t:.he utt,mductlon of Eq. 4,
is confusing. Particularly welcome would be a justification of tl.le stnte:nfn:.
that “reduction of the inflow rate necessarily would be g.ccompnmed by. )
an inecrease of outflow rate.” I'ig. 1 and its explanation are unconvineing,
and the writer would like to see (here as elsewhere) proof in the 'form of aci:.ual
recorded data rather than in the form of 4 rather casual theoretical analysis.

The argument on the extension of storage the.ory .to gTound-wa.t.er .ﬂow
appears to “boil down” to this: It would be convenient, if uru'tgmph prufmples
were applicable to ground-water flow; therefore they are a.pphcable. ) Without
further proof, the author proceeds to apply them. There is something about
neatly arranged tables of computations that secems to consecrate the result,
and it is likely that computing & number of ground-watfar t.low hydrc?gmphs
by this method would confirm many a budding hydrologist in t.h‘e belief t.ha,t,.
the implied relationships had been proved.. Actually, ) tl.xe 'refinement
attained by treating ground-water flow in this manner (if it be, in fact, a

istributi ¥ i i One Time Unit," by
¥ “Runofi Distribution Graphs from Precipitation Ocourring in More than
William 'I!:nColllnnl. Civil Engineering, Beptember, 1930, p, 550,
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refinement at all) seems scarcely worth the effort; 30% of curve (c) in Fig. 8
could be replaced by the customary sloping straight line and the change in
curve (d) would scarcely be noticeable.

An eyen more basic criticism, however, is the inclusion of ground-water
flow, by whatever means computed, in the unitgraph. By including it, the
range of usefulness of the unitgraph is seriously impaired. Tts major function
is not—as emphasis in many papers would lead one to believe—to confirm
itself repeatedly by reproducing second-rate floods with more or less accuracy.
Rather, it is a tool to indicate what will probably happen when a really first-rate
rainfall comes along; and it should be left to do that job unhampered by the
introduction of ground flow factors that will likely be inapplicable at the big
moment. Suppose the maximum storm hits the watershed when the ground
is saturated—or frozen. A true unitgraph can handle that situation (compare
the “pluviagraph” of Mr. Bernard®); a composite graph of surface and sub-
surface runoff cannot handle it—and it errs on the side of danger. 5

Passing to the author’s example, there is much difficulty in following the
detail. Table 1 shows K = 15, whereas the text states that K = 9. Also,
the relationship between the plotted curves of Fig. 8 and the data of Table 1 |
is obscure. Should not curve (d) be the plotting of Col. 9?2 bt

However, the major shortcoming of the example is the failure to explain
the construction of Fig. 6. This is the heart of the entire matter—the draw- s
ing of lines on & map in such & manner as to define areas that make their
contributions to “the channel” in successive intervals of time. How is it
done? What factors are taken into account? Why do the area boundaries
cross the streams without bending stream-upward, when logic suggests that

they should take the form of exaggerated contour lines? (See, for example,
Mr. Bernard’s statement:3 “* % # {ha efficiency of the main channel, through
higher velocities, places headwater areas much closer to the outlet in terms of
time than extensive areas nearer but less advantageously located.”) With a
knowledge of how to chart these areas, the operator finds the remainder of the
technique to be a matter of measuring areas by planimeter and of running a
calculating machine; without it, he is at a loss where to start. E:

The justification for applying the same value of K to the contributions of
all areas is not apparent. It would appear to be reasonable only on the as-
sumption that storage conditions are the same in all areas and that no storage
exists in the main channel; but obviously the author does not make any suo]f
assumption. Rather, he takes for the value of K the value existing at the
moment when all surface runoff is presumed to have reached “the channel.”
It follows that K for the downstream areas should be smaller, and for the
upstream areas larger, than the average.

Since delineating the areas on the map is subject to a wide range of personal
choice, and since the use of a single value of K is open to question, the wri
suggests that a somewhat different approach might yield equally satisfactory
results with less effort. Using ““concentration time” as defined by Mr. Bernard,
the base length of any hydrograph of surface flow (including the unitgraph as

®''An Approach to Determinate Stream Flow,” by Merrill Bernard, Transactions, Am. Sos. C.
Vol. 100 (1935{ p. 358,

"
2
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. Sherman) is equal to the duration of runoﬂ'-prod‘ucmg rainfall
;i)let?: etdh: ycf:gzegtration )time. This stut:.ement includes the. ms:fmt;alil&:lllfs
unitgraph, for which the base length is gm_xply the concentmtlo.n (;n;mm m;
Conecentration time, by the Bernard definition, can be de.atermme e
inspection of hydrographs, with reasonable accuracy, as m”fh!ﬂ ast;onoeatemhed
time by the Clark definition. Having .dete.rmmed it, divi % demw g0
map into the corresponding number of .tlme-mterval areas and de .t:i:nm; oy
percentage area of each. The tabulation of thes«} pgrcegtages, vlle ‘o urmc};
further operations, is in itself the instantaneous distribution graph of s
watershed. X |
no“;:o:at:;zt be said that the effect of storage is overl?okec! in tg;‘s pl;op::ig
method, for it is reflected in the fact th{;t concel'ntrutmn time tg le fe:v ot
definition) takes in the entire period of time rc?qmred for a ptn'f ¢ be 0 i
to travel from the hydm.ulic&lly—moat—:lemot:;1 p;nn: :;::l:l g};);x:’.somzr:ezmple;
ically, the analysis seems as sound as that o :

