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Abstract:

A theoretical equation is derived which may be used to predict floods on small Montana watersheds.
The equation derived uses the mean annual peak discharge rate of the stream (which may be estimated
from short streamflow records) together with three theoretically based factors. These three factors were
evaluated for Montana east of the continental divide.

The rainfall intensity ratio, defined as the ratio of the 50-year rainfall intensity of given duration to the
mean annual rainfall intensity, of the same duration, was evaluated using published rainfall data. An
isoplethal map was plotted showing values of the rainfall intensity ratio for Montana east of the
continental divide.

The rainfall-discharge recurrence factor, a factor expressing the relationship between the rainfall
intensity recurrence relation and the recurrence relation of peak annual discharges produced by rainfall,
was evaluated using published rainfall data, as well as water-stage and discharge data for twelve
Montana watersheds.

Special techniques were required to separate rainfall-induced flow from the remaining portions of
streamflow hydrographs so that peak annual discharges from rainfall could be determined. Values of
the rainfall discharge-recurrence factor determined for the twelve watersheds were used to plot an
isoplethal map applicable to Montana east of the continental divide.

The rain-snow-base flow interaction ratio, a factor reflecting the relative dependence or independence
of the frequency curves of rainfall-induced flows and snow-melt-induced flows, was evaluated for the
twelve Montana watersheds. An average value is recommended for use in Montana east of the
continental divide.

Estimates of the 50-year flood obtained by extreme value (Gumbel) and log-normal recurrence
analyses were compared with estimates from the method derived in this study for 46 watersheds. From
this comparison, the derived method is considered to be more reliable than the extreme value and
log-normal methods for discharge records 50 years or shorter in length.

The derived method is applicable for watersheds less than 500 square miles in area for which large
events occur most often during the snow melt season.
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ABSTRACT

A theoretical equation is derived which may be used to predict
floods on small Montana watersheds, The equation derived uses the
mean anrual peak discharge rate of the stream (which may be estimated
from short streamflow records) together with three theoretically
based factors. Theses three factors were evaluated for Montana east
of the continental divide,

The rainfall intensity ratio, defined as the ratio of the 50-year
rainfall intensity of given duration to the mean annual rainfall
intensity, of the same duration, was evaluated using published
rainfall data, An isoplethal map was plotted showing values of the
rainfall intensity ratio for Montana east of the continental divide.

The rainfall-discharge recurrence factor, a factor expressing
the relationship between the rainfall intensity recurrence relation
and the recurrence relation of peak anmual discharges produced by
rainfall, was evaluated usirg published rainfall data, as well as
water-stage and discharge data for twelve Montana watersheds,
Special techniques were required to separate rainfall-induced flow
from the remaining portions of streamflow hydrographs so that peak
anrmal discharges from rainfall could be determined. Values of the
rainfall discharge-recurrence factor determined for the twelve
watersheds were used to plot an.isoplethal map applicable to Montana
east of the continental divide,

The rain-snow-tase flow interaction ratio, a factor reflecting
the relative dependence or independence of the frequency curves of
rainfall-induced flows and snow-melt-induced flows, was evaluated
for the twelve Montana watersheds. An average value is recommended
for use in Montana east of the continental divide.

Estimates of the 50=year flood obtained by extreme value
(Gumbel) and log-rormal recurrence analyses were compared with
estimates from the method derived in this study for 46 watersheds.,
From this comparison, the derived method is considered to be more
reliable than the extreme value and log-normal methods for discharge .
- records 50 years or shorter in length,

The derived method is applicable for watersheds less thah 500

square miles in area for which large events occur most often during
the snow melt season,




CHAPTER T

INTROTUCTION

As a result of the intensive highway construction program which
is curfently in progress in Montana, larger and more expensive '
drainage structures are being built on small Montana watersheds than
have been in the vast. As the size and cost of these structures
increases, the need for reliable estimates of the magnitude of
flbods vhich may occur during the lifetime of the structures also
~ increases,

Predicting floods on small Wﬁtersheds in Montana is difficult.
Only since the inc:zption of the U.S. Geological Survey Small-area
Peak~flow Highway Program in 1955 have peak-flow measurement; been
made on mere than a few such watersheds. These records are generaliy
too short to be used without additional information in predicting
floods of more than very short racurrence intervals. No satisfactory
flood-prediction methods using data other than streamflow records
have been developed for uss in Montana,

Precipitation measurements, on the other hand, have been made for
many jears at stations located throughout Montana, Since peak flow
rates are related to rainfall, at least in part; a logieal approach
to predicting floods is to utilize the long rainfall records which are
available, This approach is taken as 6né rhase of tho Drainage

Correlation Research Project,
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The D:ainage Correlation Research Project, sponsored by the
Montana State Highway Commissioh_and the Bureau of Public Roads,
was instituted ét Montana State University in 1963 to develop and
evaluate'prbcédures for predicting floods from Montana watersheds
1 to 100 square miles in area. The investigation is divided into
two concurrent phasess

1) Runoff data from a number of watersheds and precipitation
data from weather stations throughout Montana are studied to develop
a correlation between péak flows and precifitation data,

~ 2) Comprehensive hydrologic studies are being made of four

watersheds included in the U.S, Geological Survey Peak-flow Program;
_ Data coliected_is uéed to develop and evaluate flood predicfion
procedures, . |

The research reported herein was conducted under the first phase
of the projéct investigation, J

In this study a theoretical equation is derived which may be used to
predict floods on small Montana watersheds. The equation derived uses
- the mean annual peak dischafge rate of the stream (which may be estimated
from short streamflow records) together with three theoretically based
factors. These three factors were evaluated for Montana east of the
continental divide,

The rainfall intensity ratio, defined as the ratio of the 50-year
rainfall intensity of glven duration to the mean annual raiﬂfall intensity

of the same duration, was evaluated using published rainfall data, An
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isoplethal map was plotted showing values of the rainfall intensity ratio
for Montana east of the continental divide.

The rainfall-discharge recurrence factor, a factor expressing the
relationship between the rainfall intensity recurrence relation (for
specified durations) and the recurrsnce relation of peak annual
discharges produced by rainfall, was evaluated using published rainfall
data and water-stage and discharge data for twelve Monfana'watersheds.
Special teéhniques were required to separate rainfall-inducéd flow from
the remaining portions of strsamflow hydrographs so that peak annual
discharges from rainfall could be determined. Values of the rainfall
discharge-recurrence factor determined for the twelve watersheds were
used to plot an isoplethal map applicable to Montana east of"the
continental divide,

. The rain-snow~base flow interaction ratio, a factor reflectiﬁg the
relative dependence or independence of the frequency cﬁrvés of rainfall-
induced flows and snow-melt-induced flows, was evaluated for the twelve
Montana watersheds. An average value is recomﬁended for use in Montana
east of the continental divide,

Data for developing the method was §btained from twelve waterfstage-,
”‘gaged watersheds in Montana east of the continental divide., The method
was tested on a numter of'water-stage-gaged and crest-stage-gaged

watersheds located east of the continental divide.



CHAPTER IT

REVIEW OF LITERATURE

>Since 1940 wide scale development of hydrologic techniques
applicable to small watersheds has taken place, Some of the most
useful developments have been in the applicaiion of frequency analyses.,
Below, traditional and modern techniques of flood prediction which
incorporate rainfall data are outlined; the current methods of
A frequency anélysis are discussed; and the methods available for

predicting floods on small Montana watersheds are presented,

RATNFALTL~RELATED F1OOD FORMULAS

| The ratiﬁnal runoff formula, proposed and used by Mulvany as
~ early as 1851, (Dooge, 1957) is an empirical method using ﬁatgrshed
area and rainfall intensity as variables. Since that time numerous
formulas have been proposed to predict peék discharge rates ffom
rainfall intensities, for example, Gregory and Arnold (1932), Krimgold
(1938), and Roe and Sn&der (1943). Thése formulas take the general

form

Q= K I AP i ittt et e enneneeeeel(l)

where Q is the peak discharge rate, I is the rainfall intensity, A is
the area of the watershed, and K, a, and b are empirical constants.
The formulas are not considered valid unless the duration of the storm

is at least equal to the travel time of the watershed.



MULTIPLE CORRELATION METHODS

During the past several decades hydrologists‘have shovn that the
total depth of rainfall (excess rainfall) which appears as the surface
runoff part of the hydrograph méy be estimated for a given watershed from
a multiplé correlation using.such variables as antecedent precipitation |
index, season of year, and storm dufation and intensity, The time
distribution of discharge resulting frbm this excess rain has then been
determined by unit hydrograph methods, or by a graphical correlation of
the amount of excess rainfall during a.short time increment vs runoff
rate during the increment (Kohler and Linsley, 1951; Kresge and Nordenson,

19555 Miller and Paulhus, 1957; and Paulhus and Miller, 1957).

Unit Hydrograph: Since the physical characteristics of a basin--
shape; size, slope, eté.--are constant, the hydrographs from storms of
similar characteristics might be expected to have considerable similarity .
in shape. .This concept is the basis of the unit hydrograph. The unit
hydrograbh method, proposed by Sherman (1932), yields ér"typical“r
hydrograph for the watershed, -

'The unitihydrograph is defined as the hydrograph of one inch direct
runoff (total runoff minus base flow) from a storm of specified duration.
It is obtained by adjusting the ordinates‘of the hydrograph resulting
from a storm of the specified duration so that the volume of direct
runoff under the hydrograph is one inch, This is usually done for
several storms of similar duration, and the hydrographs are superimposed

to give a typical (average) unit hydrograph. Thebretically, a separate,

unit hydrograph is réquired for each duration of rainfallj however, unit
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single duration (Linsley, Kohler, and Paulhus, 1958).

Synthetic unit hydrograpvh: Often on small watersheds insufficient
streamflow records are available from which to construcet unit
hydrographs. In this case the synthetic unit hydrograph method
introduced by Sayder (1938) may be used, In this method the time lag,
usually defined as the time interval betwéen the centroid of rainfall
and the hydrograph peak, is determined as an empirical function of the
length and slope of the stream channel, The unit hydrograph peak for
a given rainfall duration is then expressed as a function of drainage
area and time lag, The hydrograph is assigned a shape from another
empirical relation.  The hydrograph thus synthesized can be analyzed
by the same techniques as ordinary unit hydrographs to predi;t the
peék discharge from a given rainfall,

Synthetic unit hydrographs have been applied specificzlly to
small watersheds by Hickock, Keppel, and Rafferty (1959). They point
oﬁt that hydrograph synthesis c#n only be applied on watersheds where
major floods result from single storms producing runoff from the entire
watershed, In the Southﬁest, this 1imits the use of'synthetic
hydrographs to watersheds of.less than 1000 acres, The limit for -
eastern Montana is expscted to be of the same order of magnitude,
Renard and Keppel (1966) have developed a special technique for using'.
synthetic unit hydrographs on larger ephemeral streams in the Southwest.,
In this technique, unit hydrographs are synthesized for portions of the

watershed and routed to the mouth accounting for transmission losses,
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For watersheds larger than a few squaré miles in area, the labor required
to apply this method is very great. The labor involved may be reduced
somewhat by the use of the electronic computer,

fultivariate methods: Lewis (1968) (in progress) has applied

multivariatelanalysis to the four watersheds gaged by the Drainage
Corralation Research Project in order to obtain a multiple correlation
applicable to eastern Montana watersheds, ngis's method relates peak
discharge rates to watershed-related variables énd mzteorological
variables in a single correlation, His results are not available at this
writing, |

Multiple correlation methods can be used to estimate peak floods for
iong recurrence intervals for watersheds with short streamfl&w records,
They are, however, comparatively laborious to use,

FREQUENCY ANALYSIS

Frequency analysis is a technique well adapted to use on small
watersheds, The major difficulty in thé use of frequency analysis to
determine the magnitude of floods from streamflow data is.the shortage of
long records, Harrold (1945) used streamflow records of less than ten
yeafs' length to predict floods of various recurrence intervals, He
adjusted the data for non-representativeness of saméle by use of rainfallb
frequency data, More recently Chow (1958).has suggested that syhthetid
peak discharges with corresponding recurrence intervals ébtained by |
multiple correlation methods (as described in the preceding section)

may be used to extend short records on small watersheds in



frequency analycis,

The method of frequency analysis treats hydrologic data as a
staﬁisfical variable, The frequency distribution of the data is
examined by an a2nalytical approach and the magnitudes of the variable
for various recurrence intervals ars determined. The recurrence
interval is defined as the average interval of time within which a
given magnituds of the variable is equaled or exceeded’(Andrews, 1957).

