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INTRODUCTION

The following paper may be considered as a
progress report on one phase of a study, now being made
by the writer, of the rainfall and runoff records which
have been collected over a long period of years under
the direotion of Mr, W. W. Horner, Chief Engineer of
Sewers and Paving of the City of St. Louis, The mass
of datea which has besn collested &uring this time is of
considerable volume and even the information appliocable
to the single phaase of the investigetion disocussed in
the following pages, which is the runoff from typlecal
city blooks, has not been fully worked up. This paper,
therefore, is essentially an exposition of the working
hypothesis whioch the writer has developed for use in
studying the dats in ean effort to ocorrelate the informa-
tion derived therefrom into a comprehensive method of
storm sewer design. No oclaim of finality is made for the
formules presented nor for the methods used in applying
them. The proocess of developing these working formules
has been evolutionary and the results submitted are
intended only to reflect the progress made up to the

time of writing.
In the field of storm sewer design there have



been no satisfactory formulas giving the relation be-
tween rainfall and rumnoff which would enable the
designing engineer to be ocertain that his designs were,
at the same time, both adequate and eoconomiscal., 4ll
that ocould be done was to exeroise the best judgment
possible in the use of such formulas as were available
and hope for the best., The formulas in general use are
mainly retionalizations of fragmﬁntary experimental data
collected by many observera from many sources and modi-
fied to fit local conditions in the light of personal
observation and experience. Owing to the lack of rational
formulas dealing with the problem, many important fectors
have been ignored or overlooked in the collection of ex-
perimental data which has impaired the usefulness of the
resulting working formulas, The lack pt rational formulas
is due to the extreme complexity of the laws governing the
relation of rainfall to runoff, The reason for this oom-
plexity is the large number of variable factors affeoting
the relations of reinfall and runoff which makes the
problem comparabls to thet of weather forecasting,
EXPERIMENTAL INSTALLATIONS IN 8T. LOUIS
A8 8 contribution to the solution of the problem,

the City of St, Louis has since 1910 maintained s varying



pumber of rain gauges at various points in the City.
Most of these gauges are of the standard type, which
measures only the total depth of rainfall, but, in
addition there &are several automatic recording gauges
whioh provide information as to the rate of rainfall at
any given time during the rain, Supplementing the City
gauges, the records of the automatiec tipping bucket
gauges of the United States Weather Bureau and of St,
Louis University are avallable for study.

Under the supervision of Mr, Horner the use
of sutomatic recording instruments has been extended
to include methods of measuring the actual runoff from
given areas, The Clarendon Sewer Distrioct was seleoted
for special study and most of the reocording apperatus
is conocentrated in this distriot, The Clarendon Dis-
triot, the boundaries of which are outlined in red om
Plate ! , is a feir seample of & built up residential
seotion and was chosen for this work mainly because the
trunk and lateral sewers seemed to be adequate and not
subjeect to overcharge during heavy rains, Reocording
pressure gauges have been installed in pairs, one gauge
at each end of selected lengths of sewer which give the

elevation of the hydraulic grade at these points for any
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given time from whioch information, together with the
size, shape, and roughness of the sewer oross-section,
the rate of discharge cen be computed by means of any
of the "slope™ formulas in general use. It is believed
that these records extending as they do over a period
of several years, will provide the most useful experi-
mental data that have, so far, been colleoted.

The first step in the determination of the
relation between rainfall and runoff, for use in the
design of storm water sewers, is to ascertain the
probable rate of runoff from the ares tributary to a
single inlet due to a given rate of rainfall, To this
end two city blocks in the Clarendon District were
chosen for spscial study. Complete surveys were made
of these blooks and detailed maps made of them showing
the size and looation of all buildings, walks, and other
struoctures which might affeot the problem, One of these
blocks, No. 3807 B~B, (see Plate £.) lying south of Ridge
Avenue and west of Belt Avenus, is located on a hillside
end slopes decidedly to the’north and east, It is almost
completely built up with dwellings. In shape it is approx-
imately rectengular, the length being about twice the width,

Most of the houses in this block have the downspouts con-

—de
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nected directly to the sewers and the water falling on
the roofs does not pass through the weir chamber which
measures only the water collected by the inlets, The
other block, No. 4841, (see Plate 3.), lies north of
Cates Avenue and esst of Clarendon Avenue, It is very
flat and is built up with dwellings. Its shape 1is ree-
tangular, the length east and west being about three
times the width, In this bloock few of the housea have
the downspouts connected with the sewer but, as will be
seen on the map, half of the houses drain into Cates
Avenue and therefore the water from these roofs does not
pass through the weir chamber. At each of these loocations
the runoff is measured by means of & 90° notoh weir made
of 3/8-in. steel plate installed at the lower end of &
special weir chamber built on the inlet line between the
catch basin and the sewer. A pressure bulb looated in
the weir ochember is connected with a Bristol recording
gauge located ebove ground thus providing a continuous
record of the head of water on the weir notch, Partly
to avoid the expense of tipping bucket rain gauges and
partly to insure an accurate time relation between the
rainfall and the runoff records, Mr. Horner devised the

