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SYMBOLS AND DEFINITIONS

A, drainage area, in square miles. The total surface area contributing
to the surface drainage of a basin.
d, unit duration, in hours. The time during which rainfall excess occurs
to produce a unit hydrograph. Sometimes referred to as unit time.
L, basin length, in miles. The distance from a designated point on a
stream to the surface-drainage divide. Basin length is measured
along the main stem and follows the general trend of the flood plain
rather than the meandering low-water channel.
basin mean length, in miles. The average distance which flood water
must travel within a basin to reach the outlet. The distance is
measured along the general path of the flood plain of all streams in
a basin and is not representative of low-water channel distances.

@, infiltration index, in inches per hour. The rate at which the combined
effects of infiltration, evapotranmspiration, and surface detentions
are abstracted from total rainfall. The balance of total rainfall is
surface runoff.

Q, discharge, in cubic feet per second (cfs). The rate of flow at a
particular instant of time.

Q , peak discharge, in cubic feet per second (cfs). The maximum, instan-
taneous rate of flow during a flood period.

=Q, summation of discharge ordinates of a hydrograph, in cubic feet per
second.

=Q , summation of discharge ordinates of a unit hydrograph, in cubic
feet per second.

Re, rainfall excess, in inches. The volume of rainfall available for
direct runoff; the residual of rainfall after all losses such as
interception, infiltration, evapotranspiration, and surface storage
have been satisfied.

S, main channel slope, in feet per mile. The slope of the main chanmnel
measured between points 10 percent and 85 percent upstream from the
gage.

s , standard error of estimate, generally in percent. The error which
will not be exceeded two thirds of the time.

T, time, in hours. The number of hours measured from the beginning of
direct runoff.

T!, lag time, in hours. The time measured from the center of mass of
rainfall excess to the center of mass of the resulting runoff hydro-
graph.

TL’ adjusted lag time, in hours, equals T! + d/2. The time measured
from beginning of rainfall excess to the center of mass of runoff
for the unit hydrograph.

T , time-to-peak, in hours. The time measured from the center of mass
of rainfall excess to the resulting time of maximum instantaneous
discharge (peak discharge).

At, computation interval, in hours. The interval of time selected for
successive computations of a particular problem.
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RAINFALL-RUNOFF-UYDROGRAPH RELATIONS TFOR NORTHERN LOUISTANA

By V. B. Sauer

ABSTRACT

Streamflow records from 22 gaging stations and more than 90 rain
gages were used to study the relation between rainfall, rainfall excess,
and runcff hydrographs in northern Louisiana. Rainfall excess can be
estimated from rainfall by the use of an infiltration index, @, which
varies seasonaglly from 0.24 inch per hour in the winter to 0.7 inch pex
hour in the summer. The results are not precise; however, studies of
more complicated techniques using various measures of antecedent condi-
tions and storm duration did not offer significant improvements.

Unit hydrographs were developed from the streamflow records and
regionalized for use at any sifte in the study area. The regionalized
dimensionless unit hydrograph can be converted fo a specific unit hydro-
graph for a site from known values of drainage basin size and length and
an estimated value of lag time. Basin lag time, a critical factor, is
related to basin characteristics and, inversely, to total veolume of
rainfall excess for a given storm, The recommended procedure for estima-
ting lag time is based on the general equation

b
T£=aL s
where T{ is lag time, L is basin length, and a and b are coefficients

which vary with rainfall excess. Coefficients are given for rainfall
excess ranging from 1 to 5 inches.

The peak discharge from a known amount of rainfall excess occurring
within two or three unit durations can be approximated from the equation

645.3 AR
e

. -
ST,

where Qp is the peak discharge rate, A is the drainage basin size,
R, is the rainfall excess, and T is the adjusted lag time.

The accuracy of the lag time and unit-hydrograph relations is fairly
good if the true amount of rainfall excess is kunown. A random test
indicated a standard error of estimate of 22 percent.



INTRODUCTION

The optimum design of waterway structures, such as dams, bridges,
and levees, requires an accurate knowledge of streamflow so that the
initial cost plus maintenance costs will be a minimum, and the structures
will serve their purpose safely and effectively. The efficient operation
of a reservoir requires an accurate prediction of inflow during floods.
Accurate flood forecasting is becoming increasingly important as more
people occupy the flood plains of our rivers and streams. These and
other related problems can be solved in various ways depending on the
particular situation; however, in many instances the flood hydrograph
resulting from an actual or hypothetical storm is required. It is the
purpose of this report to provide a method whereby flood hydrographs for
streams in northern Louisiana can be synthesized from rainfall data and
basin characteristics.

This report presents a method for estimating rainfall excess from
direct rainfall by the use of an infiltration index. The rainfall excess
can then be converted to a direct-runoff hydrograph through the use of a
unit hydrograph. Methods are presented for defining the unit hydrograph
for all streams in the study area. Examples and step-by-step procedures
of the computations are given.

This report was prepared in the Baton Rouge district of the Water
Resources Division of the U.S. Geological Survey as part of a cooperative
agreement with the Louisiana Department of Public Works. Similar reports
for southeastern and southwestern Louisiana have been published as
Technical Reports Nos. 2a, (Calandro, 1967), 2b, (Sauer, 1967), 2c, (Lee,
1969), and 2d, (Sauer, 1969).

DESCRIPTION OF THE AREA

The study area, referred to as northern Louisiana in this report,
is an area (fig. 1) of about 10,500 square miles bounded on the east by
the OQuachita River, on the south by the Red River, on the west by the
Louisiana-Texas border, and on the north by the northern periphery of
Bayou Dorcheat and Corney Creek basins. The north boundary extends into
southern Arkansas.

The study area is entirely within the Coastal Plain province (Fenneman,
1938) . Topography ranges from flat land to rolling hills, with channel
slopes ranging from 2 feet per mile on the large streams to over 30 feet
per mile on the small streams. Channel slopes are closely related to
basin size. Mixed stands of hardwood and softwood trees cover most of
the area; however, some basins may have as much as 50 percent open land
used for small farms and for pastures. A variety of soils occurs in the
area, the general soil areas being the Coastal Plain, Flatwoods, and
Recent (Holocene) alluvium (Lytle and Sturgis, 1962). The Coastal Plain
soil area is the predominant grouping and ranges from fine sandy loam
surface soils to sandy clay subsoils. The subsoils are defined as per-

meable to slowly permeable.
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Figure 1. The study area, rain gages, and streamflow stations.