Figure (1=a) shows 2 szt of recorded hydrologic data, OnlyAthe
portion of the data of large magnitude is significant in predicting
extrema events, Two methods are used to exclude the smaller portion
of the data from the anilysis. One method, the anrmial maximum series,
uses the series of single largest values recorded in each ye;r. Tre
 other, the parﬁial-duration or exceedence series, uses the series of
values above a selected base value irrespective of time of occurrence,
The series of exceedence values is more difficult to study statistically,
and Chow (1951) has shoun that results from its use do not differ
significantly frbm thoss obtained from the annual series for reCu:renée
intervals;longer than ten years. For these reasons, the anmal series
will bs used for the frequency analysss in this stu&y.

‘The anmal ﬁaximum series for the data of Figure (i-2) is shown
in Figure (1-b). The recurrence interval for the data is computed

from a plotting position formula, The genérally recommended fonamla is

N + 1

n 0000.00.00..0000000.(2)

P o=
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in which T is the recurrence interval, m is the rank of the values
arranged in an order of decreasing magnitude, and N is thé mnnber of
data values, Line AB in Figure .(1-b) indicates the mean, y, of the
observed data whose magrnitudes are represented by a variable, y. Any

particular value of y can then be expressed by

yi=§+Ayi oocooooo.oootooooo(B)

in which Ayi is the departurs from the mean and 1 is a subscript
denoting the particmlar.value of y. By statistics it has bzen showm

that Ayi can be expressed by the product of the standard deviation,

G, defined as,

n .
oc = ZE(Y--i)zj/n .0.‘.0...0.".(4)
| =1 Y .
and a frequency factor, K (Chow, 1958)., Values of K depend on the
frequency distribution used, and increase as the recurrence interval

increases, Thus,

yi=§'+cK oooooo-coooooooo;oo(5)

The selection of a freguency distribution is arbitrary‘ and any:
- distribution which fits the data can bs used,
The extreme value (Gumbel) method is easy to apply and giv»esv

comparable answers to sevsral comoixly used distributions (Huff and Neill,

1959; Majumdar and Sawhney, 1955).
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The extrome valus distribution is obtained from the following
assumptions (Gumbel, 1958)¢

1) The data is divided into N samples each of size n,

2) The distribution becomes defined as N and n becone infinite,

3) A finite set of data can be fitted to the diétribution by the
method of least squares, -

To apply the distribution to hydrologic analysis the following
additional assumptions rust be made:

1) The number of recorded values during one year is large enough
to be considered infinite,

2) The distribution of the original data is of the exponential
type. _ : . . '

3) The sample size is constant,
It is clear that these last assumptiohs are never exactly mef.
Experience has shown, however, that the it is.usually"bétter than might
be expected from these cénsidefations. | |

Chow_(i958) has derived the value of K for the extreme value
(Gumbel) distribution as

- L | '

K = o (ln T =- yn) A S A R (6)
n .

in which % and in are the reduced standard deviation and reduced mean

and depend only on sample size (years of reédrd) (tabulated in

Gumbel, 1958), and T, as before, is the recurrence interval,
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(In T is the logarithm of T taken to the Naperian base e).

 The log~noimal distribution (log-probability law) is another
frequency distribution commonly used in hydrolegzy. It is based on the
assumption that the logarithm of the variable, y, follows a normal
- dilstribution. Usae or the log-normal distribution is equivalent to
applying a logarithnic transformation to the data and fitting the
 transformed data to a normal distritution, |
Chow (1958) has chowm that thé frequency factor, K, for the log-

normal distribution is given by

~e(3Ky - c/2) o
K 0‘2 L o.oooocaoo,ooo(?)
(e - 1)

where Ky = (yy = ¥)/=. The other quantities are defined as above. For
computatioral purpqses,\K\has been,tabulafed as a function of the

- eoefficient of variation, Cv’ for given racurrence.intef&als'(see
Appendix A). The coefficient of variation is defined as

c, = cly

® o ¢ o 0 6 0 ¢ 9 o o & o 5 0 6 0 o 0 o o (8)

Application of the log-normal distribution to hydrologic analysis -
is based on the following assumptions (Chow, 1958): |
1) The hydrologic event is the result of the joinf action of many

causative factors.

2) The variable y is equal to the product of a large number of r
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independent magnitudes, Xys Xps o o o Xy vhich are due to the r

2
causative factors.

Figure (1-c) and Figure (1-d) show theératical.recurrence
disfribdtions which fit the data in Figure (i-b). It is usually
convenient, however, to transform the recurrence scale so that the
relation plots as a straight line, Special graph papsr is available
with transformed recurrence scales to fit cormon recurrence
distributions. Figure (1-2) shows the data fitted to an extreme
“value distribtution and Figurs (1-f) shows the data fitted to a log-
normal distribution,

Confidence curves can be constructed to estimate how accurately
the theoretical distribution fits the data (as shovn, for example,
in Figure (i-e)). According to 2 method given by Gumbel (1958),
confidence curves for the extreme value distribution are described

by the equation

ycc- =%y t (r.s.e) (U) /(\/-l:l_ O’n) ® o6 0 @ &6 o o o (9) ‘

where Veo is the ordinate of the confidsnce curvs, y is the corresponding

ordinate of the recurrence line, r.s.e is the “reduced standard error;" a

statistig computed and tabulated by Gumbesl for various values of n and O,

The values of n and C,, are definéd as abﬁve. These cénfidence curves show
~ the range of recurrence intervals within which a given magnitude of the |
variable may be expected with a probability of approximately 2/3;

Equation {9) appliss only for analysis according to the extreme value
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distribution, but within ordinary ranges of Cv it is approximately valid
also for the log-normal distribution,

GRADEX METHOD

The Gradex method of flecod prediction, developed for Electricite
de France by Guillot and Duband (1967), has besn used for design problems
' for several years, It is based on the hypothetsis that the frequency of
rainfall and the frequency of floods are parallel at extreme conditions
(i.es en an extreme value frequency plot the distribution of rainfall is
asymptotically parallel to the distribution of extreme flood discharges).
The inverse of the slope of these two parallel lines is termed the Gradex
and may be obtained for certain watersheds from a few years of obser-
&ations'of daily.rainfall. Some of the assumptions necassary in the
development of the Gradex concept are

1) The frequency of the local daily precipitation has an
exponential rate of depletion,

2) In flood conditions, the soil approaches saturafion and each
increment of raihfall, dR, gives rise to a nearly equal increase of daily
diseharge, Q; dQ tends to be equal to dR,

For watersheds ranging in size from 40 to 4000 square miles the
authors found that using daily precipitation values give satisfactory
predictions of mean daily discharge rates, but they imply that for other

watersheds the proper time unit might bz a few hours or several days,
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SOIL CONSWRVATION SERVICE METHOD

Tne U.S. Lepartment of Azriculture, Soil Conservation Service

(1964) uses a procedure adapted mainly for reservoir design from vhich

floods of various recurrence intervals can be predicteds The vatershed

is divided into reaches for which hydrologic soil groups, cover types,
and land uses are inventoried, Hydrologic soil-cover complexes are
assignea on the basis of the inventory. The soil-cover complexes are
used in an empirical relation to estimate the volume of runoff from
historical storms, or storms of various frequency obtained from
Hefshfield (1961), . The recurrence relation of volume of runoff is
established from these data. Peak flow rate is obtained by routing
events of desired runoff volume through the various reaches of the
watershed by unit hydrograph techniques, A computer rrogram is
available vhich performs the computations for the Soil Conservation
Service method,

Ferris (1968) has applied the SCS method to a single event on Duck
Creek in Praifie and McCone Counties, Montana, He found the volume of
runoff predicted by the SCS rethod to compare favorably with the runoff
volume actually recorded; but the peak discharge predicted by the SCS
method was more than twice the discharpge 2ctually obtained, Ferris
believes the discrepancy to be primafily due to the difficulty in
'selectiqg proper values for the watershed parameters,

PREDICTION OF FICODS ON SYALL MONTANA WATERSHEDS

Dalryrmple (1960) developzd a method to determine magnitude and
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frequency of floods, His niethod is accepted as a standard method by
the U.S. Departnent of Interior Geological Survey and is used by their
offices throughout the United States, His analysis provides two curves,
The first curve expressss thé ratio of the peak flow to the ﬁean annual
flood as a2 function of the recurrence interval for a homogeneous
hydrologic rezion. The second curve relates the mean ammual flood to
drainage area and to other basin characteristics, if needsd,
Applications of this method have been made by Berwick (1958), Boner
(1953), and Patterson (1956) for areas in Montana,

Berwick (1958) developed curves applicable to most of Montana east
of the 109th meridian (2 north-south line a few miles east of Iewisfown
and Columbus) which cﬁn be used to predict floods with recurrence
intervals shorter than 20 ycars. BPBerwick's results have beeh revised
and extendsd by Boner (1953). According to Boner, the mean annual

flood, ET, is estimated from 40 gaging stations by the formuia:

q = 28,000 00382 p-1.255 0433 o (10)
vhere A is the drainage area in square miles, E is the average of the
elevations at 2/10 and 8/10 meander length of the main stream course
in feet, L is the meander length of the méin streém'course in miles,
and G is a dimensionless geographical f#ctor. The standard error of
estimate in applying this formula to the 40 watersheds studied ranges
between -27 and +37 percent of the mean. Part of the standard error is

attributed to errors in the frequency curves used in developing ths
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formula, A composite frequency curve expressed as the ratio of the

. extreme flood to the mean annual flood is given for recurrence intervals

ﬁp ﬁo 25 years, DPoner states that his curves should be applied only:to
watersheds from'O.S to 3200 square miles in area,

Patterson (1966) has developed composite freguency curves applicable
for mest of the lMissouri River drainage above Sioux City, Iova.' Curves
are given for recurrence intervals as long as 50 years, Multiple
corrglations relate the mean annual flood to watershed area‘and to
elevation in some mountainous areas, Patterson suggests that his method
is applicable to watersheds of 15 to»10,000'square miles in area, Many of
the small streams used to develop the curves for some localities are at
high altitudes, vhere snow melt runoff is predominant, ForAihese
localities the minimum area for which the curves can be applied may bz as
much as 100 square miles.