[I?::::zduZe. It woﬁ be interesting t:l) de(;.e:m;n.t: a l::ltfi:a&l'; ff;):o;h:fAA;;;;ﬁ-

x,River by this proposed method and test it, also, Tor pril,
rlﬂg!;t;f) ‘.g:xfortuzately,p thl(: NeCessary basi-c data are not available to the wr;tbelr.
Also, an adequate technique for dividing th? watershed ;na];l pr.esun; y
remains to be developed. This should be a fruitful field for furt '?r inqu rg;;"

In making such a test, it would be necessary t.o. dssume a rlgaso.nq. I

ground-water flow, and the writer would be cf)ntenf. with a a?.rmgh't h‘m;, Jmm.ni
the point on the observed hydrograph nt. Wl’.llch rainfall begins, vl:lt tt t(lal p(:izze
at which surface runoff ceases. Fig. 9 indicates the latter to be at the
marked ‘“April 3.”

3 ARk, Jun. Am. Soc. C. E—The discussions .represent mut.:h
thogy;h?;\zx(t‘ibfn!;)rnr at a time when most 'of the w"riters are actlve:z engagedalr:
ent.'xrély different matters. The Sxpr'c;‘slmog? Whlc:t cﬁ:::%l:;?ne :o::ep?;rme

ifyi eatly appreciated. 1e diverge A
ﬁzﬁgyfl:rgf::ﬁxf: invisti‘;[;tion of problems which are .stlll ls_t;icfly degendeex:;
on judgment and should stir stimulating tm(! constructive t.h{li mg*: " o:;ﬁter
the queries and counterproposals presented he.beyond the ablfty of the ki
to answer; some have been nnswered. by ot:ner dlscug:'(lx: (i and a few are revi
i i i jon. All are sincerely appreci R )

" ﬂl::rc‘gsvxgtd:x}g;;ily :mplm.sizes that the labor involveq in unit hyt.iro‘
graph ;,md flood-routing techniques is excessive. for .routine r.n{e;l fore;.‘nsit.mf;
Reduction of this labor by the development of sm:rphﬁ'ed empirics ::; ‘}: ::ed
is necessary and highly desirable. However, the simplification un.gt'e e gt
upon a large number of hypothetical floods computed by appropria (1;33 e
as well as upon records of past ﬂoods: z'\s Mr. Sweet states reg?.rblmgt b
James River, nonuniformity of storm dlstn'butnon may produce \{nrmi e l”ge
relationships between the gages along the river. ?f rec?rds of gn 3(; a elw o lgm
floods are available, it is easy to assume .that relationships are c:l(e , on }?31, =
embarrassed when nature proves otherwise. Hoyever, u.mt h};axl'ograp fut hz
of hypothetical adverse distributions of stor-m rainfall will rev: tsma.:lg' :thsn
variable possibilities which may serve as guides for good forecasts rathe

» Hydr. Engr,, U, 8. Engr, Office, Winchester, Va.
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as alibis for poor ones. The James River, with its two halves on either side
of the Blue Ridge Mountains in Virginia, offers opportunities for illuminating
study to any one who believes that nonuniformity of runoff distribution on an
area is not significant, or that gage-to-gage stage relationships are simple or
constant,

Major Meyer clarifies several points in the paper, and appropriately warns
of situations in which K is not a constant. Unit hydrograph theories and
constant time elements of flow are convenient oversimplifications of a most
complex form of open channel flow. They are by no means universally
applicable. The paper treats only the elements common to unit hydrograph
theory and to the theories of flood ronting based upon constant values of K.
“Lag routing,” to which both Major Meyer and Mr. Snyder refer, is a very
practical and expeditious method of flood routing. Fig. 3 and its supporting
discussions demonstrate the essential agreement between this method and the
much more laborious application of the Muskingum technique. The con-
struction of the time-area concentration curve of Fig. 8 and its routing modifi-
cation conform essentially to “lag routing” procedure. .

Lag routing is an empirical approximation of some golutions of the storage
equation; it is not itself a solution of the storage equation for any fixed rela~
tionship between storage capacity and discharge. It is an expedient method
for use in a natural state of river development, s in flood forecasting or in p:
computation of past floods. However, the writer would be unable to deter-
mine, with it, the effect of improvements which change the storage capacity
along a river, such as extensive levee systems—or particularly those improve-
ments which change the relative influence of inflow upon storage, such as &

series of dams.