The semitropical climate of the area results in a mean annual tem-
perature of about 66°F and mean annual precipitation of about 50 inches.
Thunderstorms are the source of the most intense rainfall but are usually
of short duration. Tropical storms in the late summer and fall sometimes
cause prolonged heavy rainfall. During the winter, high-pressure systems
moving into Louisiana from the northwest cause a simultaneous shift in
the wind and a temperature drop that sometimes results in heavy rainfall
over large areas. Snow and ice are rare and have no effect on streamflow
in northern Louisiana.

DATA AVAILABLE

The two main types of data required for the development of techniques
described in this report are rainfall and streamflow. Topographic maps
were used to determine basin characteristics such as stream length, mean
length, slope, and basin size.

Rainfall

A total of 94 U.S. Weather Bureau rain gages, most of which are
shown on figure 1, were used as the source of all rainfall data for the
analyses in this report. Some of these rain gages have been discontinued.
About 80 gages in and around the study area are presently active, some
of which are in Texas and Arkansas.

The density of the active rain-gage network is about one gage per
130 square miles. About 25 of the 80 active gages are recording type.
The density of the recording gage network is one gage per 420 square
miles.

Areal rainfall of individual storms over a basin was computed using
the Thiessen polygon method. Hourly distribution of the rainfall was
made on the basis of the nearest recording rain gage or gages. The error
of areal rainfall for individual storms will vary from storm to storm
and for the individual basins studied. This error is directly related
to the density of rain gages in each basin. Quantitative evaluation of
the magnitude of error is not available for northern Louisiana, but an
estimate can be obtained by applying the results of the Muskingum basin
study published by the U.S. Department of Commerce (1947) . Using the
results of that study, a curve (fig. 2) relating standard error to basin
size was developed for a rain-gage density of 1:130 square miles (average
for northern Louisiana). The curve applies to a random spacing of rain
gages.

The error involved in making a time distribution of rainfall is even
greater than that for areal distribution because of the relatively sparse
network of recording rain gages.
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Figure 2. Standard error of areal rainfall as determined from a
random rain-gage mnetwork of one gage per 130 square miles.

Streamflow

Streamflow data were obtained from U.S5. Geological Survey records
of 22 gaging stations in northern Louisiana. The locations of these
stations are shown in figure 1. One station (7-3525) was not used in
the rainfall-runoff analyses because of insufficient data, but it was
used in the study of unit hydrographs. Another station {7-3655) was not
used in the unit-hydrograph derivations, but it was used to develop an
infiltration index.

Runoff and hydrographs for individual storms were computed directly
from the original data, which are generally accurate to within 10 or 15
percent. Base flow during storm periods was deducted from the total
runoff to obtain the direct storm runoff. This deduction was made by
assuming a linear variation of base flow from the beginning of storm
runoff to a point on the recession of the hydrograph where direct runoff
was estimated to end. The error involved in estimating base flow in this
manner may be large, but because this is only a small part of the total
runoff, it will mot cause significant error in the computation of storm-
runofl volumes and direct-runoff hydrographs.

RAINFALL EXCESS
Rainfall excess, as defined for this report, is that part of rain-
fall resulting in overland runoff, which eventually becomes streamflow.
The balance of rainfall either infiltrates to the soil and to ground-

water reservoirs or returns to the atmosphere by evapotranspiration.
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Infiltration and evapotranspiration are usually regarded as gbstractions
or losses, when the primary concern is the computation of rainfall excess,
Because evapotranspiration is usually the smaller part of the total
abstraction during a storm period, the further discussions in this report
will refer to the difference between rainfall and rainfall excess for a
given storm as an infiltration loss., The rate of loss will be referred

to as the ¢ index. Likewise, rainfall excess and total direct runoff for
a storm are considered syneonymous.

Rainfall excess was computed for about 500 storwms, each having 1.5
inches of rainfall or more. The calculation of rainfall excess within
a basin for each of these storms was made from streamflow records at 21
gaging stations. The station, Black Lake Bayou near Castor, was not used
because of insufficient data. Base flow was subtracted from the total
runoff at a gage to compute the direct runoff, or rainfall excess. The
process is complicated when individual storms are so close in time that
resulting runcff from the storms merge. Graphical separation techniques
were used for such instances, if possible; otherwise, the storms were not
used.

The results of various attempts to relate rainfall excess to total
storm rainfall, storm duratiom, rainfall intensities, and various ante-
cedent indices were not satisfactory. Similar correlations usiag an
average infiltration index, @, as dependent variable were made, but no
satisfactory relations could be found,

Failure to define significant rainfall-runoff relations is attributed
largely to the inaccuracies in computing total rainfall or a storm over
a basin. As noted in the "Data Available' section on rainfall, the
average density of the rain-gage network is one gage per 130 square miles.
According to figure 2, rainfall computed for most basins used for this
report (those less than 350 square miles) would have a standaréd error
greater than 30 percent. When the primary cause of rainfall excess can
be in error by this amount, it is not likely that the true effects of
secondary factors such as antecedent conditions, duration, and intensity
can be defined.

The median infiltration rate, @, was studied for each basin to see
if it might be used on an areal basis. The 99-percent confidence inter-
val of @, for each basin, indicates that only three basins have signifi-
cantly different @ values from the median of the entire study area. The
difference, however, is small and the three basins are widely separated;
therefore, they were not singled out for individual study.

The ¢ values for all basins were grouped by months, and the median
value was computed for each month. The results of this study are shown
graphically in figure 3., The dashed lines in figure 3 encompass two-
thirds of the data. That is, one-sixth of the § values were less than
the lower dashed curve and one-sixuth were greater than the upper dashed
curve,
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Figure 3. Seasonal variation of infiltration index, #.

The median curve of figure 3 can be used to estimate the infiltration
rate for a storm. The application of this ¢ value to storm rainfall will
give an estimate of the rainfall excess for that storm. The dashed curves
in figure 3 are indicative of the error to be expected in the computation
of rainfall excess. An example of the application of @ is given in the
gection '"Practical Application.”

