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IHTRDUCTION

In the study of = drainage basin whioh 18 to be utilized
for water supply or water power, tlhere is frequently a dearth
or complete leck of runoff desta, though precipitetion date
are almost slweys avalleble,

The Water Resources Branceh of the United States Geologl-
cal Survey meintains geging stetions on various streans and
runoff records {rom these stireans sre available from thelr
publications end offices. lany of these runoff records
cover a conslderable number of years, and are entirely suffi-
clent for use in en analysis of any drainage basin covered
by sueh dete, +<ome of these gaging stetlions have not been
1n‘apsratian long enough for the records to be of direet use,
Unfortunately the vast majority of small streams have no such
geging stations, seo an englineer called on to investigate sueh
a stream has 1ittle or no informetion on which to base his de~
sign, When this situation exists, the engineer hes & natural
tendency to overdesign the reservoir structure to sueh an
extent that the project may be abandoned or may be more ex-

penesive than necsssary.

Although the lmck of runoff records is common, the United
States Weamther Bureeu has operated rain gages Tor many years

in almost every locallty.
It is impractiocal for the Geologleal Survey to gage

every stream or to antlcipate 20 or 30 years in advance
where runoff records will be needed. Therefore, there
existes a need for a simple method of determining runoff
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from precipltetion date with some degree of accuracy, The
purpose of this study is to try to develop & method of
suprplying runoff records by using precipitation data.

It might be well at this polnt to review the movement
of water as 1t relaetes %o the earth or the "hydrologle
eycle,”

A dilegrsmmatlie representation of the hydrologle cycls

(1)
is shown in Figure 1. The major elements are clearly

(1) Thorndlke, Saville, Basic Principles of Water
Behavior, Headwaters Control and Use, U.5,D.A.,
Washington, D.C., Pt. I, April 19837, pp. 1-10.

indicated, and only those releating directly to this study.
will be discussed further, N

It may readily be seen thet not all water reaching the
earth &g precipitetion will sppear as runoff in an adjecent
stream,., Some of it infiltrates into the ground, some runs
off over the aurraea; and some eveporates or is transpired
back inte the atmosphere, \ |

The amount that infiltrates into the ground will vary
greatly depending on several faetors which may bs constantly
shanging. These factors are the openings in the soil, the
temperature, and the previous weter content of the soil. If
the ground is frozen or the soll almost saturated, very little
additional precipitation will be admitted., Of the total
1nfiltration; some iz utlilized by vegetation end transpired

back into the stmosphere, some may continue to percolate
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into the ground water storsge, some 1s subjected to evepo-~
ratlons as s result of capillary uplift, end some may return
to the surface through lateral movement and result in s
"delayed® runoff, |

When the rate of reinfell exceeds the rate at whiech
water is allowed to infiltrete, surfeee runoff will ooecur.
This runoff water travels over the surface of the ground
unitil it reaches the beginning of some streem system
through which 1t pesses until it is dlscharged into the
ocean, Some runoff will be lost in this process due to
eveporstion end infiltratien,

It can be seen from the foregoing discussion that the
smount of runcff is subject to many complex and intereon~
heoha& variations. These variables are such that it would
be lmpossible to formulate & method of determining runoff
applicable to all logalities, However, by limiting the
study to & relatively smell area in which the drsinage
basin characteristies are essentially the same, these
variables will be greatly modified, The author is of the
opinion that by limiting the area under consideration,
the precipitation-runoff relationshlp may be determined
within the required limit of accursoy.
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REVIEYW OF LITERATURE

Various methods have been used in the sttempt to deter
mine the pree¢ipitetion-runoff relationship, some to extend
eéxisting atreax flow records, others to complle a complete
record where none existed, |

ihere partisl records are available, the method
ugually oonsists of correleting the runoff and precipitstion
date in & graphical form to obtain the desired relationship.