Thus, for solving routing problems which involve a change in storage-
discharge relationships, the writer believes that the storage equation will be
more reliable than empirical “lag routing.””  As Major Meyer writes, there 1

. are several methods other than the Muskingum method for the solution of
Eqs. 2, 4, and 5. 3

Mr. Sherman—the creator of the unit hydrograph—reviews the underlying
theory of this excellent hydrologic tool with masterliness. Possibly through
misinterpretation of the bar pattern of Fig. 8 and through the assumption that
curve a is a net rainfull pattern of twelve unit periods rather than a repre-
sentation of shape of drainage area, Mr. Sherman concludes that the resulting
derived hydrograph was not a unit hydrograph. In Fig. 8, a bar pattern
representing net rainfall would be of infinitesimal duration at zero time. In
Fig. 9, rainfall was principally confined to that o i

|
An apology is made to Mr. Sherman and to others who found difficulty in
checking the computations in Table 1, particularly the conversion of Col. 8 to
Col. 9. The conversion at a rate of 69,000 (cu ft per sec)-half-days per in,
is & rounded value appropriate to a drainage area of 1,300 sq miles, rather than
to one of 1,335 5q miles. The former area is that for which the first derivation
on this stream, determined for a dam site above the gage, was prepared.
Intent upon presenting an unretouched, original, routine solution, the write
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failed to notice and properly explain the small difference in drainage area.
The routing ealculation illustrated is for 15 hours, as stated in Table 1, rather
than for 9 hours, as stated in the text. Subsequent investigations indicated
the smaller value to be more suitable. There are also some slight errors in
Table 1, all well within the range of acceptable routine office practise, and
there is mueh room for improvement in the analysis. The entire original
analysis was prepared in 4 hours and was not then intended as a part of &
published paper. The presentation of these data was intentional. The real
value of a hydrologie tool is much better judged by the rough-hewn original E
product with its faults, than by the prettier refinements which most investiga-
tors possess and ultimately adopt for use. i
Mr. Sherman comments on the size of watersheds to which unitgraphs may

be applied. He correctly states that size is not a barrier to the adequate =
treatment of nonuniformity of rainfall with respect to time. On the other =
hand, nonuniformity with respect to areal distribution of the rainfall creates
variations such as those shown in Fig. 18. Each of these hydrographs resulted
from a rainfall brief enough to be considered & unit rain. The relative size of 4
hydrographs at the three stations (gaging, respectively, 23%, 55%, and 100% 5
of the Appomattox River above Petersburg) and rainfall records indicate 3
heavier rainfall on one end or the other in each case. Of the hydrographs at
Petersburg, none would be suitable for derivation of a unitgraph by any method
which assumed that the hydrograph resulted from a uniform distribution of o
runoff. In the proposed method, which makes no such assumption, an equally =
guitable unitgraph could be derived from each of the records. Ilowever,“vf
neither of the hydrographs at Petersburg could be reproduced well by use of a 3
single unit hydrograph, because, although a reproduction would represent flow 4
from uniformly distributed runoff, the record does not. Subdivision of thc'(
ares and the use of three component unitgraphs like those in Table 2 produoe“
better results. The methodology as extended by Mr. Turner, incorporating E
both area and runoff depth in the time-area curve, gives much better results. ]
The possibilities of storage acting to increase outflow drew varied commen
from Measrs. Meyer, Williams, Linsley, Brater, Snyder, Turner, and Johnstone,
ranging from “controvert[ing] accepted concepts and experience” and “orro-
neous” to “familiar to all persons who have worked with reservoirs storing
appreciable volumes of water under the backwater profile”” The writer :
agrees heartily with those who suggest “These conclusions should be examined 3
critically.” The possibility should not be passed over lightly, however, a8 |
failure to recognize the possibility leads directly to overoptimism about the |
effectiveness of certain types of flood control dams, and to underestimatiol\""
of the importance of avoiding fixed-pool operations at power and na\rigationi' 5
dams and unnecessarily rapid gate closures. A8
The writer's comments about the inflow-controlled storage were intended |

to be qualitatively explanatory (rather than quantitatively assertive) of the -
statement (see heading, “Valley Storage”), “Valley storage does not alwa,
deo?es.se flood peaks * * *” The excellent discussions reviewing the case
against such & viewpoint appear to require some presentation of the dat 1
supporting an affirmative case,
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The writer's use of a uniform channel in Fig. 1 for the qualitative explana-
tion was ill chosen from a quantitative viewpoint. The uniform channel was
gelected because of the simple, familiar form of the two backwater profiles.
Obviously, however, & uniform rectangular channel would not have an z-value
in excess of 0.5. Therefore, Professor Brater’s quantitative criticism is well
founded. A quantitative demonstration might consider that the rectangular
channel possesses a non-water-carrying flood plain several times as wide as the
channel at the upper end, converging to the channel limits at the lower end.
By appropriate selection of the flood plain width at the upper end of such &
channel (which would be quite similar to the channels of many natural streams
carrying relatively small flows in their extensive overbank areas), the volume
of stored water under the backwater curve could easily be made to exceed
720 acre-ft, which is the volume Professor Brater's analysis indicates as the
limiting volume that eould be passed without surge.

Channels—the variable cross sections of which effectively converge in the
direction of flow—might be expected to possess storage capacities influenced
more by inflow than by outflow. Such channels might include:

(a) Channels converging in variable depth (such as low-slope channels
approaching a steeper channel and thus flowing from a zone of great
range in stage to one of small range in stage and at the same time
possessing flood plains of about equal width, or such as reservoirs
maintaining fixed levels at the dam with pronounced fluctuation at
their upper ends, or such as reaches ending in tidal estuaries); and

(b) Channels converging in width but of relatively constant range in
flood rise.