UNET HYDROGRAPHS

The unit hydrograph for a site is a hydrograph of direct runoff (not
including base flow) resulting from 1 inch of rainfall excess uniformly
distributed over the drainage basin during a unit time. Such a hydro-
graph seldom occurs in nature; however, it can usually be derived from
streamflow records if several storms which approximate the prescribed
conditions are available for analysis.

Figure & is g definition sketch of a unit hydrograph showing various
dimensions and their relation to rainfall excess. Definitions of the
various symbols are given on the inside froat cover.
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The unit hydrograph for a site can be used to compute direct-runoff
hydrographs at the same site for variocus amounts of rainfall excess.
The necessary assumptions are derived from the basic unit-hydrograph
definition and are as follows:

(1) It is assumed that the rainfall excess of a particular storm
can be determined with reasonable accuracy. WNot only must the volume of
rainfall excess be determined, but, just as important, the time distribu-
tion must be known. Rainfall excess can be computed as explained in
this report, although the basic principles of the unit-hydrograph theory
do not depend on the mammer in which rainfall excess is computed. Auay
method which gives reasonable accurate approximations of rainfall excess
will do. It should be pointed out that the unit hydrograph is not a
tool for computing rainfall excess but only a method by which rainfall
excess can be converted into a discharge hydrograph.



(2) It is assumed that the runoff-producing rainfall is distributed
fairly uniformly over the basin. This assumption limits, to some extent,
the maximum size of basins that can be used in such computations. ¥For
the basing in the study area (all less than 1,500 square miles and most
less than 350 square miles), it can generally be assumed that fairly
uniform distribution will occur for the large storms; however, the user
should assure himself of upiform areal distribution for any storm to be
computed because in some instances rainfall may be concentrated over ome
part of a basin, or the storm may move upstream or downstream, all of
which tend to distort the hydrograph resulting from that storm. It cannot
be expected that exact reproductions will be obtained because there are
always some nonuniformities, and rainfall excess is difficult to compute
with accuracy. If it is desired to compute the flocd hydrograph for an
outstanding storm over ome of the larger basins and it is known that
this storm is not uniformly distributed, the basin can be subdivided into
smaller basins, and the hydrographs computed for each. After this has
been done, fleood-routing procedures can be used to combine the various
subbasin hydrographs at the desired location. Carter and Godfrey (1960)
provide a suitable method of routing fiocods.

(3) It is assumed that the discharge ordinates of a direct-zunoff
hydrograph are in the same ratio to the unit hydrograph as the rainfall
excess is to one. That is, the ordinates of a unit hydrograph multiplied
by the rainfall excess, in inches, equals the ordinates of the direct-
runcff hydrograph for that amount of rainfall excess. It will be shown
later in this report that the unit hydrograph for a site is variable,
depending on the amount of rainfall excess. This variability accounts
to some extent for nonlinear storage,

The basic use of the unit hydrograph is derived from assumption (3)
of the preceding discussion. Through this assumption it is possible to
convert any amount of rainfall excess to a runoff hydrograph. The simple
case is one in which all rainfall excess occurs during the unit time, or
unit duration, d. TFach ordinate of the unit hydrograph is multiplied by
the rainfall excess, in inches; and the resulting hydrograph is the hydro-
graph of direct runoff expected from that amount of rainfall excess.

The more complex and more common case is one in which rainfall excess
oceurs during more than one unit duration. When this occurs, each period
of unit duration is computed separately; the individual hydrographs are
placed (lagged) in their proper time position; and the sum of the ordi-
nates at a given time will yield the total discharge at that time. Figure
5 is a graphic example illustrating the computation of a direct-runoff
hydrograph when rainfall excess occurs during several unit~time periods.
To complete the runoff hydrograph, base flow must be included.

Unit hydrographs were derived from streamflow records at 21 gaging
stations in the study area. TFive or six storms were used to define lag

time, Ti, and the dimensicnless unit hydrograph at each statiom.
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Unit hydrographs for different sites appear, at first glance, to
have quite different shapes, and cue might doubt that a group of unit
hydrographs, such as those defined for northern Louisiana, could be com-
bined infto a single hydrograph representing all. However, certain mathe~
matical manipulations can be used to change the unit hydrograph inte a
dimensionless form. Dimensionless unit hydrographs are similar in shape
and magnitude and can be averaged into a single unit hydrograph that can
be used to reproduce synthetic unit hydrographs at any site. The method
of reducing a unit hydrograph to dimensionless form involves, first, a
transformation of the time scale by dividing each unit of time by the
adjusted lag time of the unit hydrograph. Adjusted lag time, Ty, is
defined as the time from beginning of rainfall excess to center of mass
of the runoff hydrograph (fig. &). Second, ordinates of discharge are
determined at equal intervals of the transformed time scale, and these
ordinates of discharge are reduced to dimensionless values by dividing
each by the summation of all. A group of unit hydrographs reduced to
dimensionless form in this manner can be averaged into one dimensionless
hydrograph that will be representative of all. Such a procedure is
referred to as regionalization. The results of this regionalization are
given in the following sections.

Lag Time

Lag time, a critical factor used in the derivation of dimensionless
unit hydrographs, is defined as the time from center of mass of rainfall
excess to the center of mass of the resulting runoff hydrograph. Tt is
usually considered to be a comstant for a given basin; however, the
results of this report indicate that in northern Louisiana lag time fox
a basin varies significantly with the magnitude of rainfall excess.

The variation of lag time for each basin used in this report is
defined by the plots shown in figure 6. Although the scatter of some
points may seem ezcessive, there is definite dindication that runoff from
large storms concentrates more gquickly than runoff from small storms.

The primary reason for the variable lag time in each basin is attrib-
uted to the type of main channel and flood plain existing in northern
Louisiana. The main channels are small, tortuous, and generally overflow
during all except the small floods. Flood plains are usually wide and
shallow with numerous slough channels. As a flood increases in magnitude,
the effective distance it must travel is shortened, and the travel time
is shortened by corresponding amounts. Also, the larger floods travel
faster than small floods because of greater depths.