¥here no stream flow records exist, the relationshiy
is generally found by taking one or several nearby streams
with record and making the correiatlon, teking into acoount
the physicel differences of the &rainéga besins. :

2
Justtn( ) has found that in the northeastern part of the

{2) Joel D, Justin, Derivation of Runoff from Rainfall
Data, TRANSACTIONS, Americen Soclety of Civil Ingli-
nsers, Vol, 77, pp 346,

United St&téa, the following relationshlp will spply:

R = 0,93¢ g0 *+°° p#

4

in which R is the snnual runoff in inches; P is the annual
precipitation in ineches; T is the mean annual temperature
in degrees Pahrenheit; S 1s the sglope of the watershed,
whieh i3 the elevation of the highest point minua the
slevation of the lowest point, divided by the square root
of the arsa in gquare feet. Mr, Justin advised cautlon in
applying this formula to other watersieds, as undoubtedly
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the value of the constant end the exponent of 3 might vary
somewhat in other sections of the country.

Mr, Justin recommends the use of this or a similar
formula %o determine runcff on a monthly bassis for the pur-
pose of construeting a mass dlegran for use In determining
resﬁrveirveapaﬁity. hile it will not glve true runoff for
any partieuiar month, Mr. Justin found that the mass curve
when plotted gives depletions whieh do not differ materially
from those obteined when the observed monthly runoff is .
used in construeting the mass diagranm.

The Hydrology Handbook(al prepared by the Hydrology

{3) Hydrology Hendbook, Americen Soelety of Civil Tngi-
neers, Manual of Ingineering Practice Number 28,
PDe 79

Committee of the American Soclety of Civil Englneers sub-

mitted the following formuls for the estimation of rumoff:
R=aP + bPl + 0

in which R is the runoff in inches, acre feect, or mean cubic

feet per second during 2 given year; P 1s the precipitation

>&uringvtha same year; end P 1s the precipitation during the

1
yesr immediately antecedent. The constants may be evaluated

by grephical or leasi-squares technligue.
Johnstone and Graaa(é) present three forms of a straight

{4) Don Johmstons and Willlem F. Cross, Elements of
Applied Hydrology, pPp. 103-106.

www.manaraa.com



line relationship between rainfall and runoff,

The first equation 1s:

R = pP

in which R i3 inches of annual or seasonel runoff, P is
inches of annual or seesonal precipitation, and p is =
pereentage. This equation wlll glve & streight line through
the origin and would signify that the annual loss, as well
as runoff, is a constant percentage of the snnusl precipi~
tatlon smount. Llittle support for this form of an eguation
is offered by the authors,

The second egquation discussed by lissrs. Johmstone and
Cross takes the form:

R=P -~ L
where L 1s g constant in inehes, This ls & straight line
passing to the right of the origin end having a slope of
45°%, It would signify that a sertain minimum amount of
rainfell is necessary before any runoff will occur and
that for rainfalls greater than that minimnm; the annual
loss is eonstant, More support is given to this form of an
équation but the suthors really favor the third form, whieh
iss
R=gfP -C

where q is & peroentage and ¢ is a constant, This 13 a
streight line passing to the right of the origin and having
a slope of less than 48°, It would signify that & certain
minimam emount of reinfell is necessary befors any runcff
will cecur and that for rainfalls greater than that mini-

mum the annuel loss8 inoresses gsomewhet with an ineresse in
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the precipitation, By allowing the loss to lnorease some~
what with the preoipitation, it recognizes the tendency of
the plant cover to grow more luxurisntly--and therefore to
transpire more-~in wet years than in dry omnes. It also
recognizes the tendeney towerd higher ground~water levels
in wet years,

Johnatone end Cross offer no values for any of the
constents observing that they will differ for different
drainage beasins In different locelitles. It is up to the
user to determine the constants from either partial records
of the stream in question or from records of nearby gagling

statlions,
Fuatar{ﬁ) also recommeénds & formuls of the same type

{5) Edger E, Foster, Rainfall aund Runoff, pp. 444.

a3 the third osne presented by Johnstone and Crossa,
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DISCUSSION

After giving considerstion to the various types of
formulas suggested by several writara; the author was of
the opinion that & relatively simple and sufficiently
accurate determinetion of runoff from precipltation eculd
be srrived at by using the forms

R =»qgP - ¢
in whieh R is the asnnual or seasonal runoff in inches, P
is the annusl or seasonal precipitation in inches, ¢ is &
percentage and ¢ is e constant,

The vaiues of q and ¢ are to be detemmined from &
¢orrelation of existing stream flow and weather records on
elther & nearby drainage basin or partial records of the
gtream under study.