In the first elass may be found certain South Atlantic streams which cross the
Piedmont Plateau flowing toward the Fall Line. The Fall Line is a cascade
gone which lies between the Piedmont Plateau and the Atlantic Coastal Plain.
For example, the Appomattox River, whose drainage area above Petersburg
was shown in Fig. 6, lies on the Piedmont Plateau. Two gaging stations are
located above the Petersburg gage: Mattoax, Va., with a drainage area of 729
sq miles, is on the 2.0-day isochrone of Fig. 6, and Farmville, Va., with a
drainage area of 306 sq miles, is on the 4.3-day isochrone of Fig. 6.

The typical flood rise at Mattoax in feet is much larger than that at either
Farmville or Petersburg although flood plain widths are comparable for the
three stations. The variable cross section of flood flow can be considered
diverging in the direction of flow from Farmville to Mattoax and converging
from Mattoax to Petersburg. Hydrographs of flow at these three stations
resulting from rainfall of short duration are shown in Fig. 18. (Note that the
later portions of the hydrographs at Mattoax and Petershurg must be essen-
tially the flow component from above Farmville.) To oceupy such a position
in the hydrographs shown, it appears that the flood wave might have under-
gone flattening from Farmyville to Mattoax and then have been built up from
Mattoax to Petersburg. A more provable indication of the type of storage
influence represented by z-values greater than 0.5 is the increase in recessional
slope of the Petersburg hydrograph as compared with the Mattoax hydrograph.

In the second class might be short reaches of many rivers, as most flood
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plains alternately widen and narrow. Many rivers have long reaches through
wh%ch flood waves flow without appreciable reduction.® It seems a little more
ratlonal to interpret such unreduced passage as the result of alternate slight
increases and decreases in peak rather than as a passage of an unvaried peak.
A recox:d of a wave passage having slightly more increase than decrease was
shz:\wn in Fig, 12, in which the hydrograph of flow at Danville appears to have
built up slightly and shortened to become the later portion of the hydrograph
at South Boston. The discharge from the intervening drainage area would
have been insignificant on the twenty-first and twenty-second days.

Most rationalizations about the possibility of storage operating to build
up peak flow turn upon the question: “Granting that a volumetric differential
exists between the equilibrium profiles of flow applicable to flow distributions
before and after a change in inflow, can the change from one profile to another
take place rapidly enough to cause a surge at the downstream end?” Fig, 19 i
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F1o. 19.—Hyproararas rron Exvenmexts vy C. I, Tgzaup Axp M. T. Avaustmve

shows the experimental hydrographs which C. F. Izzard, Assoc. M. Am. Soe.
C. E., and M. T. Augustine obtained by sprinkling a pavement." In this case, =
the change from one flow distribution profile to another did take place rapidly..: :
enough to cause a surge. How fast does the change take place in rivemF—: 5
How fast does storage volume react to u change in flow? £

Several discussers mention the assumed instantaneous reaction of storngo';~
to a change in flow (which is characteristic of most flood-routing techniques
and favorable to reduction of peak flow in the method discussed when 2 il ‘
less than'0.5) as the error which leads to the author’s conclusion. The formula |
for reaction time presented by Messrs. Williams and Brater is quite favorably
regardcfd by many, whereas Mr. Snyder appears to regard any value less th
K as inadequate. Several intermediate viewpoints have some adherents

The time elements indicated by Eq. 17, first discussed by Mr, Williams, va
© “The Floods of Mare "W V ; H i
PR o2 i ;p%. on.::‘lh]?:%e).u ater-Supply Paper No. 800, U, 8. Geological Survey, pp. 89 andd 4

4 "“Preliminary Report on Analysis of Runofl Resulting from Simul Rai
by C. F. Izzurd and M. T. Augustine, T'ransactions, Am. Gwphyﬁm&lt‘;}:g. \l:‘ll.l‘;:l. f&;. ,1”:"?,! pl.,, 1

CLARE ON STORAGE 1483

from very long values for a shallow depth at the beginning of a flood to crest-
depth values which are very short in relation to the time elements of mean
flood-wave travel. Thug, in the reach of river to which Mr. Williams applied
the formula, the channel depth was more than 50 ft at the time of crevassing.
For this depth, the formula diseussed would indicate less than 40 min. (Neither
the methods of observing stage, nor those of defining the time of crevassing of
a levee are sufficiently reliable to distinguish between the time of transit as
originally stated and that given by the formula.) This value would be in-
significant in flood routing over a reach involving flood-wave travel time of
15 hours.

The writer does not claim that the upgrading of flood crests by storage
action has been proved, but merely offers the explanation and the examples of
the paper in support of the statement, “There is some valley storage which
does not decrease flood peaks.” The upgrading of hydrographs does appear
possible, however, and should be investigated. A closely analogous situation
existe in electrical circuits, and the upgrading (in height, not discharge) of
hydraulic waves in converging channels is a recognized phenomenon in tidal
hydraulics.

Mr. Lingley clarifies several ideas in the paper by his discussion. The
formula he presents for determining time of concentration in watersheds
without records shows better correlation with data in the paper than the
author’s formula. To aid in further study by others, additional data are
presented in the same manner in Table 6. The majority of values were
developed from records available prior to 1938. The variation in the con-
stants suggests judicious local application. Attention is again directed to the
first two sentences under the heading, “Determination of the Instantaneous
Hydrograph for Streafs Without Flow Records,” and to Mr, Snyder’s closing
two paragraphs.