ingenious scheme of adding another pen arm to the Bristol

-5
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gauge which records the rainfall on the seme ohart with
the weir record. The rain pen is actuated by & home
made rain gauge consisting of a pressure bulb made of two
oast iron pipe caps sorewed together with a short nipple,
The top of the bulb is tapped for the conneotion of the
1/8-in. copper tube which transmits air pressure to the
spring which actuates the pen arm. The bottom of the
bulb is tapped for a 2%-in. pipe which after making a
"U" bend, is earried up to & convenient height and
fitted with @ 12-in, funnel receiver for oo&lﬁoting the
rain, A layer of oil covers the water in the buldb to
prevent water vapor from reaching the pen arm spring,
The aide of the bulb is tapped for an ordinary fauset

by means of which the water acoumulated in the stand-
pipe is drained off after each rain without disturbing
the layer of oil.

In order to obtain the runoff from an entire
block, a special installation was made at the blook
bounded by Ewing, Washington, Garrison, and Luocas Ave-
nues, See map Plate 4 . A tipping bucket rain gauge
was placed at the upper end of the block and in the
sewer draining the block a weir chamber was built oon-

taining & rectangular weir, The head on the weir is
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measured by & pressure bulb connected with a recording .
gauge installed above grouﬁd. This block contains seve-
ral large buildings and large areas of the yards are
paved with brick or concrete making the percentage of
impervious area ocomparatively large,

The rain pens at Belt and Ridge and at Cates

and Clarendon are calibrated by introdusing known quan-
tities of water into the standpipe and noting the cor-
responding chart readings, From this data a calibra-
tion chart is made by means of which the chart readings
may be converted into inohes of acecumulated rainfall,
The pressure gauges at all three locations are calibrated
by removing the pressure buld from its bracket and immers-
ing it in s vessel of water noting the chart readings cor-
responding to various depths of submergence.

DETAILED STUDY OF TYPICAL RECORDS

Plate 5 is a photostat of the chart showing the
rainfall and runoff record of the rain of September 7,
1917 as recorded at Belt and Ridge. It will be seen that
the rein pen moves fram the outer cirele of the ohart
toward the ocenter under the influemce of the pressure in
the rain stindpipe. The weir pen moves from the immer oir-

ele of the chart outward, The shaded reotanguler areas in
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the photostat are the two celluloid verniers used in
reading the reocords of the two pens, On each strip

of celluloid is soribed a line corresponding to the

are of the pen for which it was made, The three short
lines near the outer circle constitute the vernier by
means of whioh the record ia read to single minutes,
Before the attendant removea the chart, which is left
on for two days, he swings the two pen arms simultane-
ously, desoribing two short ares, These marks are used
to obtain the time equation between the two pens, 1In
Plate 5 the two verniers are placed on these two marks
and it is seen that the weir pen, which is set to the
true time scale was at 10:06 A.M, when the "off" mark
wes made, The rain pen arm, which is inatalled on the
opposite side of the chart, does not give the true time
reading but, by means of the vernier, the apparent time
where the ™off" mark orosses the outer ocircle is seen
to be 12:48 A.M, This furnishes a time equation by
means of which the apparent time of the rain pen may be
oconverted into aotual time, The apparent time for the
rain pen is entered in the first column of the table
shown in Plate 6 and the chart readings for the rain

pen are recorded in the second column., Using the cali-



bration chert the direet readings of the rain pen is
oconverted into inches of total rainfall and entered in
the third column, The inocrement of rainfall for each
minute is multiplied by 60 glving the value of the
intensity or rate of rainfall in inches per hour for
that minute which result is entered in the fourth ocol-
um. In the fifth column is recorded the actual time
oorresponding to the apparent time of the rain pen in
column one. Since it is noted on the ohart that the
oclock was one minute fast, this correotion is made, By
mea&ns of the weir pen vernier, the chart readings of
the weir pen are measured and recorded in the sixth
column, Then from the e¢alibration chart the proper
velue of the head on the 90° notoh weir is obtained
and entered in column seven, These figures are con-
verted into cubie feet per second from King's formula
for 90° notoh weirs, @=¢s52H4H"""  and entered in
column eight, The figures in this column are each
divided by the number of acres in the aresa tributary
to the inlet where the weir is installed thus giving
the value of the runoff in terms of ocubic feet per seo-
ond per aere, It so happens that one inch of rainfall
per hour 1is equal to 1.008 ocubic feet per sescond per

asre, therefore, in this study the unit of rainfall

-Q=



intensity and the unit rate of runoff are oonsidered as
equal, Plate 7 shows the rainfall-runoff graph of the
rain of September 7, 1917 at Belt and Ridge made by
plotting the values of Rainfall and Runoff, from columns
four and nine of the table desoribed above, on the same
time socale.