Boner and Omang (1967) héve deveioped a method for preﬂicting floods
on Montana watersheds less than 100 square miles in area, They divide
Montana into thirteen regions for which the ratio of the 25-year flood to
the 10-year flood is giVeh as listed in Table (1), For regions 4, B, C,
D, E, and F ihe 10-year flood is related to the drainage area and the
éverage annual runoff of the watershed. The average annual runoff is
obtained from an isoplethal map in the report, For the other regions,
the 10;year flood is related to the drainage area only, Using the
relations given, the 10-year and 25-year floods can be estimated, Floods

of recurrence intervals other than 10 or 25 years cannot be predicted,



Table (1): Ratios of the 25-year flood to the 10-ycar flood,

Region

QO = = g o w >

= & H

M

(After Boner and Omang, 19567)

Counties comprising major portions of

"~ the region

Lincoln

Flathead

Flathead, Missoula, Powell

Sanders, Missoula, Granite

Glacier

Glacier, Toole, Iiberty, Teton, Pondera

Broadwater, Judith Basin, leagher,
Vheatland

Beaverhead, Silver Eow, Madison
Gallatin
Park, Sweetgrass, Stillwater, Carbon

Hill, Blaine, Paillips, Valley, Daniels,
Roosevelt, Sheridan '

Golden Valley, Musselshell, Fergus,
Potroleum, Garfield, McCone

Yellowston=, Treasure, Rosebud, Big Horn,
Custer, Powder River, Prairie, Fallon,
Dawson, Carter

Median ratio

1.3
1.2

1.3

1.25
1.25

1.5
1.u

1.25
1.25
1.2

1.45

1.45

1.45
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Reliability of the 10-year flood is fair, and reliability of the 25-ycar

flood is poor, according to Eoner and Omang.
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DERIVATION OF Tdi RATMFALI-DTSCHARGE TNDUCTION EQUATION

This investigation uses a theorstically bassd equation for the
prediction of a peak discharge rate for a desired recurrence interval,
This chapter preéents the derivation of this equation. The equation to
be derived uses the mean anmual peak discharge rate of the streanm (which
can be estimated fairly accurately from short streamflow records) together
with three theorstical factors which are termed the rainfall intensity
ratio, R, the rainfall-discharge recurrence factor, D, and the rain-snow-
base flow interaction ratio, F. R is defined as the ratio of the i-year »
rainfall intensity of given duration to the mean annual rainfall
intensity of the same duration where i is a spscified recurrence interval,
D expresses the relationship between the rainfall recurrence relation for
sﬁecified duration and the recurrence relation of peak annual discharges.,
F reflects the relative dependence or independence of the frequénéy curves
of rainfall-induced flows and snow-melt induced flowus,

When ‘a rainstorm occurs on a watershed, the water feaching the
grovnd surface may be dispersed in several ways. Some of the water may
infiltrate into the soil, where it will be eventually evaporated,
transpired by plants, or enter ground water. Some water may be evaporafed
immediately into the atmosphere, and some may be retained in‘ground
depressions as puddles., The water that is not dispersed in one of these
ways must flow over the ground surface under the influence of gravity to

enter a vatercourse as direct runoff.
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if the rate at which the rain falls on the watershed (rainfall
~intensity) ié less than the sum of the infiltration, evaporation, and
transpiration rates no direct runoff will result, If the rainfall
intensity éxceeds the sum of these rates for a long enough time to fill |
surface depressions streamflow will result; The increment of rainfall
which contributes to direct runoff is termed the rainfall excess. -

On a given watershed, when the rainfall intensity is sﬁfficient to
cause runoff, the characteristics of the hydrograph depend on duration,
uniformity (within area), steadiness (in time) of the rainfall, and ﬁhe

antecedent condition of the watershed, The duration effect may be
divided into two cases,

1) Long durafions during which the streamflow will reach a steady
state condition if the rainfall intensity is steady and uniform.-

' 2) Shorter durations during which the streamflow will not reach a
steady state condition. ‘
The simplest case to analyze, however, is a steady, uniform rainfall
falling on thé wgtershed‘for a long period of fimé. '

If a rainfall excess with a steady intensity and of long duration
should occur uniform;y over an entire watershed, the streamflow at the
mouth of the watershed would gradually increase until water from the
farthest point on the watershed had suffiéient time to reach the mouih of
the watershed. The time required for the water to reach the mouth of

‘the watershed from the most remote point is defined as the travel time of
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the watershed;‘ The streamflow would continue at thkis rate (a steady state
condition) unﬁii the rainfall excess rate changed.

For this case, the maximum rate of streamflow (in excess of base
flow) at the steady state condition is related to the rainfall intensity'
and the infiltration rate by an equation of continuity.

Q = IA - sA A € £0)
vhere QR is the peak rate of discharge due to rainfall in cubic feet per
second (cfs), I is the rainfall intensity in inches per hour (in./hr),

S is the infiltration rate in in./hr, and A is the area of the watershed
inﬁacres. (One cfs is numerically equivalent, within one percent, to one
acre inch per hour.) At steady state, surfacé retention and channel
storage are constant and do not enter into Equation (11). —

Ordinarily, rainstorms are not of steady, uniform intensity, and
‘many storms are of insufficient duration for a steédy state streamflow
condition to occur, In order to develop a relation applying to‘these

- cases, consider a series of rainsﬁorms which occur on a watershed, each
having the same average intensity, and of the same duration, but with
intensity varying across the watershed (non-uniform) and varying with time
(unsteady). For example, such a series might appear as listed in Table
(2) for a hypothetical watershea of 8820 acres area, Because the
antecedept conditions (and hence infiltration rate) are different for each . -
storm, and because each storm has a different rainfall intensity

distribution each will produce a different peak discharge rate. For the
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Table (2): A hypéthetical series of rainstorms on a 13.8 square

mile (8820 acre) watershed,

. ‘Average Infiltration Peak
Antecedaat intensity Duration rate discharge rate

Storm condition (in./hr) (hrs) (in./hr) (cfs)
A average 1.0 12- 0.6 5800
B dry 1.0 12 0.6 4800
c moist 1.0 12 0.1 L600
D average 1.0 12 0.4 5300
E dry 1.0 12 0.7 3700
F  moist 1.0 12 0.4 4300
G average 1.0 12 0.4 4800
H average 1,0 12 Ol L800
I average 1.0 12 0.5 5100
J  dry 1.0 12 0.6 1300
K moist i.0 12 0.2 6600
L dry 1,0 12 0.8 2800
54 dry - 1.0 i2 0.7 3300
N moist 1.0 12 0.2 6200
0 dry 1.0 12 0.6 5400
P moist 1.0 12 0.3 4,800
Q moist 1.0 12 0.3 5400
R average 1.0 12 0.5 5300
S avei'age 1.0 12 0.k 5600
T moist 1,0 i2 0.3 5300
Means 1.0 e 0.45 4860
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data of Table {2), it is seen that a2 rainstorm with average intensity
1.0 in./hr and 12-hour duration produces, on the avsrage, a peak discharge
of 4860 efs and has an infiltration rate of 0.45 in./hr associated with it.

Instead of considering only storms of a single intensity, the
population of all runoff events caused by rainfalls of the same duration
on the watershsd may be considered. Each runoff event will have an
average raiﬁfall intensity, an average infiltration rate, and a peak
discharge rate associzted with it. A theoretical frequency distribution.
nay be fitted to the lafgest values of rainfall intensity for that storm

- duration during each year of record, For the watershed of Table (2) a

. theoretical rainfall-intensity frequency distribution might appear as

shovm in Figure (2)., From Figure (2) it is evident that a 12-hour
duration rainfall with intensity of 1.0 in./hr has a recurrence interval
of 10 years associated with it. In a similar manner a theoretical
frequency distribution.may be fitted to the smallest iﬁfiltration rate
observed during each year of record, as shovn in Figure (2). From Figure
(2) it is seen that an infiltration rate of 0.45 in,/hr has a recurrence
interval of 11 years associated with it., A frequency distribution may be
fitted to peak annual discharges in a like manner, such as shown in
Figure (2), from vhich it is seen that a peak discharge of 4860 cfs has a
recurrence interval of 15 years associated with it., The maximum average
rainfall intensity, minimum'infiltration rate, and maxirum discharge rate
- observed during a given year may or may not all be associated with the

same runoff event., For the above example, it is seen that an 1l-year
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infiltration rate in conjunction with a 10-year rainfall intensity (for
12-hour duration storms) will, on the average, produce a i5-year peak
discharge. This phenomenon is expected since the combination of the
proper infiltration rate and rainfall intensity to produce the 15-year
floqd will occur more rarely than either individual factor.

Using recurrence intervals assigned in this manner, it is, then,
reasonable to write an equation analogous to Equation (11) to relate the
average valve of peak discharge to the average rainfall intensity (for

storms cf glven dqrdtlon) which produces it and the average 1nf11tratlon

rate associated vltb it.

O.;;'IjA*SkA .ooooaoo.cooo.coo(iz)

vhere the supersceripts i, j, and k represent the recurrence intervals
assigned.to each quantity, For the above examble iis 15 years, j is
10 years, and k is 11 years, thus 4860 = (1;0) (8820) - (0.45) (8820).
- Note,-for a seriesiof storms of another duration (szy 24 hours) the value
of j in Equation (12) would Ee different.

For the special case vhere the dlscharoe is the mean annuai

dlscharge due to rainfall, QR’ aquation (12¥ may be written
R R ¢ )

vhere p and q designate the corresponding recurrence intervals for

rainfall intensity and infiltration rate.