Messrs. Linsley and Johnstone properly question the writer’s use of uniform
velocity in establishing time contours along the watercourses and suggest
variations based on slope and efficiency of watercourses. These refinements
were considered, but investigation showed their use to be unaccompanied by
guperior results. This may be a case of two wrongs making a right, as the
likewise neglected principle of using greater storage values, K, on flows from
more remote areas instead of a single average value is a logical refinement of
opposite effect. In general, the use of a varied velocity of channel flow and
a single value of K tends to increase the fault originally recognized by the
writer in item 6(b) of the ‘‘Summary.”

Messrs. Brater and Johnstone voice an interest in a more detailed descrip-
tion of the time-area concentration curve. As Mr. 8nyder states, the curve
is an old deviee# for caleulating flow. It has fallen into disuse because its
theory assumes the reductive influence of storage to be negligible. A storage
sorrection factor was ineluded in the paper to revitalize this useful tool. The
time-area concentration curve is derived by marking time contours along the

4 “Sewcrage and Scwngu Disposal,” by L. Metcalf and . P. Eddy, MeGraw-Hill Bodk Co., Ine.
New York, N. Y., 1022, p. 4.

& ''Caloulation of Flood Discharge by the Use of a Timo-Contour Plan,” by Cecil N. Ross, Trans
actions, Institution of Eogrs, (Auntruﬁ:). Vol. 1I, 1921, p. 85.
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watercourses, the time to the most remote point being equal to the “time of
concentration.” Tor the latter term, a standard definition such as that quoted
b.y Pr_ofessor Johnstone is intended. Tig. 4 illustrates why the terminus of this
time is not at the end of the hydrograph (theoretically infinite in length) but
well up on the recessional leg.

TABLE 6.—Abpprtronan ComparisoN Berwren Eqs. 18a axp 18b

. L K A
Stream (ft. 8 (gl . (?..
mile) | (miles) | (hours)?| miles) 18;3 lls‘g)
North Branch, Potomae River, nt Bloomington, Md an 10
Savago River at Bloomington, Md.. ., . ... reren.| 68 20 | N s | 0%
Georges Creek at Franklin, Md. ...." 0. 10 111 78 18 5 72 [ 24 | 020
Wills Creek near Cumbedand, Md.. . . 0. 11" 40 35 2 247 | 14 | 0062
Fnttarson Crook near Headsville WoVa. ..ol 19 10 12 216 | 1.3 | 0.089
1 Branch, Po no River, near Potersburg, W, Va, | < "
th Fork, South Branch, Potomae River, Enoar A ey 0 - e ) b
BoOrtMNA, W Vil wcossivinenoisssde soecionsisnss 25 5 13 283 | 1.2 | oom1
Cucapon River at Yellow Spring, W. Va.. ... .. 16 51 10 306 | 078 | 0.044
Buck Creek near Jones Sxi_nnm\. WV o il 11 40 10 243 | 0.81 0052
Conoococheague Creek at Fairview, Md... ... ...... 9.8 02 30 a4 15 0.068
North River near Burketown, Va.. .. ..............| 47 18 "o a6 | 3.0 0.16.
Middle River near Grottoes, Va.. . ... ... .. ... | 14 5 12 360 | 0.3 | 0044
South R‘iver at Wayneshoro, Vo, oo oooiuns ... 17 24 12 144 2.1 0.17
North Fork, Shenandoah River, near Strasburg, Vi, . 12 06 20 77 | 072 | o020
Passage Creok at Buckton, Va. ........... ... | a1 32 it §7 [ 10" | o
Cedar Creek near Winchestor, Va.. .. ... ......... 30 26 [ 101 1.3 Oﬁ
Antictam Cresk near burg, Md,.............|] 11 40 24 281 | 1.6 0,007
Monoeacy River near Frederick, Md.. . . ........ 5.0 02 28 817 | 11 0.038%
Gooso Creek near Leesburg, Vo ...... . ...... .| 11 33 17 338 | L7 | o/oea
Seneca Croek at Dawsonville, Md, ... .. ... ... .. .. 17 17 6 llOl 1.5 0.15
Juckson River at Falling Spring, Va.. ..., ...... .| 22 47 12 09 | 12 t'll
Jnmes River nt Lick Run, Voo .o 00 17 75 28 1,308 | 13 2)(:23
Cowpasture River near Clifton Forge, Va... . ...... 13 60 24 "3560 1.4 0,050
Calfpasture Rivor at Goshen, Va...... ... . . 23 30 12 147 [ 15 | 013
North River at Rookbridge Baths, Va.. . .. | 27 45 18 320 | 210 | 012
North River near Lexington, V... . ....... .. ... 21 58 20 487 | 16 | o071
North River near Buena Vista, Voo, ... ........... 10 70 24 049 1.3 0.0
Hurdware River near Seottaville, Va... . .. | 17 22 18 te | a4 | 088
Slate River near Arvonin, Va. . ................ . i 0.0 34 ) 235 | 2.6 0.17
Rivanna River at Palmyra, Va... . 80 | 50 |42 675 | 18 | o070
Willis River at ¥lanagnn Mills, V.. .., ., 0 1.2 55 72 247 | 27 | 017
Appomattox River at Farmville, Vo, .. ... .| &7 34 a2 25 | 016
Appomattox River at Mattoax, V.. ... ...... .. .. 3.0 87 114 70 | 23 | 0o
Mr nttox River near Petersburg, Va... . ... ... .. 2.9 122 168 1,335 2.:1 0.064
errin River near Lawrenceville, Va... ... .. | #2 | 67 | "0 | "5ss [ 16 | 0.068
Meherrin River at Emporia, Va.. .. .. 2.4 86 78 750 1.4 0.051
Roancke River at Rounoke, V.. ... .. ... .. 17 18 12 388 [ 1.0 | 0052
Blaokwnter River near Union Hall, Vi .7 77 7| 14 46 18 208 | 14 | 630
Big River near Toshes Va...,......... ... L 8.7 72 24 304 | 0.8 | 0049
now Creek at Sago, V.. .., ... . . . ... 4% 18 14 60 | 32 | 041
Creek near Huddleston, Vo, ... 000000 100 g4 33 12 187 | 14 | ooge
tter River near Evington, Va.. ... . . . 18 34 22 305 | 277 0.15
Falling River near Brookneal, Va... ... ... .. .. 11 23 22 228 | 32 0.22
Dun River near Francisco, N. C.. . . oy 35 44 1 124 ;)'55 0.048
]sw"ﬁvo River near Prios, N. C. . 20 38 14 260 l.lﬂ 0.10
th River at Bassetts, Va. . 17 87 7 265 | 077 | 0.
Smith River at Martinsville 13 18 1 | 34| O | Oon
Smith River at Spray, N. C 9.4 71 23 534 | 099 | 0,043
ndy River nenr Danville, 21 21 5 113 1.1 )
Banister River at Halifax, Va. 72 40 00 552 | a5 812