The curves of figure 6 are considered a better indication of lag
time in a basin than the lag time computed for individual storms. This
is so because each storm tends to have some nonuniformity caused by
variable areal coverage or time distribution. On this basis, lag time
was read from the curves for each station for storms of 1, 2, 3, 4, and
5 inches of rainfall excess. These values are given in table 1 along

11



300 ‘ ‘
—X %
200 ° Pt 390
X
a X o ' X x-—-"-—-._.__\
A \\0%‘“%_@487
N \____________
100 Frmr e
80 3
X eI Y 349g X
60 o S
o
o\
40 Fo
30 9
3,
%,
s
* o\\
X e %
s
30 ¥ h“‘“"“--..__"
2 8
B
L6
%
& 4
T [
g 3710
B3 o
] =] o
3
2 [
250 T I
200 o
-]
2 o
0.2,
100 s \
X o
w \‘l\_‘:_ -
o Og
“-.__‘_\9
60 fofr = O L
! ° 38528
)
% Aoy
40 b of Fany
Nﬂo X
30 5y
‘\-:l._hT_____
20 T 00
32
o o
I3 | 0\
10 | T e
0.3 0.5 I 2 2 4 5 7 E

RAINFALL EXCESS, IN INCHES

Figure 6. Relation of lag time to rainfall excess

12



100

80

6

40

o L 3725 o

30 lo ° ot
20
150 [T
| o |
) 0\3&93 o]
100 =2
80 X [+] =
X
60 = _~h€§;ffiﬁ
XX}
. i X, L
40 ol

30 \OD\
20 \WD\

LAG TIME, T, IN HOURS

60

40 4

120

100 'X\X

80
a0 \QN‘ ’

40

30 X

20

G, 3 0.5 1
RAINFALL ¥XCESS, IN INCHES

Figure 6. Relation of lag time Lo rainfall excess--Continued

13



A €1 At 9% iZ £11 79 701 15 ¥20T10g 3B yanap Big 0gLE
5T 62 62 0 g 14 S 3 6712 76 aneal aeau sTno Auung nodeg $ZTLE
201 811 ZE1 951 202 77z AR [A8%Y 759 PTOTUUTH 2EDU IdATy wucwapSng 6zt
8% 49 £9 Le 011 9y 1°6Y 68T {98 0I0qS3UOL JEIU IBATY BUOWSPING S1ig
5" ¢ 0'g 0°€ Q¢ 8¢ S g9 L0t 7'z Y1'E 0I0GS3UOL I ¥BIID ITBIIED 014¢
ag s z9 5L 101 gt $81 Z'8¢ 142 uoSABIH I12al ¥ad1) 101SED SOLE
£% Ly s kiy 69 £ LTEl £°62 202 PITTIT dwau nodeq Aaui0) ay3itli z99¢
-- -- - -- ~- ial 291 97¢g 941 [ 297UX3g Iu Juuoqiy,q noABg A0 ITPPIN $59¢
L% 43 09 (43 66 Ly 7791 77RE 55 useqng Jesul Juucqly,q nodeqg 059¢
L 09 £9 59 08 9'¢ 0771 £g7 Iyl uere] 1EaU 211n07 ay nodeq 1979¢
7z 5T 1z 62 vE 779 '8 11 Ly AxswoBIuoy 1BaU 4931) SIYIRIUEN SESE
) % g 39 s £°¢ 6711 A 67 €6 2IIBYSNO) IT3U NOARY puel) 825¢
g4 78 15 £01 871 6°¢ 9712 9768 (XA 1o3se) Iesu nofeg ayel yovid $z5€E
6% 0g 4 139 Q% 19 £°11 142 751 &nomy awpau nodeg aurles 0ZSE
£°6 86 Z 01 11 z1 A1 0y 09 § 67 PI21FSum Iw3u asseysuog By nodag L16€
81 61 0z 44 %2 0zt 779 § 11 99 ATTTAYITRY aABsU nofey $521dLD 33
9z iz 87 it 9g 9°8g g ¢ 0°¢1 64 21TTA4ITAY dwau nofeg 488og 015¢
Lg 8¢ 09 £9 8% 6°6 g 11 A4 €61 uojuasg Ipau nodeq §591d4AD 86%E
5ol (A 081 €561 072 A %8¢ 064 L60T USPUTH JIBRU JEIDI0Q noleg 06%E
81 61 0z 72 9z 78 9°9 A 6799 u03277 Iwau nodeyg 321 3ITTJ 887¢
011 €11 611 LT¥ z71 5 ¢ 1792 8Ly 509 TTTydutadg Ipau Jeaydiog nodey £8%¢
91 81 ¥4 i 1% 76 08 § T 8/ poonmuasid iesu nodfeq azg med ST e
$inou Uyl Tawil #T -
— . w. .m w. i q_ : S B9 1 ki sweu woriEag Q.w“._mmv
TIGOUT U7 TBE90%KP [IeJUITY $OTISTIevRIEYD ULSEY uo13BIs

aiseq 3BeulRIp

(EBD

T ¢safiw uy ‘yiSusi uiseq a8eutexp ‘T {sejr aaenbs ur ‘szrs urseq afeureip ‘Y

ca11w x12d 31823 ut

‘adors tauueyn uisw ‘g fsaylw ul

swiz fey pue ‘SOTISIIIIOBIBYD UISR] ‘SUCTIBIS MOTIUBaIIg--'] I[QBL

fya8uar ugaw

IS$013181a3308IRED uiseq

14



with the basin characteristics for each station. Lag times for one
station (7-3655--Middle Fork Bayou D'Arbonne near Bernice) are not given
because data for thal station were insufficlent to define the relation.

The data in table 1, with logarithmic transformation, were used in
a linear multiple regression study Lo relate lag time to bhasin character-
istics. The relations defined by these analyses can be used to estimate
lag Lime for ungaged sites in northern Louisiana. Lag time, in hours,

for 1, 2, 3, &, and 5 inches of rainfall excess is denoted as Tﬁl’ ”f2’
TiS’ Ti&’ and TﬁS’ respectively, in the following equations. Other para-

meters used are:
(LY A, drainage hasin size, in square miles;

(2) L, drainage basin length, in miles, measured along the
gepneral path of the Llood plain from the point of
outlet to the fartherst point on the basin divide;

(3) LC , drainage basin mean length, in miles, also measured
along the general path of the flood plain; and

(&) 8, the main chapnel slope, in feet per mile, measured
as the slope between points at a distance 10 percent
upstream from the gage and 85 percent upstream from
the gage.