It would bave been impossible to find vaiues of the
ponstants for sny siream in the state or nation due to
lack of time and probable complete differences of these
congtants for eaohk streem.

The author decided to evaluate the two eonatanta; q
énﬁ ¢, for one large dreinage basin in Missouri, using seve
eral small dralnsge basins within the lserge one, and in so
doing, outline & procedure that sould be followed If runoff
'data were desired elsewhere. After consultation with engi-
neers of the United States Geologleal Survey, and an exam-
ination of stream flow records over the state, the Grand
River Basin of Missourl end Iowa was selected as the large

drainage basin, The Grand River besin es a whole sontains
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10

nine stresm gaging stations, most of whiech give 20 or more
years of record; it contains e sufficient number of well
scattered precipitation stations of even longer record.

It wes deemed advisable to evaluste the constants
not only dn an annual basisz but to correlate the deta so
that coﬁstants would be obtained for four quarterly
seasons éf the yesr, The first quarter is for the months
of October, November and Seaamb@r; the second quarter for
January, February and iarch; the third quarter for April,
May aﬁd~3une, end the fourth quarter for the months of
Julﬁ,'&ugust and September, This definition of querters
is in agreement with the system used by the United States
Geological Survey., The annual records would be taken
for a "water year" of from October 1 to September 30, the
nunber of the weter yesr corresponding to the calendar
year in whieh it ends,

The beginning of a waeter year'ia et a time when it is
more likely that the stream flow will be at 1ts lowest,
end when the smount of ground water in temporary atoraga
is lemst and likely to be most nearly the same from year
to year., |

" The Grand River Basin is located in northwestern
Missourl end southwestern Iowa, the bulk of its area
being in Missourti, It 1s roughly elliptiesl in shepe
with the major axils in & generally north and south
airection; {See Figure 2) Its extreme dimenslons are

about 150 miles long by approximately 90 mileés wide,
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Frig. 2 LocoFion and Shope of Grosd
Erver Basin
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12

The area of the basin is about ?;@00 square miles,

The Grand River is formed by its West, Middle and
East Forks whioch rise in scuthwestern Iowa and flow in &
southerly direction to thelr junction nesr Albany; Mo. Be-
low this Junction, its principal tributaries are:

Grindstone Creek, which rises near Maysville, Mo., and
flows in a northeasterly direction to join the main river
at Pattonburg, Mo.;

Big Creek, the west fork of which rises near Mount
Ayr, la., and flows in e southerly directlon to jelinm the
main river at Pattonsburg, Mo.;

The Last Fork of Big Creek whlch rises in the vicinity
of Lamani; Ia,, and flows in s southerly direction to jJoin
Big Creek near Bethany; Ho.}

Thompson Hiver; which rises in Adasir County in south-
western Jowe and flows southeast to the Iowa«Mlasouri line
thence south to its junoction with the Grand River near
chilliaetha; Mo.3 (The Thompson River was formerly known
as Grand River and some mey still refer to it by that neme.
The prinelpal tributary of the Thompson River is the Weldon
River which rises near Leon in Decatur County, Ia.,‘ana
flows south to join the Thompson Hiver near Treanton, Ho,)

Shoal Creek, which rises near Lathrop in Clinton
Gounty, ﬁa,; in the southwestern corner of the drainage
area and flows in an easterly and northeasterly direction,

joining the Grand River Just below Chillicothe, Wo.;
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13

liedicine Creek, which rises near Corydon in Wayne
County, Ia,, and flows south to join the main river nesr
Bedford, Mo.;

Locust Oreek, which rises in Iowa near the Iowa-
iissourl state line and empties into the Grand River in
Chariton County near ﬁumnar; Ho.;

Yellow (reek, whioh rises in Sullivan County, Mo,, and
flows south to join the mein river in Cheriton County, a
short distance below Sumner, Mo.