* Time of concentration, not reductive storagoe factor.

Mr. Crawford presents interesting analyses of channel-storage correln‘tion 4

wi.th stages at tpe disclfarge point and upstream from it, and shows the superi-
ority of correlations which give weight to upstream values of inflow and stage.

He calls attention to the potential possibilities of determining from discharge i
records other stor-age relations which would be too costly by cross-sectional
surveys. The writer has seen area-capacity curves for small dam sites so '

developed which would require very detailed field surveys for equal accuracy.

#
4
3
|
‘
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Mr. Kennedy emphasizes the fallacy of constant base length in a unit
hydrograph. Much of this fallacy may originate in the assumption of a finite
base length. If storage theories and unit hydrograph theories are to be cor-
related, the concept of finite base length in a unit hydrograph must give way
to a concept of an infinite length, a characteristic possessed by the writer's
instantaneous hydrographs and their derivatives. Nevertheless, the practical
differences, as shown by Fig. 15, are within the range of usually acceptable
hydrograph computations. This is probably the reason that the practical
simplicity of finite constant base length has so long outweighed the theoretical
superiority of infinite base length.

Mr. Cochrane has very thoroughly examined the procedure for deriving
unitgraphs utilizing storage concepts, and presents some explanations which
should be helpful to those who were mystified by the writer’s presentation.
In a simple manner, he clarifies the twofold effect of storage: First, the greater
effect of storage in creating time lags between flows from different zones, or the
time-area diagram; and, second, the further modification of hydrograph shape
accomplished by storage.

The order in which these steps have been utilized is the reverse of that in
Fig. 8, but the result is the same regardless of order. The order in Fig. 16
gives a clear picture of the mechanical effects, and would be necessary if one
wished to use variable values of K for different zones. At the sacrifice of this
possibility, the order of Fig. 8 involves less work. However, a unit hydrograph
for an entire area may produce very disappointing results if applied to a storm
characterized by great nonuniformity of runoff distribution. Mr. Cochrane
presents a very practical application of storage principles which considers
both nonuniformity of runoff distribution and some variation in storage effect.

Another method of accounting for nonuniformity, suggested by Mr. Turner,
is to extend the time-area concentration curve to express not only shape but
also different runoff distribution—that is, multiply the zone areas by the
depth of runoff in each zone before embarking on the routing procedure of
Table 1. 'This procedure takes care of distribution with respect to area and is
a fine tool for studying the magnitude of the effect of areal nonuniformity of
runoff distribution.

Both procedures abandon the unit hydrograph and require complete re-
caleulation of each flood with attendant increased labor. Other less logieal,
but extremely useful techniques to account rapidly for nonuniformity include
adjustments of chronological sequences of runoff used with the unit hydrograph.
Thus, concentration of volume on more remote parts of a simple watershed can
be simulated in some degree by using an effective runoff volume for a later
time than actually was the case. Ixtreme intensity of rainfall within a unit