Plate 8 is a photostat of the instrumental
records at Cates and Clarendon of the rainfall and run-
off for the seme rain, September 7, 1917, The informa-
tion in the table given in Plate 9 is derived from the
instrumental records in exactly the same way as in the
ease of Belt and Ridge. Plateio shows the rainfall-run-
off graph for the rain in question at Cates and Clarendon,

Plate /i is @ photostat of the instrumentel
reoords of the same rain at Ewing and Washington, In this
case the total inches of rainfall up to any given minute
can easily be read direotly from the tipping bueket rain-
gauge ehart, each amall step in the record ropriuontins
0.08 inoch of rainfall, The rete of rainfall in inches
per hour is determined es at the other loocations, by mul-
tiplying the rainfall inorement for each minute by 80,
The rate of runoff is determined in the same manner as in

the other locations, the only differences being that the

-10-
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recording instruments are slightly different in construg-
tion. The pressure gauge is manufactured by the Foxboro
Company and the weir pen moves inward on the shart instead
of outward as on the Bristol gauges., The weir is rectan-
gular instead of triangular and therefore a different weir
formula must be used in reducing the readings. Plate /2
gives the table showing the values of the chart readings
and their reduotion and Plate /3 is the rainfall-rumoff
graph for the rain of September 7, 1917 at this location,

In the rainfall-runoff graphs the rainfall
intensity ourve, being the differential of the acoumulated
rainfall ourve, is plotted as a step curve; that is, the
intenaity is shown as constant for each minute instead of
being continuously veriable, This is daqo because the
minute is the smmallest time interval that ocan be read bn
the time seoales of the instrumental records., Also, by
plotting the reinfall intensity as a step curve, it is
more easily distinguished from the runoff curve which is
plotted as a continuous variable since the instrumental
reoord gives the rate of rumoff directly and differentia-
tion is not necessary.

THEORETICAL ASPECTS OF RAINFALL~RUNOFF PROBLEM
The rainfall-runoff graphs afford an excellent

-]ll-



pioture of the relations of rainfall and runoff and it

is these graphs that form the basis of the present study,
Before attempting to analyze the informaetion furnished by
the graphs, it is well to oconsider the simplified condi-
tions of a hypothetical rainfall upon a hypothetieal ground
surface., Such a study will help to fix in the mind the
principal factors entering into the problem,

Assume 8 uniform rate of rainfall over a rlane
surfece of uniform material and texture throughout, If
the surface were perfectly horizontal and impervious and
bounded by vertical wells, the depth of water accumulet-
ing on the plane in a unit of time, say inches per hour,
would be equal to the rate of rainfall, If, however, the
plane surface were pervious, the depth of water accumulat-
ing in a unit of time would be less than the rate of rain-
fall; the difference being the rate of absorption and eva-
poration, Consider, now, the case of a plane surface of
pervious soil with a definite slope from the horizontal,
If there has been no rainfall for a long time, the first
drops of water to rfall upon this surface will be greedily
absorbed by the soil and, if the humidity is low, a con-
siderable amount of the water will be evaporated, Before

_ any of the water runs off from the place where it fell, it

-12-



18 necessary thet a surface film of definite thiokness
shall have scoumulated in order to overcome the forece of
surface tension which tends to hold the water in plaoe,

As the rain ocontinues, the humidity of the atmosphere
increases and evaporation ceases to be a major factor,

but absorption will still continue although at a declin-
ing rate. The time required to build up a surface film
of a thiokness sufficient to insure rumoff is, therefore,
& funotion of the difference between the rate of rainfall
and the rate of absorption and evaporation, all of which
quantities may be expressed in the same units, say inches
per hour, The time required to build up the oritical
thiokneas of surface film is an inverse function of the
slope of the plane. If the rate of absorption be high and
the rate of runoff low, it may require several minutes of
rainfall before runoff begins, For instance a rainfall of
one inch per hour would give a surface film only 1/60 of
an inch in thiockness in one minute even in the absence of
absorption and eveaporation, In the case of the hypotheti-
cal plane under oonsideration, the oritical depth of surface
film would be reached at the same time over all the area and
runoff would everywhere begin simultaneously. In time the

depth of water in transit, as well as its velocity, over any

-13~



given elemental area, would inorease with the distance
of the elemental area below the starting point, It is
probable that the absorption rate of the soil surface
would vary with the depth of water overlying it, whioh
would tend to balance, to some extent, the tendency of
the absorption rate to decrease with the time,

In prectice the area tributary to an inlet,
instead of being & plane, has an irregular surfaece com-
posed of various meaterials heving wide ranges of slope
and rate of absorption, There may be depressions of
considerable area and depth whioh'must be filled up
before runoff from the entire contributing area becomes
general, Then,too, the water on its way to the inlet,
tends to colleot in definite channels instead of flowing
as a sheet, as in the oase of the hypothetiocal plane,
Exoept for the larger well defined channels which act as
small storm water seweras, these channels do not follow
the same course in every rain, nor evem throughout the
same rain, owing to accidental obstructions and chamnges
in surface conditions, All of these oconsiderations lead
the writer to believe that it is futaie to attempt to
build up & rational formula for the runoff from inlet

areas from experimental data colleoted in the study of
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small areas of uniform charaoteristiocs, although this
date may be of value in other methods of attacking the
problem, It seemx that the most effestive method of
approach is to consider the entire inlet area as a unit
and to use the records furnished by the instruments men-
tioned above to derive empirical formulas to fit the
given conditions,
THE TIME FACTOR OR LAG