The ratio of Equation (12) to Equatlon (13) is, then,
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i j k
SE - I - S ® L d * [ ) L] L J L * [ [ ] L] - [ ] * L ] L J * L J (14)
- —;;—-—-15 , . ,
QR I¥ -« 8

or, after rearranging,
k

1 ' [ 3 71" §3 Y

EE._:(’_I_. ’_I__i[__/ . I 0000000;00(15)

If the expression in brackets is denoted by D, then

G T , | |
:'-='-D ooooooo‘.otoo.oooonoo(i6>
_vhere,
k
1 - % | |
D=I"J:']‘ ) IJ ooooooooo.ocooo(i'?)
P, .8
1P

Eqﬁatiqn (16) is an expressién ralating Q and I vhich may be used with
any frequency distribution (e.g. extreme valie or log-normel). In
Equation (17) the ratiolI/Ip reflects the difference between the mean

" anrwal peak rainfall intensity and the inﬁénsity vhich produces the mean
gnnual flood., It always haé a v2lue less than 1.0. I‘j/Ii reflécts

the difference in the i-year intensity, and the intensity which produces
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the i-year flood, It is always larger than 1.0, but approaches 1,0 when

i and j are large. The parenthesized term reflects the difference in

the proportion of rainfall centributing to infiltration for common

and rare e&ents and is greaterbthan 1.0, D, then, is a rainfall-

discharge recurrence factor, reflecting the differences between the

distribution of discharges and ths distribution of'rainfall intensities,
If it‘is assuned that both rainfall intensities and peak discharge

rates can be fitted by the first asymptotic extrems value distritution

as propoced by Gumbel (1958), then Q; and Ii are expressed by

&t o= O, + :zQ (Ini - ¥ ,) (18)
R R G_nQ ynQ ® o o o o o 0 o o

-1 ci - ‘

I | = I 4 C_!';:I- (ln i - an) Ao e o o o 0o o o o (19)

vhere ch is the standard deviation of the discharges;c:r:I is the standard
deviation of the rainfall intensities. The reduced mean and standard
deviations, §nQ’<3nQ’ §nI’ and o, 1 are parameters vhich are functions.
only of the length of the discharge and rainfall records.,

Taking the ratio of Q% to I* gives

GQ .
1 - — (Ini - y_.)
-Q_B._=QR+0~“Q nQ 000000000(20)
i I + o. '
L @i - 5.
Sn1 . rl
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or, -
DL o, - :
1 - 1 + 3L (ani - F )
h =£Ri_ . acnO nQ o o o o o o (21)
. (o]
T T 1+-£I-;1n-1- (ni - ¥;)
or,
| 1‘. ' L -
% _ % |1t G g Ui - ¥y L (22)
o1 e 2 I
T i1 + ch Q nI

_ Sq

vhere C, is the coefficient of variation, (the standard deviation
divided by the mean), Couwparison of Equation (22) with Equation (16)

gives a value of D based on the extreme value distritution function,

) A - .
D '= 1 + CVQ onQ (ln i = ynQ) ® & & o o @ (23)
- 1 - .
= (ni - 7,
1+ .Cp oy nl

The expressions for D given by Equation (17) and Equation (23)
are closely related. ch is a function of the average antecedent

watershed corditions which detemmine Sk and Sq. Cv

I>ref1ects_the

relation between Ii,’Ij, IP, and T-.
~ The characteristics of D can be examined by considering the
‘components of Equation (21). C,q is a measure of the variability of

rainfall intenéities, and as such reflects meteorological characteristics
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in the locality of the watershed, Chow (1952) has plotted isopleths

vhich show that CvI does not vary greatly within eastern Montana., C

vQ
is a measure of the variability of discharges and thus reflects watershed

characteristics., It is reasonable to assume that CVQ does not vary

greatly within a given area, vhere watershed characteristics are similar,

The same effects which cause ch to bte larger or smaller in one

location than in another are expected to cause an increase or decrease

in ch'\ Since CvQ i.s in the xnumerator and CvI is in the denominator of

D, any change in the value of D will be smaller than that of CvI or C vd.

Gumbel's values of ¥ Q’ Q° inI’ and o, are nearly constant over
quite laro'e ranges of record length and can be approximated to sufficient

accuracy by representative values. For instance, ¥ is 0.52 and o_. is

nQ .
is 1. 16 for

nQ
1. 06 for record length 20 years, while ¥ Q is 0,55 and o

nQ
record length 50 years, . -

| If the total discharge with recurrence :Lnterval i including the ‘
effects of rainfall, snow melt, and base flow, is desio'nated by QT’ the

rain-snow-base flow interaction ratio, Fy can be defined to express the

relation between QR and Qi.'

%R :R; ® & & & o & o & ¢ o & & 6 O o o o (ZLP)
~ where QT is the mean annual discharge corresponding to Q%. ' F reflects

the interaction between the frequency curves of base vflow, snow-melt-

induced ' flow and rainfall-induced flow as they are combined to produce



- 33 -

the total=discharge frequency curve, In other words, it reflects the

relative dependence or indepsndence of the fresquency curves at the

mean and i-year levels, Because the interaction involved.is complex, it

is difficult to predict the characteristics of F; however, F may be

evaluated empirically for watersheds for vhich the terms on the right

hand side of Equation (24) are knowm. These empirical vaiues of F nmay

be used in Equation (24) to detennine Q% for other watersheds.
Rearranging Equation (211;) gives

1 =
QR OT [ ] * L ] L] [ " L] [ ] * L] [ ] [ ] [ ] [ ] [ ] * L] L] . (25)

QR F

Q%=.

If the value of Q%/QR is substituted from Equation (16), Eqration (25)

becomes,

i Q ' 7 .
Q%'—:D(;I[;—) (?) ................(20)

Let I'/T be denoted by R, then,

¢ = @ q S ¢/

Equation (27) relates the i-year flood to the mean anmual flood by
the three factors D, the rainfall-discharge recurrence factor;bR, the
rainfall-intensity ratio; and F, thé rain-snow-base flow interaction

ratioj which may be evalnated for any desired watershed,
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For convenience in the analysis in this report, i will be taken as
50 ycars. Values of D, R, and F are cdetermined for this case, and are
rot separately denoted., However, the values are different than they

would be for other values of i.



CHAPTER IV

DATA ANATLYSIS AND DETERMINATION OF COEFFICIENTS

In order to predict flcods using Equation (25) the coefficients
R, D, and F must be known, In order to evaluate these coefficients
published rainfall data.obtaihed from the U.,S., Department of Commerce,
Environmental Science Services Administration, and runoff data obtained
from the U,S. Department of Interior Geological Survey were used, In
this cﬁapter the steps necessary in the determination of Ry, Dy and F
are described,

The coefficients R and D depend on the frequency distribution of
rainfall intensities. The IE{ 1620 and SDS Sigma 7 computers wers used
to scan the ES5A data in order to obtain pertinent rainfall ;alues, and
to construct frequency curves from these values,

The factor D also depends on the frequency distribution of rainfali-
induced peak flows, as does F. In addition, F depends on the frequency
distribution of total peak flows, and indirectly on the distribution
of snow-melt-induced peak flows, Runoff data wers analyzed in two
separate phases, During the first phass techniques were developed and
applied to several watersheds in one locality of Montana. During the
second phase the techniques developed in the first phase were applied to
other watersheds thfoughout Montana east of the continental divide.

Values of the coefficients R, D, and F wére determined usihg the
results of the frequency analyses of the rainfall and runoff data, The

results of additional frequency analyses published in the literature wvere



also used where available., Isoplethal maps are presented from which
values of R and D may be estimated for eastern tiontana watersheds, and

a representative value of F for eastern lontana is presented,

RAINFALL D3TA ANALYSIS

Two types of rainfall data were used in this study, recording
rain-gage data reported as amounts during clock hours, and non-recording
rain-gage data,breportedias anount per observational dayi. The data were

obtained from climatalogical data published by the Environmental Science
| Services Administration (1966, ete.) and punched-card decks of
"~ climatalogical data purchased from ESSA. A listing of stations used
showing type and length of record is included in Table (3).

The hourly and daily precipitation data were analyéed on the IE4
1620 and SD3 Sigma 7 computers using Fortran programs written by the
author. One program determined the rainfall amount during consecutive
blocks of time, e.g., from 12:00 M to 2:00 AM, from 2:00 AN to 4:00 Ki,
etc. for 1 hour, 2 hours, 3 hours, & hours, 6 hours, 8 hours, 12 hours,
and 24 hours of rainfall., The prozram then selected and printed the
maximm amounts during each year of record for each obssrvational interval,
The computer programs are listed in Appendix A, A gfaph showing the

results for one station is shown in Figure (3). ‘Although some of the

1Daily rainfall cbservations are made at the same tims each day at
individual stations; however, the time of observation varies widely
from station to station,
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Table (3): list of precipitation measuring stations whose records are
used in the rainfall intensity-relation determination. .

Length of

Statiog Type og record®
number Station name record (years)
L66 Barber Non-recording 18
7780 Big Timber Non-recording 63
807 Eillings VB AP Recordingd 20
877 Rlackleaf Non-recording 12
1088 Bredette Recording 26
1127 Broadus Recording 24
1169 Brockway Non-recording 8
1342 Byrum 4SSE ' Non-recording 12
1737 Choteau Recording 28
1765 Circle 70 . Non-recording 19
1974 Conrad Non-recording b9
2477 Dovetail 1N Recording , 26
2571 Dupuyer Recording 13
2689 Ekalaka Recording 20
2820 Ethridge Non-recording 12
2995 Fishtail Non-recording 12
3113 Fort Benton Non-recording 20
3558 Glasgow WB AP Recordingd ' 20
3751 Great Falls "B AP - Recording ‘ 20
3939 Harlowton Non-recording 16
3996 Havre WB AP Recording : 2
4055 Helena WB AP ~ Recording ' Ls
4358 Hyshanm Non-recording 20
4538 Judith Gap Non-recording 14
4558 Kalispell WB AP Recording 37

20.S. Weather Bureau designation,

bPresent type of gage--carlier portion of record may be non-recording for
recording stations,

cOnLy a portion of the Weather Bureau record,‘in some cases.

dOnly 24-hour values were used in the analysis,



Table (3):
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List of precipitation measuring stations whose records are

used in the rainfall intensity-relation determination

(continued).

Non-recording

Length of
Station Type of record®
number? Station name record? (years)
L663 Kings Hill Recording 26
4985 Ilewistown AP . Non-recording 20
5086 Livingston FAA AP Recording 24
5235 Lowsth Non-recording 10
5337 Malta Non-recording 20
5387 Martinsdale Recording 25
5603 Melville 4W Non-recording 7
5685 Miles City Recording 19
5745 Missoula WB AP Recording 16
6426 Pendroy - Non-recording 13
6918 Red lodge Non-recording 20
7214 Roundup Non~-recording 20
7560 Sidney Non-recording 18
8169 Terry 25 NNW Recording 25
8501 Valier Non-recording 52
8597 Virginia City Non-recording - 20
8927 White Sulphur Springs Non-recording 49
8957 ¥ilbaux 2E - Non-recording 20
9018 Viilsall 10

%y.s, Weather Bureau designation,

bPresent type of gage--earlierbportion of record may be non-recording for

recordinz stations.

cOnly a portion of the Weather Bureau record, in some cases,



(8
1

Precipitation amount (in.)

HOURS AVERAGED:

diericsidimmnoromrssrmmemedkasissed

[0} |
- S -
05 a3
2 e
& 8
Wik
> 24
O L [ INET Al et Bl A et W 1 I it bl adoc braimivnins) L A S N——
LOI LI 2 3 10 S0 100

Recurrence interval (years)

Figure(3):Frequency analysis for Martinsdale, Montana, precipitation station.

averaged correspond to duration of rainfall,

Hours

...6{-



- 40 -

curves in Figure (3) do not appear to fit the data very well, confidence
curves constructed as deseribad in Chapter II show the goodness of fit to
be adequate statistically., These results are rainfall amounts, not
rainfall intensities; however, they may bs converted to intensity values
by procedures outlined b2low. A summary of the results for all stations
is listed in Appendix B, Table (1), Complete results ars filed in the
Department of Civil Engineering and Engineering Mechanics at Montana

State University.