period can be simulated by increasing the computational amount in that period
and decreasing the values on either side of the period. The most flexible
technique yet utilized by the writer is the development of unit hydrographs for
very small zones, which are routed downstream to gaging stations and tabu-
lated in the manner of Table 2. This procedure is followed for as small areas
as desired to express nonuniformity to the necessary degree. These sub-
unitgraphs can always be added together for use on areas as large as justified
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by the uniformity of any storm and can be used separately if necessary. Al-
though this procedure was discussed under the heading, “Unit Hydrographs
for Large Drainage Areas,” any watershed is large from the viewpoint of
detailed, exacting hydrograph computation. ¢
Refined techniques are necessary and desirable to establish more suitably
correct procedures and to confirm academic viewpoints as to the effect of
certain qualitative variables. However, a computation is only a guide to
judgment. After a hydrograph is computed with a unitgraph or other appro-
priate tool, judgment demands some modification of the answer if the premises
of the methods and the facts of the occurrence are not in accord. At timesa
wide line, a small scale, or a little freehand “artistic license” may have as mueh .
merit as hours of computing, In their proper place, these too are proper tools, i
Mr. Snyder presents several of the practical uspects of hydrograph caleula~
tion and the mathematical basis for a very simple and useful method of routing
over long reaches of river where storage-discharge relationships are such as to
produce essentially constant time elements. He calls attention to elements of £
logical and mathematical fallacy which may appear small to some investigators,
but which must be faced squarely and solved before the hydrograph computa- ~
tions can be considered accurate enough to prove or disprove some of the
questions raised in this paper. '3
As Mr. Snyder states, the Muskingum method of flood routing loses its
usefulness when applied to too long reaches. However, this may also oceur
because the storage-discharge relationship for a long reach of river is much g
less closely approximated by a straight line than is the relationship for short B
reaches. The storage item in flood-routing formulas such as liq. 5 deals with
the volume stored in a reach at any instant of time, whereas the storage capaci
of channels having nearly constant elements of flow time (n = 1.0 in Eq. 3)
refers more closely to the volume under the high-water profile. Although this
latter volume is the total storage volume utilized in the reach of river during
flood passage, it is more than is used at any instant during that time. ThQ};
difference becomes a materiul one in long reaches. Nevertheless, if storage
solutions are confined to the length of reach for which Eq. 5 would be appli-
cable, Eq. 6b is a correct solution. The Muskingum method is a correct
solution of Eq. 6b only to the extent that a finite value of 7' is a satisfactory
approximation of dt. Mr. Snyder expresses the opinion that values of 7' us
in the preparation of Figs. 2 and 3 were too short, =
The inadequacies of methods of mathematical solution receive too litt) ¥
recognition. Most engineers find it necessary to adopt arithmetic approximgs
tions, such as Kqs. 1 and 6¢, for the solution of calculus equations, such ag
Eqs. 2a and 664 The practises are so common that they escape much comy
ment. The simplicity of the Muskingum method encourages these proceduros,
since it depends-first on the substitution of a finite value of time T for the
infinitesimal time df. Then, too, many convenient, quick solutions evolys
from various lengths of time 7' which make one or more of the constants eithu
1.0 or 0. Values of T as large as K or larger conveniently obscure some of {

M “Graphical Integration of the Flood-Wave Bquutions," by Harold A, Thomas, Transactions, A
Geophysionl Union, Vol, 21, 1940, P 1, 1, 507, -
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effects of the inadequacy of the theory recognized by the w:::ter m.hxa dig-
sussion of Fig. 2, and have been accepted by some as a basic requirement.
The differences are as given by Mr. Snyder. In an effort to prove whether
such & basic requirement added anything to the over-all accuracy of hydro-
graph solutions, the writer has for several years _a.ssumed that the short'est
practical time element, 7', was the most appropnnte. In general, practical
applications have been no more faulty, and in some cases a.ppurentlydbette_l;i
whereas the practical benefits of greater mathematical consistency an ra.ﬁx
checking procedures acerue to (or result from) closer adherence to the mathe-
"mtﬁ:} ;S);;xzzz presentation of the mathematics of a six.npl.e method of lag
routing should increase the practical appeal and use of this ‘mfnple procedure.
To be completely general, the splution may need some provision (1) to cover
the flow eonditions in which the lag of the crest discharge is greater than the
lag between the centers of mass of the inflow and outflow, and (2) to cover
the conditions in which the recession rate of outﬂuw .exceeds t!ne recession
rate of inflow. Tlow conditions requiring this mmh.ﬁcs.tlon are evident in Fig.
18, in which the hydrographs of the Appomattox River at Ma:ttonx are shown
to have a materially smaller rate of recession than does that portion of the hydro-
graph at Petersburg which encompasses the flow volum? fm_n} above Matto?.x.