The first thing to attraot the attention when
examining a rainfall-runoff graph, such as those shown
in Plates 7 /0and /3, is that the shapes of the two curves
are similar but that the runoff eurve is always farther
along the time scale than the rainfall ourve. This time
interval the writer designates as "Lag" in order to dis-
tinguish it from the similar terms "Inlet Time" and "Time
of Concentration™ which have often been used in diacussions
of rainfall end runoff and which have been defined as the
time required for the rain falling upon the most distant
portion of the inlet area to reach the 1hlet. The term
"Lag®, a8 used in this study, does not have this meaning
but, of course, its value may be influenoced to some extent
by the "Inlet Time" as defined above. A study of the rains,

80 far plotted, shows that the lag varies between wide limits
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at each of the looations under observation, The varia-
tions appear to be quite erratic and the value of the
lag seens to depend as much upon the characteristics of
the rainfall curves as it does upon the physical
chaeraoteristies of the inlet area; perhaps even more,
In other words, the variation of the lag is as great
or greater between di fferent types of rains at the same
location than it is between different locations with
similar types of rains, The following hypothesis is an
attempt to aceount for the erratic variation of the lag,
If we start with the inlet as a center and
draw concentric oirocles, the radii of which increase in
arithmetical progression, the zones between the oiroles,
although of equal width, will inorease in area as the
distance from the inlet incresses up to a ocertain peint,
depending upon the shape of the inlet area, after which
the areas of the zones will tend to deorease with further
inorease of the distance, Assume that a rain is just
boginniﬁs. The zone immediately surrounding the inlet
begins to contribute a smell amount of water almost at
onoce., 4 short time later the next zone begins to contrib-
ute its water and so on throughout the series., If the

rainfall continued indefinitely at a uniform rate, it

-16~



would seem that the lag in this ease would be the time.
for the water from the zone having the greatest area

to reach the inlet, but it must be borne in mind that

& greater percentage of the water falling on the dis-
tant areas is lost in transit due to absorption than
in the case of the water fram the ad jacent areas be-
cause 1t is exposed to absorption for a longer time

in its travel over the intervening ground, In the
case of non-uniform reins, which includes practically
all rains, the oconditions are further complicated by
the variations of the rate of absorption during the
progress of a rain, Thus, & rain with a high intensity
at the beginning, followed by other rainfall of lesser
intensity, may result in the nearby or intermediate
Zones ocontributing most of the water entering the inlet
at any given instant, If this same rain were turned
end for end in time 80 that the period of high intensity
followed the period of lesser intensity, the water from
the more distant zones might predominate, In the first
oase, there would be & short lag emd in the seoond, the
lag would be longer, However, the problem of lag varia-
tion is not as simple as these examples would indieate,

For instanoe, the water from a given period of high

17~



intensity during a rain does not all travel to the inlet
at the same velocity., This water travels more or less
in the form of a wave and this wave becomes longer and
ita orest flatter as it progresses to the inlst, Thus,
the orest of a wave from a period of low intensity rain-
fall on a nearby zone may be higher than the crest of a
wave dus to a period of high intensity rainfall on a
distant zone by the time each wave reaches the inlet,

The rainfell-rumoff graphs for some of the longer rains
clearly indicate that the lag veries appreoiably during
the progress of the rain, but not always in the same way,
The inability to prediot the value of the lag from given
conditions is due to the fact that its value depends upon
a large number of feotors, some of which are variables
heving contrary effeots, Among these factors are: s8ize,
shape, slope and surface characteristics of the inlet
area, the last mentioned often changing at least slightly
during the ocourse of a rain dus to the filling of depres-
ajons, scouring of new channels, etoc, Other factors esre:
the intensity and duratibn of rainfall, the distribution
of the intensity of reinfall, throughout the fain and the

amount of saturation resulting from previous rainfall

ocourring hours, days or even weeks before, Therefore,
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it appears that the erratic variation of the lag is the
result of a delicate halance among the different factors
determining its valus, Although the lag cannot be
acourately predisted from the rainfall ocurve alone, it
can be measured if the corresponding runoff curve is
available, If the rainfall curve has well defined peaks,
the lag ocan be determined from the time interval between
a peak on the rainfall curve and the corresponding peak
on the runoff curve, When there are no prominent peaks,
the mean lag for the entire rain may be found from the
times interval between the center of mass of the rainfall
ourve and the center of mass of the runoff ourve,.
PERCENTAGE OF RUNOFF

Another striking feature of the rainfall-rumn-
off graphs is that the peaks of the runoff curve are
always considerably lower than the corresponding peeks
of the rainfall ocurves, This effeoct has two distinet
causes, Firat, the runoff is spreed over a longer time
than the rainfall causing it;therefore, the ordineates
of the runoff curve must always be less them those of
the reinfall curve, even if all the water falling as
rein reaches the inlet as rumoff whioh, of course, is

not the case, Seocond, the area under the runoff ocurve
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i1s always less than the area under the rainfall ourve .
sinoce some of the water falling as 'rain is absorbed and
evapora ted, which statement introduces the topie "Per-
centage of Runoff"”, This phrase has often been used in
discussions of rainfall and runoff, but there has bheen

@ diversity of opinion as to its meaning, It has been
defined by various ratios, some of which are given below,