The following equations give lag time in terms of:

Mean length (s =19 percent)

oo 1. 28
ZLl =2.,48 L

.24
L2_2 .29 L

. 1.21
7 4=2.22 1"

1.18
L4 =2.21 L

16
L5_2 .19 L

Area (se:25 percent)

mt '72
fL1_1.6é A

.69
L2 =1.56 A°

_ .67
T)4=1.54 A°

.65
L4 =1.55 A°

.64
L5 =1.56 A°

S, is the average standard error, in percent, for each group of

equations.
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Length (8e=20 percent)

1.21
Llwl .32 L

o 1.18
T/ ,=1.22 L

1.15
ll:'; .
ILB 1.19 L

. 1.12
T! =1. ‘
=120 L

ml JG
lLS =1.19 L

Area and slope

1) =18.7 A° 42g

. .38
T/,=21.8 A"7%S

L L35
Tl ,=22.4 A"8

.33
L4—22 2 AT

31‘
L5_22 L0 A°TTE"

(86221 percant)

56
360
701

w51

761



All of the regression coefficients in the preceding equations are
significant at either the 95-percent or 9%-percent level of significance.
Slope did not prove sipgnificant when used with length and mean length,
and the resulting equations are not given.

Based on standard error, the best results (s,=19 percent) were
obtained using mean length. It is suggested, however, that the "length"
regression be used for making estimates of lag time in northern Louisiana.
The small sacrifice in standard error is more than compensated for by the
ease of computation. Basin length can be easily and quickly determined
from topographic maps using dividers, rolling map measure, or by other
simple means. The equations of lag time wversus length are shown graphi-
cally in figure 7.

Significance of Variable lap Time

A significant aspect of this study is the evidence that indicates
lag time is not always constant for a basin, and that it shows a definite
relation with the magnitude of storm runoff. This gains importance when
lag time is used to define the unit hydrograph. Assume, for instance,
that lag time for a basin is not variable but constant for all storms
regardless of size. The unit hydrograph for this basin then takes on
the same shape and magnitude for all storms. The application of this
unit hydrograph to small storms as well as large storms results in linear
proportionality of the hydrograph ordinates.

Assume for the same basin, however, that lag time varies with magni-
tude of storm runcff. Now, because of the direct relationship between
lag time and the unit hydrograph, there will result unit hydrographs of
different shapes and magnitude for the various size storms. Unit hydro-
graphs developed for large storms, because of shorter lag frimes, will
have earlier and higher peaks than unit hydrographs developed for small
storms. The application of these unit hydrographs to their respective
storm runoffs will have the affect of & nonlinear relationship between
various storms. In many areas such as the study area in northern Loulsiana,
this nenlinear relation is typical.

It should be emphasized that the unit hydrograph for a particular
storm is applied with the assumption of linear proportionality. The
variable lag time in a basin simply yields a family of unit hydrographs
for that basin, which will account for the nonlinear relation between
various size storms.

Unit Duration

The unit duration, d, by definition is the time during which rainfall
excess occurs to produce a unit hydrograph. Unit duration should be
selected sc¢ that an optimum number of points arve computed to define the
unit hydrograph. Selection of a unit duration that is too small will

17
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result in excessive computations. This will not affect accurdcy but will
be laborious and time consuming. Selection of a unit duration that is
too large will result in insufficient definition of the unit hydrograph
and could lead to large errors.

Sufficient definition of the unit hydrograph can be obtained if unit
duration, d, is computfed as 10 percent of the lag time. The unit duration
computed in this manner should then be rounded to the nearest whole number
of hours evenly divisible into 24 hours. For example, if Ti is 45 hours,
then unit duration, d, equals 10 percent of 45, or 4.5 hours. For practi-
cal use, d should be used as 4 hours.

Derivation of Synthetic Unit Hvdrographs

The individual unit hydrographs computed for each station were
reduced to dimensionless terms according to the procedure described in
the preceding explanation of "Unit Hydrographs.” For each station a
graphical average was drawn from a composite of the individual dimension-
less graphs. Variations of the individual dimensionless unit hydrographs
are primarily the result of nonuniformities of the storm, and the average
is considered representative of uniform storm conditions.

All of the average dimensionless unit hydrographs for the 21 stations
were gimilar in shape and magnitude, the standard deviation of the peaks
being about 15 percent. An average of these results in a single, dimen-
sionless unit hydrogravh applicable to the study area. An accumulated
gsummation of this average hydrograph is given, in percent, in table 2.

A synthetic unit hydrograph for any site In the study area can be
derived from table 2. The variables necessary to make this derivation
are drainage-area size, A; adjusted lag time, Ty (TL=Ti+d/2)3 unit dura-
tion, d; and computation interval, At, (Computation interval, At, is
selected to be equal to unit duration, d.) Table 2 is tabulated at 0,01
intervals of T/TT’ but to derive a smooth unit hydrograph it is recommended

that thousandthsAbe used for values of T/TL and that the table be inter-

polated., T is defined as the number of hours measured from beginning of
direct runoff.

The procedure for deriving a synthetic unit hydrograph from table 2
is as follows:

1. Compute T/T; for increments of T equal to At (d=A4t). The
values of T/T; should be listed up to and including 2.5.
2. Tabulate the corresponding percentages from the summation table.

These are accumilated distribution percentages for the desired
unit hydrograph at intervals equal to At.

19



3. Take differences between succeeding values of the gccumulated
percentages. This gives the distribution, in percent, of the
unit hydrograph for the selected unit duration and time inter-
val., A plot of these values would yield a distribution graph.