Inspection of Fig. 17 and 1q. 25 suggests the applw.ublhty ?f a negative
value of T',. The writer finds the mathematics of a solutxm} evasive, however,
and doubts that this is a practical solution. Neveg‘thclw's, it is 'explafmtory of
a relationship between K and time of concentration (7'.), which still baffles
him. [However, it is assumed for the purpose of the next paragraph that nega-
i of 7', are applicable. Lt
tJWT‘;:: uf:lurc of the vl:lx?iter to solve this possible a(lapt:ntion‘ ?f lag routing is
the source of his confusion in statements under the h_eudmg, “The Hydrograph
as an Index of Storage,” about which Mr. Snyder rightfully comments. The
values of K applicable to smaller watersheds appear to be as large as 0.5 of
the time of concentration (7',); yet those for large_r watershe(?s have a -much
smaller ratio of 7. and oceasionally a smaller dimensional quantity. Obviously
this is possible if T, could have a negative value. IFor the three gages on Yzhe
Appomattox River—Iarmville, Mattoax, and Petersb}lrg, eu.ch. site being
downstream from the preceding site—the values of K which the writer regards
as most appropriate are, respectively, 9 hours, 12 hours, and 9 hours, whereas
the most acceptable times of concentration, 7', are 32 hour.s, 114 hours, a.nd
168 hours. (These values for Petersburg differ from values in Ts})le 1, which
were the very first computations made for that strearr{. The d‘xﬁerence be-
tween the values of 7', equal to 144 hours and 168 hours is dimensionally lfl.rg?,
but the same percentage difference in the more usual range of the writer's
application, 24 hours or less, would represent but 4 hours, which is clo:?e to the
limiting error fixed by rainfall data. Turthermore, that percentage d'xﬂoiren?e
is quite comparable with the expected difference due to seasonal variation in
flow conditions, a factor usually ignored, but by no means absent.) 1.

The Appomattox River presents the most perplexing flow conditions to
which the writer has yet applied the unit hydrograph theory and the longest
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time of concentration for comparable drainage area that he has ever encoun- 8
tered, as well as a unique shape. Although the illustrated hydrographs for
the Smith River at Bassetts and the James River at Lick Run are certainly
the more ecommon type, exceptions, like the illustrated hydrographs of Appe-
mattox River and Meherrin River, are necessary to prove the rule. Judging
from records of rounded and tree-shaped watersheds typical of the glaciated
and alluvial streams of the Midwest, it would appear illogical that a stream
could rise for a longer period than it fell, or that streams could have unit
hydrographs like those presented for the Appomattox and Meherrin rivers.
Mr. Sherman’s doubt, that any unit hydrographs were presented in the paper
is therefore very understandable.
Mr. Turner provides a well-balanced discussion of the paper, confirming
statements and expressing appropriate reserve and doubt where his experience
and understanding of conventional concepts and procedures do not justify
presented conclusions. His comparison of results obtained from the outlined
unitgraph procedure and from his similar procedure® encourages confidence -
in the principles applied. His extension of the method to include varying E
rates of rainfall on different parts of the area is quite practical. )
Professor Johnstone outlines some logical elements of greater and lesser
refinement whose merit would depend on the extent of the use for them. He |
expresses several views in sharp conflict with those of the paper. The pro-
priety of defining a unitgraph to include nonsurface runoff is basicly criticized
Granting that some investigators have presented hydrographs attributed to
surface runoff, the writer questions whether such a claim can be substantiated
or disproved, since there is no feasible method of distinction, no acceptable
specific definition of either kind of runoff, or any impervious boundary
between the flow channels utilized by each. Practise in the application of the
terms seems to justify distinctions satisfactory to the user and determinable
only to the extent of their compatibility with a preferred theory. :
indicated that separate unitgraphs could be used for surface and subsurface
flow, if warranted, and that there was nothing fixed about the 70:30 ratio,
However, in computations of subsurface flow there seems little reagson to reject
that definable quality which the use of the unit hydrograph theory has provided k.
in surface flow analysis.
In his demonstration that there “* * * ghould * * * be no possibility of
multiple solutions” of conventional unit hydrograph derivations from rainfa |
and stream flow data only, Professor Johnstone adequately presents the reasons
why an investigator who uses all the data available can secure: (a) A distress-
ingly large number of different solutions if he assumes he is able to determing
runoff from rainfall; or (b) no solution if he admits inability to determine runof i
from rainfall. In the storage concepts presented in the paper, there are addi=
tional considerations which eliminate the necessity for dependence on rainfall
and runoff determinations. Until rinoff determinations become more reliable,
however, the real accuracy of the method must remain partly shrouded iy
unproved hope.
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Sy~opsis

The purpose of this paper is to demonstrate the usefulness of the principle of
superposition in the analysis of rigid frames by the slope-deflection and moment
distribution methods. A number of examples are presented to show how the
principle may be used to advantage in attacking a variety of problems. The
principle of superposition is usually stated in textbooks on structural analysis;
but, in the writer’s opinion, its application is not emphasized to the extent that
its importance warrants. In the study of continuous structures, in particular,
a thorough working knowledge of the prineiple is indispensable.

It will be noted that no new method of analysis is proposed. Instead, a
method of procedure is outlined which eoordinates the principle of super-
position with existing methods and, at the same time, places emphasis where
it properly belongs.

PrurLiMINARY CONSIDERATIONS

The scope of the paper is limited to the analysis of frames in which applied
loads cause linear displacements of the joints, in addition to angular displace-
ments (rotations), and consequent angular displacements of the members. It is
ussumed that each member of any frame considered has constant section
throughout its length. IMowever, the method of procedure which is presented
is general, since it is based upon fundamental principles, and can be applied
with little additional labor to the analysis of frames having members of varying
section after fixed-end moments, carry-over factors, and stiffness values have
been evaluated.

Notation.—The following letter symbols, used in this paper, conform essen-
tially to American Standard Letter Symbols for Mechanics, Structural Tingi-
neering and Testing Materials,* prepared by a Committee of the American
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