(A) The truly basie "Perscentage of Runoff" may be

I-(a+e)
I
instantenéous valus of the rate or intensity of the rain-

defined by the ratio: where “"I" is the

fell on @ small unit area and "a" and "e" are the instan-
taneous values of the rates of absorption and evaporation
respeotively for the seme area, For emample, if rein is
falling on the area at the rate of "I" inoches per hour,
and at the same instant the s0il is absorbing the water
at the rate of "a" inches per hour, and eveporation is
ooourring at the rate of “e" inches per hour, the instan-

taneous value of the rate of runoff from the unit area

must be I-(a+e) inches per hour and the inatantaneous

100 x 12 €242
value of the percentage of rumnoff is X

(B) The "Percentage of Runoff™ has been defined as
the ratio. of the height of the rumoff peaks to the height
of the rainfall peaks corresponding to them, or it is the



direot ratio of the rate of runoff to the rate of rain-
fall. This ratio includes the effect due to lag as well

as the basio percentage given by (4),
FQat

(C) Sometimes the ratio =T

has been used to
glve the value of "Percentage of Runoff", "Q" being the
instantaneous value of the rate of runoff and "I" being
the instantaneous valus of the rate of rainfell, A¢
being & small unit of time., This value is the ratio of
the area of the runoff curve for a given time to the ares
of the rainfall curve for the same time, or it is the
ratio of the volume of water running off from a glven
area in a given time to the volume of water falling on
the same area during the same time.

(D) The term "Peroentage of Rumoff", as used in the
method of analysis developed in this study, is defined as
the percentage of the volume of water falling upon the
entire inlet area for a small unit of time A7  whioch
ultimately resohes the inlet. This definition includes
the basic percentage as given by (A) and in addition
takes into aceount the losses due to absorption and eva-
poration in transit as well as the thin film of water
left on the ares at the end of the rain and also the

water retained by depressions, all of which, of eourse,
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is ultimately efther absorbed or evaporated, It does
not include the effect due to lag which is covered by
the faotor "K" whioch will be discussed later,
DEVELOPMENT OF THE METHOD OF ANALYSIS

Plate /¢ gives in condensed form the derivation
of the working formulas used in the study of the rain-
fall-runoff graphs, Referring to this plate and using
the notation given thereon, & more detailed desoription
of the Unit Graph and its applications will now be
given,

UNIT GRAPH FOR RAINFALL

The rectangle QI 4¢ represents the volume of
water falling upon a unit area, one aore, during a rain-
fall of constant intensity "I" and continuing for a unit
time, A7 or one minute, Since "I" represents ocubio
Teet per second per aore, the aotuasl volume in this case
is 60 X I oubio feet, but as we are using one minute as
the unit of time, we may say say 60 oubic feet ia the
corresponding unit volume, It will then be correot to
sey that the rectangle (0J a¢ is the unit graph for @
rainfall intensity of "I" and since its ares is I xaf
or rate times unit time, its area is equal to "I", The
unshaded portion of this rectangls, between "I" and "I"',
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NOTATION

1 I+ Rofiarinfensiy obaiatal
Inches per hour or CFS per Acre.
?Wufcr which never P = Percenfage of waler falling upon enfive
reaches inlel inlef area during unit fime (At) whiich
(Absarbed and evuPorach) uilimalely reaches fhe inlef as cuneff.
I’ WJ At= unilof fime, inthis sfudj, pne minule.
T ¥a The quanliﬂ; or volume of waler (CFS)
, falling vpon unil area (Acre) of inlef area
y J which ulfimafely reaches inlef = PxI,
1 Q= ﬁare of Runelf or q_uaniil’q of waler (CFS perAcre)
1 rcaching fhe intet af any given Lime (£).
¢ | (RESIDUAL RAINFALL .
; _{'-) ydy = Respeclively fhe ascending ond descending
4 A insfanfaneovs values of (@) re su'lffng from
; rainfall of unil” duralion onunit area.
¢
= Marimum valve of 0] and (y’).
:' ) t = Time measured from beginning of cainfall,

RATES —~

/’,
”
-
‘ ”,

Lag or the valve of (t) when [y2y) are masimom.

nle= Arbﬁ?arg consfants.

n ’ K

Equalion of runoff curve, Y= K(tt), lj= ct L)

The area ynder the runoff curve is equal Yo ¢

=L 1=00
K[(a“an Kg 2 ()
t=c

Since fhe area under lhe runoff curve is equal fo

fthe residual rainfall (1')

PI
K= 7, 7

1
i * Laz‘c)

[ l L
K(Fr*agd=T or

Assu m[ng: n=2

-~

c=2
e m M - 12 (| it S
Sesa 97 S 7 S G

Tl’M Ei

[

UniT GRAPH REPRESENTING THEORETICAL RUNOFF

ResuLting FroM RainFaLL

ON UNlTAREA FOR UN‘T Tl”E Pi aTe |4



represents that portion of the water falling upon the
unit erea during the time A?¢ which never reaches
the inlet, bef ng absorbed or evaporated; but not
necessarily absorbed or evaporated during the minute
in whioh it fell,

The rectangle OJ'lAt represents the
residual rainfall, or the volume of water falling during
the minute in question which is available for runoff. As
in the oase of the total rainfall greaph the area of the
rectangle may be expressed by the rate, I' or sinoe P-%I
it may be expressed as P X I.