The Grand River Basin varies in topography from &
gentle, rolling plain near the: mouth to rether rough, hilly
land near the hesdwaters, The eéntire basin was originally
a plain with a gentle slope to the south end east., Sub-
sequently, the topography of this plain has been greatly
modified by ereosion.

The surface of the greater part of thils section is
mantled with s veneer of unconsolidsted glacial deposits
of alay; sandy eclay, seund and graval; or with loess deposita,
Where thaée,dupasits have been carried away by the erosive
action of the stream or otherwise thinned out, the under-
lying sedimentary rook formstions are exposed., The under~
lying formations in this erea sre the sedimentary rocks of
the TPennsylvanian Age.

Stream gaging stations are operated on the Grand River
near Gellatin, Mo.; snd near Sumner, Mo.; on the Thompsen.
River at Davis City, Ia., and at Trenton, ¥o,; on the Weldon

River near Mercer, Mo,.; and et Mill Grove, lo.; on the East
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Fork of Blg Creek near Bethany, Mo.; on Medicine Creek near
Galt, Mo.; on Loocust Creek near Linmeus, Mo,

Records from each of these stations with the exception
of Locust Creek near Linneus will be correlated with pre-
cipltatlon data to determine the constants in the formule
selected. The records of Locust. Creek near Linneus will be
used to oheck the results of this study,

Precipitatien stations whose records will be in this
correletions are the following: Afton, Creston, Lamoni,
and‘wount Ayr in Iowa} Bethany; Chillicothe, Conception,
Gallatin, Grant City, Kidder, King City; Luecerne, iillan,
end Trenton in Missouri.
(¢)

The Thiessen method of approximating the equivalent

{6) A, H, Thlessen, The Frecipitation Averages for Larg
Areas, Monthly Veather Review, July, 1911, pp.lo82

uniform depth of precipitation over an ares was used in this
study. |

The seleetion of this method came after consldering it
and two other methods, the unwelighted mean and the use of
isohyetal maps. The unweighted mean method, éonsisting of
adding the preciplitation reported by each of the statlons
and dividing by the number of stations, was not consldered
apourate enough as the preciplietion stations are often
irregulerly spaced with respect to & particulsr drainsge
basin.

The use of isohyetal maps wes rejected as being too
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time consuming considering the number of stations and years
of record. This method would most probably give results
that would be the nearest correct of the three msthods, but
it was felt that this sccuracy waes not justified,

The Thiessen method attenpts to make allowange for
irregularities in gage spacing by welghing the report of
eachh gage in proportion to the area wﬁish that gage is
agsumned to represent.

The area that any specific gage is assumed to repre-
gent is the ares comprising all points thet are closer to
thet goge then to any other, These aress are determined
graphleally as fbllawa:.

{a) Draw a set of triangles comnecting adjacent
gages.,

(b)_canstruut the perpendiculer bisectors for all
-aiﬂas of a triangle. These bisectors define
a set of pelygons; one for each gage, snd each
polygon conteins only polnts that are closer
to the gage st ite c¢enter than to any eother.

Figure 5 shows the constructed Thiessen polygons for
the entire Grand River Basin, |

After oconstrueting the polygons for the Basln, the next
step was the eomputation or the equivalent uniform depth of
precipitation, for esch dreinsge basin with e stream flow
regord, for each quarter of each yesr of record. Needless
té'$a¥; these computations are too lengthy to be included
in this thesia; and only a semple will be presented.

www.manaraa.com
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Consider the Thompson Kiver at Davis City. {See Figure
4) It will be noted that the polygon representing the pre-
eipitation gege at Mount Ayr has been eliminated. This was
deemed desiradble as this polygon represented only 2% of the
total area,
The areas of the polygons in the Basin were determined
by using a.@lanimeter. The units of erea were not determind
but the planimeter readings used direct.
| The mrea of each polygon was dlvided by the total srea,
which gave e coelfiolent of area assignabie to each gage,
The coefficients thus obtained weres
Creston. coveesss0.3
Aftan.“.....*,.;G.ﬁ

Lamaﬂi,‘lﬂ‘!"ﬁ’.vela

TobalscesnnseansnlsO

By multiplying the precipitation reported for the
quarter by each gage times the coefficlent of aree rqr
that gage, then adding the values thus found, the equive-
lent uniform depth of precipitation over the drainage basin
wag determined,