RUNOFF DATA ANALYSIS

Data for the runoff analysis were obtained through the coopsration
of the U.S, Geological Survey. As mentioned above, the frequency
distribution of rainfall-induced psak flows, the frequencyrdistribution
of total peak flows, a2nd the frequency distribution of snow-melt-induced
peak flows were required in the evaluation of the factors D and F; In
order to evaluate these distributions on a number of watersheds it is
neéessary to have access to hydrographs of all events on the watersheds,
and to be abie to separate the discharge due to rainfall, snow melt, and
base flow for each hydrograph. In the preliminary stages of this
investigation it became evident that currently used hydrograph separation’

techniques would not.be‘sufficient for this analysis, and that new
techniques would have to be developed. As an initial phase of the runoff
analysis detailed hydrograph records for several_waﬁersheds wére obtained
for which new separation techniques were developed and tested,

The hydrographs were scanned to determine the pertinent values of
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snow-melt-induced flow, rainfall-induced flow, and total peak flow.
Fresquency curves were obtained from thess values by us2 of the IE{ 1620
and SD3 Si@na 7 computers, During the course of the initial phase it
was found that hydrographs for watersheds larger than 3C square miles
area could be gencrated with a good degree of accuracy from dailj
discharge records, so that it is unnecessary to resort to original data
to obtain hydrographs on watersheds of similar characteristies.,

The second phase of the runoff data analysis used daily discharge
records on additional watersheds from which hydrographs were generated
and separated using.the techniques developed in the initial phase. The
frequency distributions of rainfall discharge and totalrpeak discharge
were obtained for thsss watersheds using the IR{ 1620 and SDS Sigma 7
computers,

The watersheds uséd in the runoff analysis are listed in Table (4).

Initial techniaue develovment mhase: Five south-central Montana

watersheds were selected for the initial phase of the analysis., The
watersheds are the Nprth Fork and the South Fork of the Musselshell River,
Sheep Creek, American Fork, and Sweetgrass Creek, Each of tﬁese water-
sheds has been gaged for many years by the U,S. Geological Survey, and
- continuous records of streamflow are available.

The five ﬁatersheds were chosen §n the b#sis of the following
criteria: .

1) Each watershed has a comparatively long streamflow record.

2) All of the watersheds are located in the same geographical area.
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Table (4): List of watersheds and flow neasaring stations whose records
are usad in evaluation of parameters,

. ' length of
Station Area Type of record
number? Watershed (sq ni) gageP (years)
Watershads used in first phase of the runoff analvsis:

770 Sheep Cr. (near vhite sl L VSR 11

Sulphur Springs)
1155 N. Fk. Musselshell R, 31.4 WSR 25
1185 S. Fk. Musselshell R, 237 ¥SR 24
1220 American Fork® 166 WSR 19
2005 Sweetgrass Creek 63.87 | WsR 29
Watersheds used in second vhase of the runoff a2nalysis:

375 Madison R. 420 WSR 20/30%
1280 Box Elder Creek 684 SR 11&/15d
1545 Peoples Creek 670 WSR 16
1775 Redwater Creek 547 WSR 35
1780 N. Tk, Poplar R. 362 ISR 36
2690 Little Righorn R. 193 " WSR 20/28%
3365 Beaver Creck 351 VSR y9/248

4u.s. Geological Survey designatién.

bWSR--water stage recorder,
CSG--crest stage gage,

®pmerican Fork data were excluded from analysis after it was learned
that important diversions are made above the gaging station,

d :
Discharge due to rainfall determined for portion of record indicated
atove slagh, '
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3) The watersheds are small in area,

L) Snow melt effects on runoff are minimal,

The USGS loaned their.entire set of original water stage records for
these five watersheds, together with stage-discharge relations, and
records of average daily discharge, to the author., (Cbtaining the
records was a sizable task, since more than 1C0 station-years of water
stage ?ecorder charts were involved, all of which were shirped from
the USGS data storage center in Portland, Cregon,) o

After analysis was begun it was learned that the flows from
American Fork are regulated by diversions to Lebo Réservoir.' No
records of these diversions are kept, but they evidently represent a
large portion of the runoff from major events on the watershed, so the
American Fork watershed was omitted from the analysis.

“Major" runoff events for the remaining four watersheds were noted
by examination of the water stage recorder charts, Photostatic copies
of the portions of the charts containiné these events were made before
returning the‘records to the USGS. The stags discharge relations .
provided by the USGS were used to plot 228 hydrogrzphs for these events.,

The hydrographs which were produced for the major évents on the
four watersheds wers intended to be used in determining the peak apnual
discharge due to ralnfall and the peak annual discharge due to snow melt
during each year of record, Unfortunately, it was found that there were
some years during which there were no rainfall events, or during which

there wers no snow melt events represented among the 228 major-event
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hydrographs, Thought was given to’borrowing the original recorder charts

from the USGS a second time, However, a technique which uses daily
discharge values was devised to approximate the true hydrograpns. This
technique was used in lieu of borrowing the charts again,

The hydrogravh generation technicus: The hydrograph gereration

technique may be explained by the following example. Figure (&-a)
shows a plot of average daily discharges for one event., Close
approximatians fo/the true hydrograph can be made by sketching a line
through the plot of Figure (4-a) so that the area bztween ths sketched
line and the daily average line adds to zero for each day, if the
portion of the area below the daily average line is considered negative,
and the portion above the daily average line is considered pSsitive.
Figure (4-b) shows the daily average line, together with the sketchzd
line for the event of Figure (4-a), The positive and negative portions
of the enclosed areﬁ for eaéh day are indicated by plus and minus signs.
Hydrographs compbsed by this technique generate peak discharges
vwhich approximate the true values closély; however, the risiﬁg and
recession limbs of the hydrog:aphs are less accurately defined,
(Comparison was made of genérated hydrographs with true hydrographs for
a number of events.) Hydrographs approximated by this method were used
as needed to supplement the hydrographs of major events in determining
peak discharge from réinfallrand snow melt events,

Hydrozrach seraration technioues: The effects of snow melt,

rainfall and base flow on the hydrographs obtained above were determined
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using the techniques outlined below, Some of the techniques have not
ﬁreviouéiy been reported in the literature, and were developed especially
for this analysis.,

A hydrograph for an event may be considered to consist of three
portions: 1) base flow, the natural flow of the stream without snow
melt or rainfall contributing to the flow (but including interflow);

2) rainfall-induced flow, the portion §f the flow occurring as direct
surface runcff from rain; and 3) snow-melt-induced flow, the portion
of the flow cdue to melting snow., For a given event any one of the
three portions, or any combination of the portions may be present, The
techniques vsed to separate the portions depend on which of the three
portions, or combination of portions is present, —

Vhen the hydrograrh consists only of base flow plus rainfall-
induced flow, ordinary hydrograph separation techniques may be applied.
The most commonly used technique (and the one used herein) is to
extrépolate the base flow curve as a straight line to the point beneéth
the peak of the hydrograph following the trend of the base flow curve
during the period of time immediately before the event bsgan., An
example of extrapolation of the base flow curve is illustrated by line
(ab) of Figure (5). If the volume of direct runoff were needéd, the
curve could be extended from the end of line (ab) to an arbitrary.point
'on the hydrograph recession curve by some rule as shown by the aashed
line (bc). Various rules are éuggested in hydrology texts. Linsley,

Kohler, and Paulhus (1958) suggest that . . . "the method of separation
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should be such that the time base of direct runoff remains relatively
constant from storm to storm. This is usually provided byiterminatihg
the dirsct runoff at a fixed time after the pzak of the hydrograph."

Since in this study only the pesak discharge due to rainfall, Q., was

R
desired the location of point ¢ was not critical.

then the hydrograph consists only of base flow plus snow-melt=-
induced flow the technique outlined above is ordinarily not applicable,
since snow melt events are usually of duration so long that large errors
would be present in extrapolating the base flow curve. To givé a better
estimate of bass flow in this case, a special technique was devised
by the author.

The technique is based on three concepts:

First, on most streams the base flow (rate) on a given date in one
yearvwill not differ greatly from»the base flow on the same date on most
other years, An average base flow relation constructed using data from
many years of recofd is expacted to represént the base flow closely in
most cases,

Second, an average base flow relation may be constructed by plotting
minimum dajly discharge rates occurring during each month of record, The
minimum daily discharge rate which occurs curing a month will often
estimate the base flow (rate) on the date it occurs, since snow melt or
rainfall do not usually affect the streamflow durihg the entire month,
The plotted points for the few instances whére snow melt or rainfall

affect the streamflow during the entire month may be neglected,
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Third, the peak seasonal base flow ordinarily occurs later in the
year than the p2ak annual discharge of the stream. This happens because
the base flow consists mainly of ground water flow, In an area such as
Montana in vhich most aquifers are composed of unconsolidated material,
ground water flow is expected to respond more slowly tb precipitation
than does surface runoff. This reasoning suggests that the peak of an
average base flow curve should generally fall after the median date of
the peak annual discharge rate of the stream, The average base flow
ﬁeak should seldom fall before the median date of the peak annual
discharge, |

An example of an average base flow relation is shown in Figure (6).
Several points on Figure (6) (shown by sclid ecircles) are believed to
represent instances wheré srow rielt or rainfall affected the streamflow_
during the entire month., For example, point‘(a) 6n Figure (6) represents
a minirum monthly discharge about five tiﬁes larger than ordinarily
occurs in May indicating the preseﬁce of factors other than base flow, A
trend curve was plotted through the average of the remaining plotted
points (shown by open circles) to represent an average base flow relation,
The trend curve shown in Figure (6) has been modified slightly so that
its peﬁk does not fall before -the median date of the mean annual
discharge (June 1),

The peak discharge due to snow melt, QS’ can be determined for
events.consisting of base flow and snow melt by subtracting the base

flow (rate) expescted on a given date (as obtained frorm a relation such
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as the solid curve in Figure (6)) from the ordinates of the hydrograph.
The maximum difference is Qe

Vhen the hydrograph consists of base flow plus snow=-melt-induced
flow plus rainfall-induced flow, two conditions are possible for which
different technigques must be used, |

Condition as If the snow melt runoff on the watershed
characteristically appears as a smooth seasonal rise and fall without
marked diurnal fluectuation, a rainfall event superimﬁosed upon base
flow plus snow-melt-induced flow will appear as shown in Figure (7).
In this case the ordinary base flow separation technique outlined above
may bz used to separate the rainfall portion fronm the remaihing flow,
by extrapolating the trend of the bass flow plus snow=-melt flow curve
to the point beneath the p=sak of the hydrograph., A line is then drawn
from that point to a point on the recession curve, such as point (c)
>on Figurs (7), in accordance with the suggestions of Linsley, Kohlef,
and Paulhus, previously cited. The bass~flow portion may bte separated
from the snow-melt-induced portion by use of a seasonal base flow
relation such as Figure (6). Separation of the three portions for a
typical event is shown in Figure (7).
| Condition b: If the snow melt ruﬁoff on the watershed has diurnal
fluctuation or has several peaks durinz the snow melt season a rainfall
event superimposed on a base-flow plus snow=-me2lt flow event will appear
as shown in Figure (8).-.In this case the trend of the base flow plus

snow-melt flow curve is not easy to extrapolate. Separation of the

rainfall portion from the remaining flow in this case requires the
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introduction of a new concept as described below,