UNIT RUNOFF GRAPH

The ourve OAB is the unit runoff graph corres-
ponding to the unit rainfall graph just desoribed, It
shows how the rate of runoff varies with the time, whereas
the reinfall produsing this runoff has a constant rate,
The equations for the two branches of the unit runoff
graph are purely empirical and were chosen because they
seemed to best it the conditions,

The equation for the branch OA is ¢ =-A’é§)ﬂ (1)
The equation for the branch AB is y'= 55&7- (2)
The equation for OA indicates that the rate of runoff

inoreases a8 the n-th power of the time up Yo a maximum



value A , whioh occurs when t=L., The equation for .
AB indicates that the rate of runoff decreases from the
maximum value, K, along a curve which is asymptotis to
the time axis, In practice, of course, this conditiomn
is not realized, but there is evidensce that the runoff
does continue for a comparatively long time after the
rainrall eeases, This particular form of equation was
chosen because the values of y' can be more easily oom-
puted from it than from the equation of & curve tangent
to the time axis and at the same time it agrees very
well with observed valuea of runoff rates.

The area under the curve OAB is, of course,
equal to that of the reoteangle 0I'az . The area under

2al
the brench OA is given by the integral f, vt
i t=L
(£)" ¢
¢t =0

or, since TE /(/zl:)”, the infegral moy be wriffen KS

The area under the branch AB is given by the integral

L=oe
/ ¥4 A
J y'de or since ¢ = —z=;j the integral may
£t . ™
de_
be writtem K |
tal {=L Zz00
EV# |,
The total eree under the runoff ourve equals K +K ¢
[ £74 1=t



L
Integrating, we find the total area to be K(,‘,:,‘ *17;“2)
a8

Since the area of the runoff curve OAB is equal to that

of the residuel rainfall ocurve, oI 'Az‘ , the area of whioh

Lo,
is I'aPI, then K (7 *ope) = PL

PI
From whioch K= I—:—r —---—-----_——-~------—---(3)
et l’f'c
P1
Assuming that ne8 and c=2 we have K = T 144 (4)
3 .

Substituting this value of K in equations (1) and (2)

.t‘
P S

L 144

¢ PI
7= 275 +194)

R i EER RSP ()

USE OF UNIT GRAPH
Equations (5) and (8) show that for a givem
minute of rainfall we can compute the rate of runoff
resulting from this rainfall for any subssquent minute
provided the percentage of runoff "P", and the lag "L"

is known.



Plate 15 shows a table giving the values for
"K", "Y" and "Y' " which heve been computed from equa-
tions (#), (5) and (6) for various values of "t" and for
various lags but for unit value of I, This plate alaso
shows these values graphically in the form of unit graphs
for various values of "L" and for unit value of I', From
the equations it will be seen that the values of "K", "yw
and "Y' " for any given valus of I° mey be found by
multiplying the tabular velues by the given value of It,

As an illustration of the use of this table
refer to Plate /( for the case of a simple hypothetieal
rain of five minutes duration and with @& lag of three min-
utes. Assume that, during the first minute,the rate of
rainfall was two inches per hour; for the seocond minute,
four inches per hour; for the third minute, six inches per
hour; for the fourth minute, three inches per hour and for
the fifth minute, one inch per hour., For the sake of
simplicity, assume 100% runofr,or'that all of the water
reaches the inlet. Then P=100 and I'sI. Let the five
vertical columns headed by the numbers from 1 to 5 in the
table represent the five minutes of rainfall and the
numbered horizontal lines represent the minutes of runoff.

Using the table on Plate 75 ,find the values of y and y'
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by multiplying the values given under lags3 by the rain-
fall rate for each minute, and record these values in the
table in the vertical columns ocorresponding to that minute,
bearing in mind thet the runoff for each minute begins with
that minute. The values of Y end y' shown in any one of
the vertiocal columns of the table when plotted es shown in
dotted lines numbered 1, 2, 3, eto, represent the variation
in the rate of runoff due to the rainfall in that minute
considered as isolated from the rest of the rain, When
the values of y and y' as shown in the table are added
horizontally, the corresponding ordinates of these indi-
vidual runoff graphs sare summed up and the totals as shown
in the column headed, Q, represent the rates of runoff,
which, plotted as the line marked "Computed 100% Rumoff"
in the graph, represents the theoretical runoff resulting
from the rainfall as given, asauming that all of the water
falling on the area ultimately reaches the inlet,
THE 100 PERCENT RUNOFF GRAPH

The 100 Percent Runoff Graph is being used in
the present study as a means of ascertaining the percentage
of runoff, one of the two essential faotors of the rainfall-
runoff problem ooncerning which information is being sought,
the other factor being the -lag, Following is en outline of
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the method of using the"100 Bercent Runoff Graph" to
find the percentage of runoff,