£11 precipltation raeordsvuﬁe& in this study were taken
from the Climatologloal Review, innual Sumuery, Iuwé Section
end Migsourli nection; published by the United States Weather
Bureau. |

The Annuel Summary, published separately for each state

givea maﬂthly preeipi@atien, temperature and mis@@l&&nﬂuus

data for esch weather station in the gtate.
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The following tabulstion will serve to demonstrate
the procedure followed:
TABLE 1
PRECIPITATION COMPUTATION PROCLDURE
Thompson River at Davis City

First juarter, 1919 water year,
(Get,, Hov., Dee., 1918)

(1) {2) {3)

goef, of Inches
Statlon  Area =~ Precip, (1) x (2)
Creston 0.8 5,84 1,78
Afton 0.5 6,80 340
Lemoni 0.2 7.03 1.50

Equlv. Uniform depth of preoipitation 6,55
{sum of col. 3)

This egquivalent uniform depth of precipitation will
be hereafter referred to as precipitation,

With the precipitation data all computed, the corre-
lation of precipitation and runoff was presented graphieslly
for each drainage besin for esch guarter and alsc annuelly.

The correlstion is shown for the first quarter in
Pigures § - 18; for the ssecond guarter in Flgures 13 - 20,
for the third quarter in E;guren 21 - 28, for the fourth
quarter in Figures 29 « 36, and for the water year in
Flgures 37 ~ 44,
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Through the points plotted, a stralght line was drawn,
representing the preaiyitatian~runarr relatianahip; end the
equation of the line determined,

The equetions thus found are;

" Pirat querter: R,

Seoond qaarterz'ﬁz = 0,9 sza B.2%

Third Querters Ra = 0,& Ps “« T.B8

Fourth Wmarter: R§ = 0,1 P4 - 0.k
Water Year: ‘RA = (0,75 ?A - 19.85

in whioh R is the runoff, P is the preaigitatiau; with the
subseript denoting the quarters of the year and , denoting
the annuel.

As a c¢heck the author used the four gquarterly formulas
to compute the runoff of the drainsge basin of Logust Creek
neer Linneus. The runoff thus obtained wes used to con-
struet the mass curve shown by brokan lines in Pigure 45.
Ordinates for the ourve were computed and plotted for essh
guarter. Runoff as determined by stream gaging at this
point wes used to construct the mass ourve shown by the
solid line in Figure 45. No reservolr corrections were
taken into aceount.

It will be noted that the cumulative totels of the
computed runoff for 18 years differ from the observed by
a little less than 3 per cent, the computed being less
than the observed, The two oﬁrvzalare approximately
parallel throughout thelr entirety, getting oloser together

www.manaraa.com
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a8 time goes on. The one time in which they are not para-
llel ia the second quarter of 1558. This was during a |
drought period of geveral yearé and the preeigitation
during the winter months was very evenly distrihuted.

This resulted in prsetieally no oﬁserveé runcff; but

d1d show sonme aomputeﬁ‘runarf‘

A draft on the watershed of 4 inches per year was
assumed and epplied to the curves, The greatest depletion
shown on the eurve of observed runoff was 5.8 inchas; and
the mass eurve of computed runoff showed s depletion of
4.5 inahas; a difference of B2 per cent. This difference
| is on the unsafe side, It is customary %o apply a sefety
fastor to the minimum reservelr §apacity as determined ﬁy
the mags curve to take care of any future deviations froam
past records. Alsa; most reservoirs have additional sepa-~
eity for recreational facilities which could be utilized
in case of an emergency, Had there been no runoff data on
the Locust Creek watershed & reservolr of sufficlent cepa-
olty ocould have been decided on from & study of the com-
puted mess curve. »

A furtber check is shown in Teble IX., In this table
the end of water year ordinetes for mess-curves constructed
by three methods are shown. They are: ordinate from ob=-
sérvaﬁ‘runafr; ordinste computed from the four quarterly
formulas, ordinate computed from annuel formula, The per-
ecent each of the two computed ordinate varies from the

observed ordinate is also shown.
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TABLE IX
COMPARISON OF MASS~-CURVE ORDINATES
LOCUST CREIK NEAR LINKNEUS