The baée-flom plus snow-melt flow portioa of the hydrograph during a
rainfall induced event might be expected to be similar in shape to
hydrographs for the watershed which consist only of basé flow and snow=
melt-induced flow, This concept may be used as an aid in extrapolating
the trend of the base-flow plus snow-melt flow curve, and hence in
obtaining the desired separation of the rainfall induced portion. A
convenient plot for this purpose is showm in Figure (9). Figure (9) was
constructed by plotting the discharge-time relationship for a nuﬁber of
hydrdgraphs consisting only of bass flow and snowamelt-induced flow, using
the peak point of‘the hydrograph as the origin of the graph coordinates,
It was found that on a given watershed, the base-flow plus sﬁow-melt-
induced flow hydrographs tended to fall into one of several general types.
Hence, in Figure (9) only three curves (called type curvés in the
following discussion) were needed to represent all base-flow plus snow-
melt-induced flow hydrographs on Sweetgrass Creek._'No more than three
type curves were found to be necessary for any one watershed, One type
curve was found to be adequ#te for Sheep Creek,

To extrapolate the bass-plus-snow=-melt flow curve using type curves,
"~ the type curve whibh best fits the trend of the base-plus-snow-melt flow
curve prior to the rainfall event is selected. When possible the
type curve should fit the trend of the base-plus-snow-melt flow
curve after the rainfall event as well. On many watersheds the peaks

of snow melt hydrographs usually occur at about the same hour of the
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day., This fact may be used to help locate the various types curves
correctly on the time axis, when making a selection,

| Figure (8) illustrates the selection and use of a typé curve for
an event on Sweetgrass Creek, The base-plus-snow-melt flow curve
preceding the event, line (ab), and following the event, line (dg) are
to be fitted by one of the type curves from Figure (9).. Since snow
melt pgaks usually occur at about 3:00 AM at the Sweetgrass Creek |
gaging station, the peak of the type curve should fall at 3:00 Al on one
of the days., Examination of the geﬁeral trend of the base-pius-snow-
melt flow curve should indicate whether the rainfall occurs on the
rising or falling limb of the snow melt hydrograph. In this case,
since the curve is generally flat the snow melt peak evidentiy ocecurs
during the rainfall event., The snow melt peak, then, could occur
either at 3:00 AM, May 17, or at 3:00 AM, May 18, Upon trying the
various type curves, it is found that type curve (a) on Figure (9)
fitted so its peak falls.ati3:OO AM, May 17, gives the best fit. This
fit is shown by line (bee) on Figure (8). In this case the type curve
does not fit the condition folloﬁing the rainfall efent. The dashed
line (cd) represents an arbitrary adjustment to make the curve fit the

condition following the event. The adjustment does not affect the value
of QR determined for this event,

Analysis of initial vhase data: Using the hydrograph separation
‘results peak annual diséharges due to rainfall, QR’ (excluding base

flow) and peak annual discharges due to snow melt, QS’ (excluding base
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f£low) were determined for each year of record., The psak anmial
discharge regardless of causs, QT’ (wifh base flow included) was
obtained fér each year of record from USGS publications (U.S.
Geological Survey, 1950, etc., and 1666, ete,)s Extreme value frequency
‘curves were fitted to the data by use of the IPM 1620 and SDS Sigma 7
computers (programs listed in Appendix A). A graph showing the frequency
curves for oﬁe vatershed is shovn in Figure (10). (The extreme value fit
does not account for the fact that the peak annual discharge cannot be
negative, and, thus, it ma2y cross the zero axis, Practically, the fitted
line must be considersd to end at a dischargs of zero, e.g..the QR curve
on Figure (10),) Parameters describinz the curves for all of the
watersheds are listed in Table (2), Appendix B, Complete results of
the frequency aﬁalyses are on file in the Department of Civil Engineering
and Engineering lMechanics at Montana State University.

Second vhase analysis and results: For the second phase'of the

runoff analysis gix additional watefsheds located in Monfana east of
the continental divids were‘ﬁélected. The watersheds are the Madison
River, the Little Bighorn River, Redwater Creek, the North Fork of the
Poplar River, Psoples Creck, and Beaver Creek near Vibaux, These
watersheds were selected on the basis of the folloﬁing criterias

1) Each watershed has a comparatively long streamflow record,

2) The watercheds represent various geographical areas 6f
Montana east of the continental divide, N

3) The watersheds are essentially unaffected by diversions,
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k) Tne watersheds are as small as possible to meet the first
three criteria,
Hydrographs on these watersheds were formed from daily discharge records
using the hydrograrh generation technique described above and separated
by the techniques outlined above to obtain the peak annual discharge
due to rainfall, QR’ (tase flow exciuded) for each year of record. As

before, the peak anmual discharges due to all causes, Q,, Were obtained

T
from USGS publications., Extreme-value frequency curves for peak annmual

discharges due to rainfall were fitted to the data for these w#tersheds
using the IR 1620 and SD3 Sigma 7 computers., Parameters describing
these curves are listed in Table (2), Appendix B. Complete resulté are
on file in the Departrient of Civil Engineering and Engiheering Mechanics
at Montana State University.

DETER{INATION OF THSZ RATNFALY, TNTENSITY RATIO, R

The results from the rainfall data analysis together with data from
Hershfield (1951) and U.S. Weather Bureau Technical Papar No, 28 (1956)f
were used to determine values of the rainfall intensity ratio, R, for
durations ranging from 1 to 24 hours. All the available values were used
to construct an isoplethal map for Montana east of the continental divide.
 The methods used in the determination of R are outlined below.

Conversion of data: Recall from 2 previous section in this chapter

- that the analysis of rainfall data consisted of determining, for eight
recording rain-gage stations, the maximum annual arounts of rain that

, fell during fixed observational intervals of 1 hour, 2 hours, 3 hours,
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L hours, 6 hours, 8 hours, 12 hours, and 24 hours; for 31 non-recording
rain-gage stations, the maxdrmum amounts §f rain that fell during fixed
observational intervals of 24 hours, "Fixed observational intervals"
here refer to the fact that conseéutive blccks of time were used in the
determination, For example, to determine the maxirm annual one hour
amount of réinfall, the recording rain gage data were examinedvror one
hour intervals such as412:00 M to 1:00 AM, 1:00 2 to 2:60 A, 2:00 4
to 3:00 AM, etc.; to determine the gaximum annual two hour amount of
rainfall, the data were examinedfor two hour intervals such as 12:00 M
to 2:00 AM, 2:00 A to 43200 AM, 4200 AM to 6:00 AM, etc.; to determine
the maxirmm three hour amount of rainfall the data were examined for |
three hour intervals sﬁeh as 12:00 M to 3:00 AN, 3:00 AM to 6300 AM,
6:00 AM td 9:00 A, etc. The extreme value (Gumbel) recurrence a2nalysis
was applied to fhe results to obtain the mean anmual rain and the 50-
year_rain for the observational intervals indicated, Taese values are
tabulated in Table (1), Appendix B,

Thevdefining eguation for the rainfall intensity ratio is

R=I1/T ;oo'ooooavoooc000“0.(.28)

where Ii is the rainfall intensity (fﬁr 2 rain of given duration) with
the same recurrence interval as the i-year flood (in this analysis i is
taken a2s 50 years), and I is the mean annual peak rainfall intensity
(for a rain of the sanme auration). Equation (28) rsquires values of

rainfall intensity (rather than rainfall amounts) based on "true®
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intervals beginning at any point in time, For exasple, the maxirum three
hours of rain which fell at Martinesdale in 1955 may have started at
1:33 A1 and ended at 4:33 A1 (rather then starting at 12:00 M and
ending at 3:00 AM, or starting at 3:00 A and ending at 6:00 AM),

Reflection on the above corments indicates that the average maxinum
observational inter&al rainfalls determined in this study are in most
cases less than the corresponding average maxirmum true interval rainfalls,
and, therefore, that a conversion is needed,

To convert fixed-interval rainfall amounts to true interval rainfall
amounts a stafistical relation developed by VWeiss (1964) expressly for
this purpose was used, To develop his relation, Weiss assumes that the
rainfall intensity is constant during the true interval; hence, the
amount of precipitation cduring the interval is proportional to the length
in probability considerations. He then considers a line of unit length
'divided into subintervals by points chosen at random, Since the true
interval may begin (at random) at any point within the observational
intefval, the probability that none of the subintervals is less than x
in length can bz used to develop the desired conversion factor. Veiss
shows that the reciprocal of the expected value of x over the unit length

of line (numerically equal to 1.143) is the correct conversion factor,

Thus,

Average maximum true interval rainfall = 1.14
Average maxirmum observational interval rainfall =~ ~° 3 ()

This conversion factor is applicable for any given length of interval,
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An émpirical relation of essentially the same numerical value has teen
developed independently bty Hershfield (1961) which he applies to widely
varied geographical areas, including Montana,

To test the validity of Veiss's relation for Montara, values of
his coeffiéient were estimated empirically usinz rainfall data from
5387, Martinsdale, The test was accomplished with the aid of a
modification of the computer program listed in Appendix A;. The modified
program gives rainfall amounts based on overlapping intervals (e.g.
12:00 M to 3:00 AM, 1:00 AM to 4:00 AM, etc,) rather than consecutive
intervals as does the original program, (e.g., 12:C0 M to 3:00 A¥,
3:00 A4 to 6:00 AM, etc.). For the one-~clock hour intervals (e.g.
12:00 to 1:00 Alf, 1:00 AM to 2:00 A, etc,) the two programs give the

ame annual faximum one hour rainfall; btut for each increasingly longer

interval the results from the modified'program should more closely -
approximate the true interval rainfall, and for the 2li~hour interval
should give a quite accurate estimate of the true intef§a1 rajinfall.
Weiss's relat;on vas tested by dividing the rainfall amounts obtained
from the‘mpdified program by the corresponding amounts obtéined from
the original program at the mean'andbjo-year lévels. The ratios |
resulting are estimates of Weiss's relation. These estimates are shown in
Table (5). For verification of Weiss's relation, the values are expected
to increase from 1,00 for the one-hour interval to approximately 1.143

for the 24-hour interval, Since the values in Table (5) follow the

Yrhe program was rodified by 7. T. Williems and T. L. Hanson.
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Table (5): Enpirical estimates of Weiss's relaticr for Martinsdale,

" Montana,
length of - Estimate for Estimate for
interval ‘ mean anual 50-~year
(hours) ‘ rain rain

1 1,00 1,00

2 | 1,07 1.04

3 1.00 1,03

6 1,00 0.90

8 1,13 1.02

12 1.18 _ 1.06

2l | 1.21 1.13
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expacted trend reasonably well, Veiss's relation is considered to be
valid for use hsrein,

Maximnﬁ true interval rainfall amounts were obtained from the
values given in Table (1), Appendix B, by use of Weiss's relation.