4. To convert the distribution percentage to cubic feet per second,
divide each by 100 and multiply by the summation of discharge
ordinates, :EQU, computed by the equation

_645.3A
:EQum At

This equation represents a summation of the discharge ordinates of
the unit hydrograph if these ordinates are spaced at intervals equal to
At. It is derived as follows:

(1) The total volume of runcoff, in cubic feet, from any rainfall
excess, R,, in inches, over a drainage area, A, in square

miles, is

A(miz)(5280)2(ft2/ 2R (in.)
Volume (ft7)= £

12 in/ft

_(5280)% A R, -
12

{2) The total volume of runoff is alsc equal to the area under the
digscharge hydrograph resulting from the rainfall excess, R,.
This area can be computed by summing incremental areas equal
to QAt, where Q, in cubic feet per second, is the average
discharge during the time interval, At, in hours. The total
volume, in cubic feet per second hours is

Volume (ftBhr/sec) =Q1_At+Q2 Atd.. ., Q At.
= At(Q1+Q2+. .o .Qn)

= At (hrs) EQ(ft3/sec) .

This is converted to cubic feet by multiplying by 3600,
the number of seconds per hour.

Volume (ft3)*=3600 (sec/hr)y. At(hr) EQ(ft3/sec) .
=3600 At=ZQ.

20



(3) Combining the equations for volume as derived in (1) and (2),
the equation for &Q can be derived as follows:

(5280)% A R =3600 AtEQ
12

645.3 A R
e

=47

(4) TPor a unit hydrograph, the rainfall excess, Re’ is equal to
1 inch, and the equation becomes

_645. 3

$Qu At :

where EQu is the summation of discharge ordinates of the
unit hydrograph.

21



. Table 2.--Summation table for synthetic unit hydrographs.,

22

T/T 0 .01 .02 .03 .04 .05 .06 .07 .08 | .09
L Accumulated Distribution, in percent
0 0 .07) .14 | .22; ,31| .40{ 50| .60 710 .83
-1 -95) 1.12) 1.29 | 1.48| 1.67) 1.88 2,10/ 2.33| 2.57; 2.82
.2 3.08| 3.36| 3,65 3.96| 4.28| 4.61: 4.97| 5.33} 5.71| 6,11
.3 6.52| 6.93| 7,35 | 7.80| 8.26| 8,741 9.24| 9.75 1 10.29|10,84
A | 11.42011.99112.58 113,20]13.83 | 11,49 15,16[15.85 | 16.56(17.28
.5 |18.03|18.80]19.60 | 20.40(21.23| 22.07{22,93]23.80 | 24.69|25.60
6 |1 26.52|27.48128.44 | 29,41130.,39 | 31.39]32,39133.40 | 34,42|35.,44
.7 136.,48|37.50(38.51 | 39.53|40.54 | 41.56|42,58(43.59 | 44.,61]45.62
.8 | 46.64147.59 48,53 | 49.46(50.39 | 51.31]52.22|53.13 | 54.02|54.92
.9 155.80156.63|57.45 158,25(59.05{ 59.84/60,61(61.38 |62.13/62.88
1.0 163.61|64.32165.01 |65,69166.37 | 67.03)67.68|68.32 | 68.95/69.56
1.1 170.17170.76 (71,35 |71.92|72,48 1 73.04|73.58|74,11 | 74.64]75,15
1.2 175.65176,15176.64 | 77,13|77.60 ; 78.07]78.53(78.97 | 79.42]79.85
1.3 80,27180,69|81.11 :181.51|81.92| 82,31182,70|83.07 | 83.45(83,.81
1.4 184,17]|84.53184.88 | 85.23|85.57 | 85.90| 86.23186.56 | 86.87]87.18
1.5 | 87.49(87.79 88.09 | 88,38|88.66 | 88.95]89.22]89.49 | 89.76]90.02
1.6 190,28/90,53190,77 [91,02{91.25|91.48/91.,71]91,94 | 92,16(92,38
J1.7.192,59192.80193.00 | 93,20]93.40 | 93.59|93.78193.97 | 94.15/94.33
1.8 |94,51|94.68194.85 | 95.01195,17 | 95.33|95.49i95.64 | 95.80|95.94
1.9 186,09(66.23196.36 |96,49196,62 1 96,75196.88[97.00 | 97,12197,24
2.0 197.36|97.47 197.57 | 97.6897.78 | 97.88|97.98,98.07 | 98.17|98.26
2.1 198.35|98.43198.51 | 98.59198.66 | 98,74 98,81 198.88 | 98.95/99.02
2.2 199.09199.14199.20 |99.25,99.30 | 99.35|99.40199.45 | 99.50|99.54
2.3 199.59199.62199.65 | 99.68199.71 | 99.74/99.77:99.80 | 99.83/99.85
2.4 199.88[99.89(99.90 | 99.92199.93 | 99.94|99,951{99.96 | 99.98|959.99
2.5 100.00




PEAX DEISCHARGE

This report is designed mainly to provide a method of computing the
flood hydrograph of a given rain storm. There are instances, however,
when only the peak discharge from a storm is desired. To simplify this
type of computation the following equation may be used:

645.3 A R
Q 127 v
P Ty

where Qp=peak discharge, in cfs;

A=drainage area, in square miles;

Re=rainfall excess, in inches; and

TLzadjusted lag time, in hours,

This equation is based on the dimensionless unit hydrograph where

Dr/, =z Q
TL p/§Qo
645.3 A Re
By substituting the equation EEQ=““““2§E”"“"’ the above equation Lor

Qp was developed.

Tt should be noted that this is an approximate relation. II the
duration of rainfall excess greatly exceeds the value of d that would
normally be selected, the equation for should not be used. However,
if rainfall excegs occurs within two or three unit durations, the peak
computed by this method will be within 5 percent of the peak computed
by the unit-hydrograph technique.
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PRACTICAL APPLICATION

Rainfall-runoff and unit-hydrograph techniques are useful at any
site where a flood hydrograph is desired for preliminary design of water-
way structures or channels and where it is not practical, either because
of time or money, to obtain the flood hydrograph by conventional stream-
gaging procedures, It is useful for extending flood records by the use
of long-term rainfall records. TFlood forecasts from known amounts of
rainfall can be made by rainfall-runoff and unit-hydrograph procedures.

The following step=by-step procedure will assist the user in apply-
ing the techniques described in this report. In addition, an example
follows that illustrates most of the details involved in practical
application.

Procedure for Application of Rainfall-Runoff and Unit Hydregraphs

Following is a step-by-step procedure for the complete application
of the rainfall-runoff and unit-hydrograph techniques. In some problems
all of the steps will not be necessary, and the user should make necessary
adjustments.