Probably the best way to illustrate this
method is to apply it to an aotual rain, For example,
the rain of September 7, 1917, as recorded by the in-
struments at Ewing and Washington, will be teken., The
graph of the reocorded rainfall and runoff at this looca-
tion has been shown in Plate 13 , As stated on Page 12
there are two methods of determining the lag when both
the rainfall and runoff are given. From an inspection
of Plate /3 , it is evident that the lag, indicated
by the time interval between the main peak of the rain-
fall ourve and the main peak of the runoff ourve, is
about nine minutes. As & check on this method it is
seen from the table on Plate /2 that the centers of
mass of the two ocurves as found from a summation of the
"I* and "Q" columms are between eight and nine minutes
apart, Therefore, nine minutes is assumed as the ocor-
reot lag for this partioular storm and location. Plate

/7 shows & "100 Percent Runoff" table made up for the
rain in question according to the method used for the
hypothetieal rain shown on Plate /6 , On Plate /9

is shown the "100 Percent Rumoff" curve obtained by



100 PER CENT RUNOFF TABLE
EWING AND WASHINGTON
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PLATE |7



plottﬁféh'g values of Q shown on Plate /7 on a copy of
Plate /3 A showing the recorded rainfall and runoff for
the September 7, 1917 atorm at Ewing end Washington, It
will be seen that the "100 Percent Runoff" ocurve is very
similar in shape to the measured runoff ocurve, but, of
ocourse, the ordinates of the former are higher than
those of the latter throughout most of the graph, It
is found that the height of the main peak of the mea-
sured runoff ourve is a little more than 74 peroent of
the height of the ocomputed runoff curve. Furthermore,
referring to the table on Plate !2 we find that the
ratio of the area under the measured runoff curve to
the ares of the measured rainfall ocurve, as found by
the sumetion of the "I" and "Q"” colums of the table,
amounts to about 0,74, Therefore, it may reasonably be
assumed that for this partioular rain at this particular
losation, the value of the leag is about nine minutes and
that about 74 percent of the water falling as rain
reached the sewer as runoff, As an additional check, a
new table was made up, as shown in Plate 18 , using
these values of L and P in equations (5) and (6), Page 25
and using & tentative approximate formula for

determining the veriation of percentage of runoff through-
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out the rain, a new runoff curve was plotted from the
table in Plate /8 , Tt is seen that this computed
runoff ocurve approximates very oclosely the measured run-
off ourve and the differences between the twb curves may
be rationally explained by painting out defeots in the
formulas used in computing the last mentioned runoff
curve. In the first place, the choioce of 2 as the value
of the two oonstants n end ¢ in the basie formulas for

Yy and y' waas purely arbitrary,and there is evidence that
the valus of n should be slightly greater than 2 and

that the value of ¢ should be slightly less than 8, but
the work done thus far does not justify the assigning

of more definite values to these constants at the

present time, In the second place, the percentages used
in table on Plate /8 to find the value of I' for each
minute of the rain were determined from an approximate
formula which assumes that the perocentage of runoff varies
as the ocube root of the time from zero at the beginning of
the rain to the final percentage at the end of the rain,
The final percentage is difficult to obtain with acouraoy,
80, in this oase the ratio of the total runoff to the total
rainfall was used as the final percentage, The true value

of the final percentage is-probably somewhat higher than



the value used, For simple reins of fairly uniform
intensity this tentative formula, expressed as F-s(%)*
where D is the total duration of the rain and 80 is the
final value of P, gives fairly good results, but it is
quite evident that the peroentage varies with the
intensity of the rainfall as well as with the time, As
yet no satisfactory formula has been devised to show
this relationship,
DISCUSSION OF A FEW TYPICAL RAINS

Plate Z¢ shows the rainfall-runoff graphs
for four typioal rains at three locations, The first
rain shown, June 27, 1921, is a typical short, sharp
shower, There is some doubt as to the acouracy of the
rainfall ocurve at Belt and Ridge since the rates of
rainfall for these short rains of high intensity are
diffioult to measure, and any error in the rate for one
minute would seriously affect the area of the rainfall
ourve, that is, the percentage of error would be greater
than in the case of a long rain, The general direotion
of the storm is easily seen from the time when it appears
at easch of the three locations; 10:19 A.M., at Belt and
Ridge, 10:23 at Cates and Clarendon, and 10:30 A.M. at
Ewing and Weshington, The -second rain shown, August 2,1916,



18 also a short rain of high intensity, with e slightly
longer duration than the rain of June 27, 1921, The
intensity of this rainfaell reaches high values at Belt
and Ridge and at Cates and Clarendon, but these high
values are always of short duration, the two oconsegutive
minutes with en intensity of 12 inches per pour being
quite unusual., The lower percentages of runoff for this
rain as oompared to that of June 27, 1921 is mainly due
to the feet that the rain of June 27, 1921 was preceded
by two small rains, one on June 26, 1921 and the other
on June 205, 1921, whereas the nearest preceding rain to
August 2, 1916 ocosurred on July 25, 1916 and thia rain-
fall was very slight, Therefore, the rate of absorption
was, no doubt, higher on August 8, 1916 than it was on
June 27, 1921, In ocontrast to the high intensities at
Belt and Ridge, and Cates and Olarendon, the rain e#
BEwing and Washington was insignifiocant, This type of
storm usually oovers A small area and in its travel, it
no doudbt passed direotly over the first two locations
and passed to one side of Ewing and Washington,

The two reins of April 25, 1921 and August 27,
1921 offer an interesting contrast, The April rain, in
common with the majority-of all rains, has its period of
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highest intensity near the beginning,whereas the August
rain haa its period of highest intensity at the end.