For example, the 50-year rainfall amount for PBarber during 24 hours.
is given in Appendix B as 1.92 in. and the mezn-annual 24-hour rzin
is given as 0,99 in., These values correspond to maxirum true-interval
rainfall amounts of 1.92 x 1.143 = 2,19 in, for the 50-year rain, and
0,99 x 1,143 = 1,131 for the mean anmual rain,

To obtain average maximum true-interval rainfall intensities, the
maximmm frue-interval rainfall amounts were divided by the observational
interval, For example, the true-interval 50-year rainfall intensity
with duration 24 hours for Barber is 2,19/24 = 0,0913 in./hr, and
the corresponding mean annual 24=hour intensity is 1.131/24 = 0,0472

in./hr,

Compdtation of Rt The 50-year maxirnmm true interval rainfall

intensities divided by the mean-annual true interval rainfall
intensities, according to Equation (28), give values of R. Thus, for
Barber, 0.0913/0,0472 = 1,9% is the value of R for duration 2% hours,
The proper duration over which the true interval intensity should:
be averaged to compute the correct values of R mist be considered., The
duration of a given rainstorm has a significant effect on the peak
discharge produced, A certain period of time (galled travel time) is

required for flow induced by the rainstorm to travel from the farther
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end of the watershed to the mouth of the watershed, If the duration |
of the rain is equal to or greater than the travel time of the watershed,
flow from all portions of the watershed will have reached the mouth of
the watershed bafore the rain ceasss, and the p2ak flow can bs éxpected |
to be larger than that producesd by a storm of the same intensity but of
shorter duration, The length of time (observational interval) over
which the true interval rainTall intensity should bs averaged to
correséond to discharge should, then, bs an amount close to the value
of the travel time for a given watershed,

Examination of Figure (11) shows that if the averaging time for
true interval rainfall intensity, i.e., the travel time of the
watefshed, is equal to or gféater than about twelve hours thé value of
R is essentially coastant with observational intefval. Daily |
precipitati@n values can be used, then, to determine values of R
corresponding to QR for any wafershsd with travel fime greater than
~about 12 hours.

Values of R determined for the precipitation stations studied herein
were supplemented by values obtained from data given in Hershfiela (1961)
and U.S. Weather Bareau Technical Paper No, 28 (U.S, Veather Bureau;
1956). Hershfield gives isoplethal maps of réinfall amounts of given
duration for i, 2, 5, 10, 25, and 100 year recurrence interva1§ while
T.P. 25 gives isoplethal maps of the ratio of 100-year to 2-year rainfall
intensities for durations of 6 hours and 24 hours, The mean annual (2,33-

year) rainfall amounts for 24 hour durations were found for selected
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locations on the Hershfield maps by interpolation tetween the 2-
year and 5-year values, and values of R wers obtained by dividing
50-year amounts by corresponding mean-annual amounts, Values of I
for 24~hour durations were obtained for selected locations on the
T.P. 23 maps by noting that ISO/IZ'33 values (R) are in each case
proportional to the corresponding 1100/1'.2 values,

All available values of R for the 24-hour duration were used
to prepare Figure (12), Numbers on the figure are the values
conputed for the precipitation stations studied herein, Values
fof some short-record stations, which may not be representative,
are omitted.

DETEHATNATTION OF THS RATNFALL-DISCHARGZ RiCURRNCSY FACTOR, D

.Vélues of the rainfall-discharge recurrence factor, D, were
obtained for the watersheds analyzed in the runoff data analysis
by use of Equation (23). In Equation (23), ch was obtained as the
coefficient of variation of the peak annual rainfall-induced
dischargés (sfandard deviation divided by the mean) fof each
watershed, Values of CVQ are listed in Table (2), Appendix B.

Values of T gnQ’ > and inI were obtained from Linsley,

Kohler, and Paulhus (1958). T, q 2nd §nQ were taken as Q.95

-and 0,51 reSpectively,.(for record length 10 years) since short
streamflow records are used, ST and ihl.wera taken as 1,23 and 0,57

(for an infinite record) since long rainfall records are used. A=

average value of CvI for lontana east of the continental divide (43,.853)
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was used, as shown in Table (1), Appendix B. The variation of CvI withih
eastern Mbntané is small so fhat the error made by using the average
value is insignificant, (Fifty-seven percent of the CvI values fall
within 10 percentage points of the mean, with most of the values further
from the mean resulting from short records.) The valueé of D compuied
from Equation (23) were used to form 2n isoplethal map applicable to
Montana east of the continental divide., The map is shown in Figure (13).
Dashed portions of the isoplethals ara'partiﬁlly estimated and should
‘be uséd with caution, |

DETERMINATION OF THE RATN-SNOW-BASE FLOW INTERACTION RATIO, F

Equation (24) was used to determine values of the rain-snow-base
flow interaction ratio for each of the watersheds analyzed in the runoff
~ data analysis (values listed in Table (2), Appendix B). Values were
found to vary from 0.93 to 1.84% with an a&erage value of 1.45,

" Since the F values have a compafatively wide range of magnitudes,
| attempts were made to correlate F with factors which could possibly
‘refiact the interaction between thé frequency curves of base-flow, snow-
melt=induced flow, and rainfall-induced flow, It was found that F is
not correlated to the geographical location of the watershed, to the
area of the watershed, nor to the elevation of the gaging station.
Neither is it correlated to the median date of the mean annual flood,
the length of the frost free season, nor the mean date of the last
freeze on the watershed, No correlation exists between F and the

percentage of mean annual floods having rainfall assocaited with them,
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Since F could not be related simply to any of these variables, it
appears that the interaction is too complex to be expressed simply;
For this reason it was decided to use the average value of F as being
representative for Montana watersheds east of the:continental divide.

"~ Use of an average value of F is similar to assumptions used by
Dalrymple (1960) and Boner and Omang (1967)., To illustrate this, note
that on Figure (12) and Figure (13) R and D may be considered constant
within a homogeneous geographical region. By Equation (25), if F is
considered constant within a homogeneous region d%/QT will be constant,
Assuming Q%/QT constant is #nalogous to the assumption of Dalrymple
that a composite-frequency curve is applicable to a homogeneous
geographical region, and to the assumption of Boner and Omané that
Q%j/Q%o is constant within a homogeneous region.

Since F reflects the relative independence between the frequency
distributions of rainfall-induced discharge an& snow-melt-induced
discharge, it is of interest to examine the relative independence of
these curves, The frequency curves may be compared for the four
watersheds of the first phase of the runoff analysis, for which thé
snow-melt flow frequency curves were obtained,

If the value of the snow-melt induced discharge, QS’ were completely
inaependent from the rainfalloinduced discharge, QR’ the larger of the
two values would determine the total discharge, QT’ at any given
recurrence interval, If Qs and QR were completely dependent, Qr

would equal Qg plus Q (again nezlecting base flow) at any given
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recurrence interwval,

Comparison of QS and QR for the four watershads (see Table (2),
Appendix B) shows that the values are essentially dependent at the
mean-annual leval, vhile they are more nearly indep=sndent at the 50-
year level, For example, on Sueetgrass Creek QS + QR = 1178 cfs,
while GT = 1069 cfs, with the difference the same order of magnitude
as base flow, indicating complete dependence. ng + ng = 3293 cfs,
‘while Q%o = 2806 cfs, with the difference of greater order of magnitude
than the base flow, indicating some indepegdence..

The increase of independence of QS and QR with increasing
recurrence interval suggesté that F may be a function of recurrence

interval and that the value determined might bs invalid if bésed on

a very long recurrence interval (e.g., i = 200 years).



CHAPTER V

TEST OF THE RAINFALL-DISCHARGE INTHCTION KSTHRCD

Many theoretical frequency distributions have been proposed by
various investigatérs to fit peak discharge cdata, To establish whether
one of these theoretical distributions is more nsarly correct than the
others would reguire a large sample from the population of peak flow
values consisting, perhaps, of several thousand years of record. Until
such long records become available the correctness of any theoretical
distribution will be subject to conjecture. The extreme value
distribution and the log-normal distribution are used widely by
hydrologists to estimate the distribution of resak discharges that have
been shown to agree in many cases with other cormionly used theoretical
distributions., For these reasons peak discharze values estimated ty
the rainfall-discharge induction method (developed in this study) will
be compared with_values estimated from the extreme value distribution
and the log-normal distribution. It should not be implied, however,
that thesz distributions are more nearly corrsct than other distributions.

To check the validity of Equation (15) only values of QR and QRSO
estimated by the extreme value recurrence znalysis for the twelve
watersheds used in the runoff data 2nalysis were used (see Table (4)).

Figure (14) compares Qgé values estimated from the best-fit extreme
value (Gumbel) rscurrence curves for the twelve watersheds, with values
obtained from Equation (16) using D values obtained from Figure (13).

The numbsrs usad to identify the watersheds are thosze assicnad by the
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u.s. Geélogical Survey, as indicated in Teble (&4).

The points of Ficzure (i4) generally fall along the line of equality.
Tais implies that the extreme value recurrance analysis of rainfall
induced discharges estimates the same set of values as does Equation (16).

Peak flow data from Boner (1967) for L6 crest-stage-gaged watersheds
were used as a further test of the rainfall-didcharge inducﬁion method.
Tﬁe area znd record lengih of these watersheds are listed in Table 6).
Values of ng wvere computed using values of D from Figure (13), and
F = 1,45 for 211 of the watersheds, in Equation (27). Values of R were
obtained from Figure (12). |

Figure (15) compareé Q%o values estimated from the best-fit extreme
value recurrence curves with values estimated from Eguation i27) for £he
"~ 45 watersheds. For several watersheds the extreme value and log-normal
estimates differ significantly from Equation (27) estimates, In one of
these cases, 1209, Antelope Creek, much of the difference is believed
‘to be due to large, urusual events which dominate the other events of
record making the extreme value and log=-normzl an2lyses invalid.
Examination of thebdata from 1771.5, Redwater Creek, indicates that the
corputed gstimate of QT may be too high, thereby causing the‘rainfall-
discharge induction method to produce a Q%o value that is too large, The
method gives estimates close to the extreme value and log-ﬁormal estimates
however, on tributaries of both Antelope Creek and Redwater Creek, On
1395, Big Sandy Creek, 1765, Wolf Creck, and 1830, Big Muddy Creek, |

several of the largest events of record were causad by snow melt, It is
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Table (6): Iist of watersheds and flow measuring stations whose records
are used in checking parameters. '

length of

Station Area Typs of record
number? Watershed (sq mi) gagel (years)
135 Sheep Cr, (near Dell) 230 CsG 15
155 Grasshopper Creek 348 CsG : 30
L6s E, Gallatin River L9 CsG 10
470 Bear Canyon Creek 17 CsG 10
760 Newland Creek 6. 74 CSG 15
. 893 Sun River trib, 21.1 CsG 11
1003 Lone Man Coulee 4.1 CsG 7
1022 Marias R, trib, 1.62 C3G 11
1023 Marias R, trib. Yo. 2 0.25 CsG 11
1206 Antelope Cr, trib, 047 CsG 11
1207 Mntelope Cr, trib. 1.92 CsG 11
1208 Bacon Creek 21.2 CsG 11
1209 Antelope Creek 88.7 CsG 14
1289 Box Elder Cr. trib. 16.2 CS5 12
1295 McDonald Creek L21 CSG 28
1297 Gorman Coulee 2,32 CsG 11
1298 Gorman Coulee trib, 0.81 CsG 12
1306 Cat Creek 36.5 C3G 9
1308 Second Creek trib, 1.90 CsG 10
1395 Big Sandy Creek 1805 _ CsG 21
1552 Alkali Creek 162 CSG 9
1553 Disjardin Coulee ' 342 CSG 11
1554 S. Fk. Taylor Cr. 5.08 CsG - 11
1765 Wolf Creeck © 251 CSG 22
177005 E. Fk. Duck Cr. 12.’4’ CsG 12
1771 Duck Creek 54,0 CsG 10

1771.5 Redwater Creek 216 CsG : 10

3.5, Geologicel Survey designation.

bWSR--water stage recorder,
CSG-~crest stage gage,
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Table (6): List of watersheds and flow measuring stations whose records
are used in checking paremeters (continued).