1. From the best available topographic maps, determine the drainage
area and length of the basin.

2, Locate on a map all rainfall gages in or near the basin.
3, Determine Thiessen weight factors for each rain gage.
4, Determine the basinwide rainfall for each hour during the storm.

5. Compute rainfall excess. An appropriate estimate of average
infiltration rate, @, can be made from figure 3 and subtracted
from each hourly rainfall amount to obtain rainfall excess.

Of course, where § exceeds rainfall, rainfall excess equals
zero. Compute the total amount of rainfall excess for each
storm by summing the hourly values of rainfall excess,.

if other methods of computing rainfall excess are avail-
able they may be used without affecting the computations of
the unit hydrograph and total storm hydrograph. This is at
the discretion of the user and his ability to estimate rain-
fall excess. For actual storms, the unit hydrograph has little
value without a good estimate of rainfall excess; therefore
every effort should be made to make as reliable an estimate as
possible. For hypothetical storms, the infiltration curves of
figure 3 can be used to define average conditions with reliable
accuracy.

24



10.

11.

Determine lag time, Ti, from figure 7 for each individual storm
to be compuced. Where direct runoff from twe or more storms
merges to form a hydrograph with a single peak, the total
rainfall excess for all of these storms should be used to
determine T;.

Select a unit duration, d, equal to 0.1 T{, rounded to the
nearest whole number of hours evenly divisible into 24. TUse
a computation interval, At, equal to d.

Compute adjusted lag time, T, equal to Ti + a/2,

Derive the unit hydrograph from table 2 according to the pro-
cedure given in the previous section, "Derivation of Synthetic
Unit Hydrvographs.'

If all rainfall excess is in one unit-time increment equal to
d, multiply each ordinate of the unit hydrograph by the rain-
fall excess to obtain a hydrograph of direct rumoff. I the
rainfall excess occurs in more than one unit-time increment,
the unit-hydrograph ordinates must be multiplied by each
incremental rainfall excess, the resulting hydrographs lagged
by the respective time differences, and summed. An example
of such a computation is given in the following application.

Estimate base flow and add to the direct-runoff hydrograph to
define the total flow hydrograph. This report does not pro-
vide a procedure for making this estimate; however, it will
usually be a small percentage of the direct runoff, probably

-

less than 5 percent.

Examnple

, The procedures of this report are illustrated by computing the
direct runoff hydrograph for a hypothetical storm imposed on the Bayou
de Loutre basin., The point of outflow is at the gaging station near

Laran.

The storm is derived from ¥.S. Weather Bureau Techmical Paper

No. 40 by Hershfield (1961). All of the computation steps are listed in
the same order as those of the preceeding section, 'Procedure for Appli-
cation of Rainfall-Runoff and Unit Hydrographs."

1.

The drainage area, A, is 141 square miles, and the length, L, is
23.3 miles.

2, and 3. This storm is derived from a rainfall-frequency atlas

4,

and is considered uniform in time and area; therefore, rain
gages and Thiessen weights are not needed.

The 100-vear, 12~hour rain was selected for computation and is
equal to 8.0 inches for a point in the Bayou de Loutre basin

25



(Hershfield, 1961). To apply this to the entire basin (A=141
8¢ mi) it must be reduced by a factor of 0.89 (Hershfield,
1961); therefore, average rain over the basin is equal to
0.89 times 8.0, or 7.12 inches for a 12~hour period. It will
be assumed that the rain is evenly distributed in time and
area.

5. The most likely time of occurrence for this storm is in April
or May of any year. From figure 3, the median infiltration
rate, @, between April and May is 0.26 inch per hour. The
average hourly rain is 7.12 divided by 12, or 0.593 inch.
Rainfall excess is therefore equal to 0.593 minus 0.26, or
0.333 inch per hour for the 12-hour period. The total rain-
fall excess is 4.00 inches.

6. Lag time, Ti, is read from figure 7 by entering with basin length
and total rainfall excess and found to be 41 hours.

7. Unit duration, d, and computation interval, At, is selected as
4 hours, This is computed as 0.1 Ty, rounded to the nearest
whole number of hours evenly divisible into 24,

8. Adjusted lag time equals Tﬁ plus d/2, or 41 plus 2 equals 43
hours.

9. The unit hydrograph is derived from table 2 according to the
procedure given in the section "Derivation of Synthetic Unit
Hydrographs." These computations are shown in table 3. The
summation of discharge ordinates for the unit hydrograph, at
intervals of At equal to 4 hours, is

_.B45.3 A.=645.3(141)
u At 4

=Q = 22,747 cis,

10. The rainfall excess of 0.333 inch per hour is accumulated into
4-hour amounts equal to 1.33 inches. There will be three of
these increments during the 12-hour storm period. The unit-
hydrograph ordinates are multiplied by 1.33 for each 4-~hour
period and lagged accordingly. The summation of these hydro-
graphs results in the total direct-wunoff hydrograph., This is
shown in table & and, graphically, in figure 8. :

11. The direct-runoff hydrograph does not include base flow; there-
fore, an estimate of base fiow should be added to complete
the hydrograph.

It should not be implied that the peak discharge for this flood has
a recurrence interval of 100 years, There is no direct relation between
the recurrence interval of a rain and the corresponding peak discharge.
Other factors of a variable nature will cause different peaks from storms
of equal magnitude.
26



‘upieT Iesu 21IN0T op nodeg ‘WIOIS ANOU-ZT IB2A-0 20 ydeaSoapdy Fyouni-3o8ai(q g 2In8Tg

SANCH NI “TNIL

ozl oot 08 09 0¥ oC 0

SO 0Fe'9 = 09% 2 + 00T 2 +084 ‘T serduexy

AAONTE LOTHIA TVIOL

smoy g pa33ey *saydur £ °T IO JFOUTL 10931(] @
smoy § paBler fsayour ¢g *T IOF JIOUNI 10AIT(] @
$S2OX2 [JBJULIEI JO SIYDUT ¢¢ *T IO JJOUNI 109a1(] @