Ordinate Computed from Computed from
from arterl formylas annual formule
observed nata pereen age rdinate percentage
runoff different different
Xear hes  ___ from observed
1831 6.79 7,39 +9 9.04 +33
1832 24.00 i7.18 -29 29,18 +28
1933 28,486 21.87 -235 33.19 «17
1954 28,99 22.73 ~22 58.19 +14
1935 46.49 36 .04 «~22 48,35 + 3.4
1936 49.04 38,74 -21 49,685 + 1.2
1937 54,33 44 .81 -19 52.16 - &
1938 54.91 48,98 -11 56,81 + 3.5
1939 61.39 87.72 - 8 64.02 + 4
1940 63,77 $1.02 - 4 66,37 + 4
1941 67.97 66.94 - 1.5 72,158 + &
1942 78.72 79.23 + 0.7 86,60 +10
1943 B8.37 87.0% - 1.5 94,67 + 7
1944 96.19 96,65 + Q.5 103,80 + 8
1945 109.90 108,56 - 1.2 115,75 + B
1946 117.50 116,15 - 1.1 122,84 + 5
1947 137.13 133.54 - 2,6 138.02 + 0.6
- 20? 142;26 - 1.0

1948 143,75 139.80

www.manharaa.com
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The oréinatéa computed by the quarterly formulas
differ from the observed ordinstes by over 25 percent in
only one year in 18; over 20 percent in only five years
in 18, end over 1C percent in only seven years in 18. The
difference 1s less than 5 percent in nine years out of the
18, It 18 interesting to nate‘that the difference after
the first elght years is never more than 4 inches,

The ordinstes computed by the annual formula differ
from the observed ordinates by over 25 percent in only one
year in 1&; by over 20 percent in only 2 years in 18, and
over 10 perceat in only 4 years in 18. The difference
15 5 percent or less in 10 years out of the 18. <Ihe
cumulative total of the runoff computed by the annual
formula differs from the obgerved by jJust e 1ittle over

1 percent.

www.manaraa.com



45

CONCLUSIONS
The author believes thet the five formulass

Rl = 075331 - 1.1

o

0.9P, ~ 2.25
Ry = 0.8P5 = 7,85
R, = a.xvi'a 0.4
Rﬁ = 0.75P, - 19.25

will enable one to compute runoff values thet will ¢ompare
favorably with the setual runarf»on sny stream in the Grand
River Basin,

liany of the drainsge basin eharscteristics which are
reasonably constent for one Particular basin need not be
taken into agcount in thias type of study, Such character-
isties es topography, geology, and vegetation will vary
somewhat for different locelitlies. For this resson the
goefflclents and constants in the five formulas stated
above for the Grand River Basin should ncf be used for
streams in other loeslities without caution,

In the event that runoff values are desired on other
gstreans the method of corrﬂlating ralnfall to runoff pre-
sented here should give results of equal agecuracy. The
 Unita& States Weather Bureau has preaipitgtian stations
eonveniently located all over the country, and the kater
Resources Braneh of the United States Geological Survey
operates streax gaging stations at well distributed points
80 tHatone is never without the baesic data to compile the
precipltetion~-runoff relationship on eny particular dralnage
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basin,

If the five formulaes presented here are applied to
any particular season or year, they mey not give trus
runoff., It hes been shown, however, that these formulss
may be used for obtaining quarterly runoff velues that
when plotted in s mass~curve will indicate s necessary
reservolr papacity which is within the 1imit of adequate
design,

The eathor is of the opinlen thet the many varisbles
of the hydrologle eycle need not be teken into aceount in
a correlation of the precipitation-runoff relationship if
the results of that correlation are to be used in a limited
erea having the seme topographle, gaelagidal, geographic
and culturel characteristies,

The author feels that the formula. R = gP ~ O eon-
gtitutes a simple and adequate method of correlating the
precipitation-runoff relationship when the coefficient and
constant C heve been evaluasted for the particular basin

under consideration.
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