The latter type of rain is comparatively rare and nearly
always ocours in the late summer, August or September,
It is this type of rain which gives the highest rates of
runoff at each of the locations under observation, which
result might be expeocted when it is remembered that the
percentage of runoff varies with the time, A oomparison
of the runoff ocurves for this rain at the two loeations,
Belt and Ridge, and Cates and Clarendon, calls attention
to the faoct that the latter losation reacts more sluggish-
ly to the variations in rainfall intensity than does the
former location, This effeot is due to the different
shapes of the tributary areas. The block at Belt and
Ridge is nearly square with a steep slope and the water
moves over the area in the same general diraotion to the
inlet. At Cates and Clarendon the area is very long
and very flat., The alley paving acts as a well defined
channel and the adjacent lots drain at right angles to
the alley whioch in effect becomes a well defined water
course. The period from 7:16 A.M. to 7:85 A.M, 18 of
partioular interest sinoce the runoff does not follow

the reinfeall peak upward as it does at Belt and Ridge,

BB



but oontinues at a uniform level for nine minutes,
This may be attributed to the large difference in lag
at the two locations and to the faot that the flow in
the alley channel is of suoch depth by the time that the
last rainfall peak ocours it has'little effect on the
gteady flow which persists for some time after the rain
has ceased. The mmall precipitation on this date at
Ewing and Wasnington agein illustrates the limited ex-
tent of these high intensity storms,
CONCLUSIONS
As stated in the introdustion to this paper,

no elaim of finelity is made for the details of the
method of reinfall-runoff anslysis developed in the
foregoing pages, in faot, it is doubtful if anyons will
ever be able to sey the last word on the subjest of the
relation of runoff to rainfall. It is a problem whioh,
in the lest enalysis, will always be vitally affeoted
by oertain factors peculiar to the loeation under inves-
tigation.

| It hes been the aim of the writer to make the
working formulas for use in the study of rainfall-runoff
records as general in their application as possible, sep-

arating the major factors affeoting the problem in order
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that the observed effects may be traced to their moat
logical causes, Summerizing the oconolusions to be drawn
from & study of the St, Louis rainfall-runoff records,

we find that, given the rainfall record, the rumoff due

to this rainfall may be closely predicted if the two me jor
factors, Lag and Percentage of Runoff, are known. It is
very doubtful if the lag ocan ever be predisted acourately,
due to its erratio variations, but there are indications
that, with further study, it may be approximately determined
from & knowledge of the physical characteristises of the
drainage area and the oharacoteristics of the rainfall, For-
tunately, & amell error in the assigned value of the lag
will not seriously affeot the value of the funoff as will
be meen from th§ unit graphs for various lags on Plate !5 .
It is believed that a little more study will enable us to
prediet the Peroentage of Runoff very closely for any given
oonditions and, when this eem be done with confidence, we
will be ready to fit the unit graph fomulas into the work-
ing formulas for sewer design, which ocan be done by start-
ing with hypothetiecal rainfell graphs obtained from a pro-
bability - frequency study of the rainfall reocords aveil-
able., The final design formulas can be cheocked against
the records of the sewer gauges desoribed at the beginning



of this paper. Much wark remains to be done before
this result is acoomplished, but, when Mr. Horner
publishes the full asccount of the St, Louis rainfall-
runoff experiments, of which this study forms only a
small and incidentel part, the engineer engaged in the
design of storm seweras will have informetion at his dis-
posal which will enable him to proceed with greater con-

fidenoe than ever before,
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The writer has made no research into the
literature of the Rainfall-Runoff problem, which is
quite extensive, but so far has confined his wark to

a study of the looal records. Por this reason mo ocom-

prehensive bitliography will be attempted. Subsequent
to the development of the working hypothesis given in
the foregoing pages, the attention of the writer has
been directed to the following artisles in which
similar methods have been used. Sinece each of these
articles :im independent of the others, it would seenm
that the use of the Unit Graph is a logical method of
approash to rainfall-runoff analysis, Following is
a list of the articles mentioned:

"RAINFALL-RUNOFF ANALYSIS IN STORM SEWER DESIGN"

By John A, Rousoulp

Engineering News-Reoord, Feb, 17, 1927,

In this article the unit graph used is obtained

by a different method tham the one used by the
writer,

*STORM WATER DISCHARGE FROM SMALL AND LARGE AREAS®

By H. C. Granville

Indien Engineering, beginning in Iasus of Feb. 21, 1931
and continuing for several months,
A very complete theoretisal disoussion of the
rainfall-runoff problem.



"STREAMFLOW FROM RAINFALL BY UNIT-GRAPH METHOD®
By L. X. Sherman
Engineering News-Record, April 7, 1932
The unit-graph method applied to the runoff
from large areas,
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