27

ANODIS YA LS DIEND 40 SANYSNOHL NI ‘499 vHDSId



Table 3.--Derivation of unit hydrograph for

Bayou de Loutre near lLaran

Time T/ écc. Diff. Unit
T T distr. % hydrog,
hours L % cfs =
tg;: 2 %‘%X =Q
&4 0.093 0.87 0.87 198
8 . 186 2.72 1.85 421
12 .279 5.67 2.95 671
16 .372 9.86 4,19 853
20 L465 15.50 5.64 1,280
24 .558 22.76 7.26 1,650
28 651 31.49 8.73 1,990
32 744 40,95 9.46 2,150
36 .837 50.11 9.16 2,080
40 .930 58.25 8.14 1,850
44 1.023 65.21 6.96 1,580
48 1.116 71.11 5,90 1,340
52 1.209 76.10 4,599 1,140
30 1.302 80.35 4,25 967
6O 1.395 83.99 3.64 828
b 1.488 87.12 3.13 712
68 1,551 §9.79 2.67 607
72 1.074 92.03 2.24 510
70 1,767 93.9] 1,88 428
80 1.860 95.49 1.58 359
84 1.853 96.79 1.30 296
88 2.047 G7.85 1.06 241
92 2.140 98.566 .81 184
96 2.233 99.27 .01 139
100 2.320 59.67 .40 91
104 2.419 99, 90 .23 52
108 2.512 100.00 10 23
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Table 4. --Computation of direct-runoffl hydrograph for
100~year, 12-hour rainfall,
Bayou de Loutre near Laran

Time , Rainfall excess, in inches Total
in (Multiply each times unit direct
hours hydrosraph) runoff
1.33 1.33 1.33 (cfs)
Direct runcff, in cfs

0 (O R . 0

& 263 0 263

8 560 263 4] 823
12 892 560 263 1,720
16 1,270 892 560 2,720
20 1,700 1,270 892 3,860
24 2,190 1,700 1,270 5,160
28 2,650 2,190 1,700 6,540
32 2,860 2,650 2,190 7,700
36 2,770 2,860 2,650 8,280
40 2,460 2,770 2,860 8,090
44 2,100 2,460 2,770 7,330
48 1,780 2,100 2,460 6,340
52 1,520 1,780 2,100 5,400
56 1,290 1,520 1,780 4,590
60 1,100 1,290 1,520 3,910
64 947 1,100 1,290 3,340
68 807 847 1,100 2,850
72 678 807 947 2,430
76 569 678 807 2,050
80 477 569 678 1,720
84 394 477 569 1,440
88 321 394 477 1,190
92 245 321 354 960
96 185 245 321 751
100 121 185 245 551
104 69 121 185 375
108 31 69 21 221
11z | eeaea- 31 69 100
116 ] v b e 31 31
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ACCURACY AND LIMITATICNS

The azccuracy of final hydrographs resulting from the application of
methods described in this report is difficult to evaluate because of the
interaction of the various factors that enter into the computations.
Each factor, such as areal rainfall, rainfall excess, time distribution,
lag time, and unit hydrograph, introduces erroxr inhervent in that parti-
cular item. Some of these errors tend to cancel, while others are accu-
mulative. The standard error of some of these factors is given in the
preceding sections, but no attempt has been made to mathematically combine
them into a single standard error representative of the entire procedure.
Instead, a random selection of storms was used to estimate the standard
error.

The random selection of 42 storms was made from all storms having
3 inches or more of rainfall. Hydrographs for each storm were then com-
puted according to the procedures of this report, and the peak discharge
compared to the actual peak to obtain a graphical measure of the standard
error of estimate. This error, 135 percent, is rather large and would
indicate the procedures of this report are of little use. MHowever, exami-
nation of the various sources of this error indicates the largest part of
it is caused by error in computing rainfall excess. The standard error
of the rainfall-excess computations is 94 percent. By adjusting the rain-
fall excess to the true values, thus eliminating the 94-percent error,
the standard error of the peaks is reduced from 135 percent to 22 percent.
This indicates that the combined effects of the lag time and unit-hydrograph
relations have a standard exrror of 22 percent, an acceptable accuracy.

In summary, it can be said that the largest part of the error occurs
in the computation of rainfall and rainfall excess. This conclusion is
not new but simply points to the fact that more adequate means are neces-
sary for defining rainfall excess from a storm. A large part of this
deficiency can be overcome by the addition of more rain gages in a basin.
The conversion of rainfall excess into a hydrograph can be accomplished
with reasonable accuracy.

It should be noted that the errors described above are for computa=
tions of actual storms. Where the methods are uwsed for hypothetical
storms, such as might be defined in a rainfall-frequency atlas, a large
part, if not all, rainfall and rainfall-excess error is eliminated, and
the results will be of acceptable accuracy. Also, if the methods are
used to compute an annual series of peak discharges, the large errors of
individual flood peaks will be random, and a frequency curve defined by
these peaks will not be greatly in error.
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The practical application of the methods of this report arve subject
to the following limitations:

L. Before using the unit-hydrograph method it should be ascertained
that the general assumptions are me: reascnable well, As 3
general rule, it can be assumed that the greater the deviation
from the basic assumptions, the greater the error in the final
hydrograph. Adjustments for these deviations should be made
if possible. Basic assumptions are described in the section
"Unit Hydrographs."

2. The method has not been tested for sites of less than about 2
square miles drainage area,

3. The regionalized data should he used only within the study area.
The synthetic unit hydrographs are similar te those for south-
western and southeastern Louisiana, and those in sputheastern
Louisiana were found similar to those of Mitchell (1948) for
Iillincis streams. This would indicate that, if lag time is
known, synthetic unit hydrographs could be computed for streams
outgide the gtudy area: however, there is no conclusive evi=
dence in this regard.

4. The methods of computing lag time and rainfall excess should
definitely not be used outside the study area. Theme methods
were derived strictly for streams within the study area, and
streams outside the area will undoubtedly have different
characteristics, In fact, some streams in the study area that
have not been gaged, may have altogether different character-
istics from those defined in this report.

5. The methods are not applicable downstream from large reservoilrs
or swamps. Flood hydrographs should be computed upstrean
from the reservoir or swamp and vouted through it to account
for storage effects.

6. The methods are not applicable for urban arveas, particularly the
methods of computing lag time and rainfall excess.
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