' ' Iength of .
Station Areca Typs of record
number? Vatershed (s3 mi) gageP (years)
1772 Tusler Creek 90.2 CSG - 10 .
1773 Redwater Cr. trib, 0.29 CsG 11
1773.5 S. Fk. Dry Ash Cr, 5.74 CsG 12
1774 McCune Creck 29.9 CcsG 11
1830 Big Muddy Creek 850 CSG ‘ 9
1831 Box Elder Creek- 9.40 CsG 11
1832 Box Elder Creek 19,9 CSG 10
1833 Spring Creek 7.05 CsG 12
1834 Spring Creek 16.9 CsSG 12
2162 VWets Creek 8.14 CsG 12
2163 W. Puckeyo Cr. 1.54 CSG ‘ 12
2165 Pryor Creek 435 CsG L2

. 2960 Rosebud Creek ‘ 1260 CsG 19
3082 Basin Creek trib. 0.i4 CsG 12
3083 Basin Creek 10,9 CsG 12
3247 Sand Creek 10.6 CSG 12
3329 North Creek 0.68 CSG 13
3341 Volf Creek ' 9.09 CsG 12
3364.5 Spring Cresk 3.88 CsG 11

4g.s. Geological Survey designation.

bWSR--Water stage recorder,
CSG--crest stage gage.:
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believed that the dominance of snow melt on the recurrence relation
causes fhe true values of F for these watersheds to differ considerably
from the average value used in Equation (27), 2nd hence makes the
estimate from Equation (27) invalid on these watersheds, The watersheds
for which the estimates from the £hree analyses are similar are generally
characterized as having a high proportion of rainfall-induced runoff
events with the larger rainfall events often occurring durihg the snow-
. melt season,

Examinaticn of Figure (15) and Figure (16) shows £hat, except for
the numbered points (indicating watersheds discussed in the precéding
paragraph) for which one or the other of the methods is believed to be
invalid, the plotted points fall generally along the line of—equality.
This indicates that the three methods estimate the same set of values,
In other words, the three methods estimate the same recurrencs
distribution for a given watershed.

The‘rainfall—discharge induction method predicts 50-year discharges
larger than both the extreme value and lpg-norma2l estimates on 28 percent
of the watersheds. The method predicts discharges intermediate in value
between the other two estimates on 13 percent of the watersheds., The
method predicts discharges smaller than either of the>other estimates on
59 percent of the watersheds., (It was noted that the eitrame value
distribution predicts a higher diséhargé than does the log-normal:
distribution on all 46 watersheds,)

On some eastern Montana watersheds for which long streamflow records
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are available, such as 1775, Redwater Creek, using only the most recent
15 years of record in extreme value and log-normal frequency analyses
gives larger estimates of 50-year discharges than when the entire record
is used, Short periods of record are sometimes non-representative with
respect to the true distribution of discharges, The recent records on at
least some watersheds, therefore, are perhaps non-representative,
Non-representativeness of the samples on which the extreme value and log-
normal estimates are made on the 46 watersheds is believed to be one
reason that these estimates are often higher than the discharge-induction
estimates,

The rainfall-discharge induction method estimates discharges apparently
as well for watersheds as small as 0.2 square miles (e.g. Ba;in Creek
Tributary) whose travel time is probébly less than 12 hours as for
larger watersheds, even thoﬁgh the values of the rainfall intensity ratio,
R, are valid only for travel times larger than 12 hours. This fact
implies that the error in using R for watersheds of travel times less

than 12 hours is of lesser order of magnitude than the error in using an

average value of F,~



CHAPTER VI

APPLICATION AND EVALUATION OF THE RATNFAIL-DISCHARGE

INDICTTON METHOD

EXAMPIE OF METHOD APPLICATION

The rainfall-discharge induction method as developed above can be
applied tc a watsrshed with a short streamflow record, to estimate
floods of various }ecurrenca intervals 2s illustrated by the following
exauple,

Watershed: Iona Man Coulee

Location: 5 miles south of Valier in Pondera County, }Montana

Records: Annual floods for the years 1950 through 1556 listed
by Boner (1967) were used here as listed in Table (7).

Determination:

Q. = 339 cfs (Dstermined as the average of the annual floods
listed in Tdble (7).) :

R = 2,45 (Obtained from Figure (12).)
D

1

1.60 (Obtained from Figura (13).)

i}

F 1.45 (Average value for Montana east of the continental
divide, see p. 69,)

Q50 =P.l; aT ”. e o " e o [ ] o o e ®& @ o [ ] e o ® (27)
> . |
= (80 2:09) (339) = 917 ers

Discharge values for recurrence intervals other than 50 years can be
obtained by plotting QT (at recurrence interval 2,33 years) and ng

(at recurrence interval 50 years) on extreme value probability paper
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Table (7): Annual floods on Lone Man Coules (after Boner, 1967).

Yater Year | | Discharge (cfs)
1950 : 32
1951 22
1962 | 15
1953 ' .27
1964 1740
1965 Loo
1966 ; 140

Mean: | A 339
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and drawing a straight line through the two points. For the above
example, for instance, Q§5 ='780 cfs, For comparison, Q%S obtained by
using the method of Poner and Cmang (1957) is 350 cfs, while Q%S
obtained bﬁ usinz the extreme value (Gumbel) method is 2220 efs., (The
Gumbel analysis is really meaningless, in this case, because of the
short 7-year record, and the large, rare event of 1964,)

The method was developed using watersheds from 31.4 to 684 square
miles in area and tested on wétersheds from 0.14 to 1805 square miles in
afea, vith most of the watersheds being of less than 500 square miles in
area, No difference in applicability was noted with watershed area for
the fmtersheds tested,’

Commonly, on large watersheds, snow melt events tend to be gensrally
larger than rainfall events, since general rainétorms covering such
"large areas ars rare, This charactefistic has been shéwn to be true on
Russian watersheds with climate similar to eastern Montana by Sokolov
(1955)«  For this reason, it is recommended that this method be applied-
to watersheds of less than 500 square miles in area, until better linits
of area-range can be established,

‘It was noted above that for some watersheds on which many large
events are snow-melt caused the method gives results somewhat sﬁaller than
" predicted from the éxtreme value anélysis or the log-normal analysis.
This is to be expeéted; sincs the method is based on rainfall-related

parameters, and Equation (27) accounts for snow melt only to the extent
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to which it interacts with rainfall., As a rule of thumb, if most of
the anmual floods of record, especially the larger ones, occur early
in the season, inapplicability of the method is to bes suspected, On
the watersheds ﬁesfed herein for which the method seens to be
inapplicable, the largest 15 to 20 percent of the anmual floods wera
causad by snow melt,

The chart given for estimating.R is valid only for vatersheds with
travel times larger than 12 hours. Thus, the method should not be
applied on watersheds with travel times shorter than 12 hours,

Valués of Ry Dy and F are given for Montana east of the continental
divide, These values should be used only within this region, since
they may have quite different values in other areas,

RELTARILITY CF THE METHOD

The method presented in this thesis for predicting floods is
considered to be as reliable as the extreme value recurrence fit or the
log-normal analysis for discharge records 50 years in length and
more reliable for shorter records.

It wvas shovm above that the discharge incduction method estimates
the same set of values as the extrems value frequency method and the
log-normal method, Alﬁhough the three methods estimate the same set of
values, the reliability of the three methods is different, |

Vhen the extreme value or log-normal method is used to predict
floods of recurrence interval very much longer than the length of record

used to fit the distribution, possible non-repressntativeness of the
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sample makes the method unreliable, Linsley, Kohler and Paulhus (1958
caution against using the extreme value method or the log-normal method
té predict floods of recurrence interval even aporoaching the record
length., Applying this rule, a record longer than 50 years is required
to predict the 50-ycar floocd reliably, The rainfall—discharge induction
method is much less sensitive to record length than the extreme value
nethod or the log-rormal method, since the streamflow is used only to
predict the mean anmual flood, while the 50-year flood is predicted from
the factors R, D, and F which are based on much lonzer precipitation
records (for the 53 ﬁatersheds studied hergin, up to 63 years of rainfall
records)., On this basis, the rainfall-discharge induction method should
be more raliable to predict the 50-year flood than either the extreme
value method or the log-norial methbd vnen streamilow records are shorter
than 50 years,

| The rainfall-discharge.induction method is sensitive, of course, to
values used for R, D, and F. The isoplethal méps given for R and D are
based on comparatively few valués and may not reflect local COnAitions.
.Values of F computed for the individual watersheds vary as much as 30
percent from the mean value presented for use, This percentage, however,
represents an extreme cohdition, and in most cases the error is less
- than this percentage implies, The scatter of values plotted in Figures
(15) and (16) reflects this erfor as well as errors in the extreme value
analysis and the logénormal analysis due to non-repfesentativeness of

samples and short record lengths,
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SUGGHSTIONS FOR FURTHIR RESEARCH -

It has been noted above that F varies quite widely, and has been
represented by an average value, because of the lack of data and the
coﬁplexitylof the factor., It is bslieved that this factor can be
improved by further research, Iikewise, the factors R and D can bs
further refined as additional data becomzs available,

This study approaches the problem of predicting peak discharges
due to rainfall from rainfall parameters by separating the effects of
snow melt from rainfall effects on hydrographs, It is believed that
the same approach can be used to relate snow melt peaks to snow melt
related paranesters such as temperature, wind speed, etc. ,Whep this -
is completed, a factor to replace I’ in the discharge induction method
may be formulated based on the discharge due to ra2in and the discharge

due to snow melt, Research toward this goal is recormended.,



CHAPTER VII

The rainfall~discharge induction method uses the mean annual
discharge obtained ftom short strsamflow records and three factors fér
vwhich values are given herein to estimate floods of various rascurrence
intervals on Montana watersheds east of the continental divide. The
method is applicable to watersheds of less than 500 square miles
area for vhich large events most often occur during the snow melt
scason, The method is based on two assumptions vhich have been
shovm to bte correct in Montana east of the continental divide:

1) The ratio of the 50-year rainfall intensities to the mean annual
rainfall intensities for storms of durations equal to or greater than 12
hours is related to the frequency distribution of floods caused by ,
rainfall on a watershed, |

2) The frequency of floods caused by rainfall is<r31ated to the
frequency of floods from all causés vhen the interaction between |
rainfall and snow melt is large, |

The rainfall-discharge induction method is believed to be more
reliable than extreme value frequency analysis or log-normal probability

analysis for estimating floods from short streamflow records in

Montana,
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COMPUTER PROGRAMS
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c I0G NORMAYL (10G PRORARILITY) PROGRAM
DIMENSION X7(33,7),CV(33),7XK(7),YC(?)
1 FORMAT (F6.3,7F5.2)
2 FORIAT (I4,277.2)
Lo 21 J=1,33
21 RZLD 1, CV(J),XF(J,1),XF(J,2),XF(J,3),XF(J,4),XF(J,5),XF(J,6),
1XF(J,7)
80 READ 2,NSTANO,YBAR,COV
COFV=COV/100,
=0
10 I=I+1 '
IF(CV(I) .LT. COFV) GO TO 10
IF(CV(I) .EQ. COFV .CR. I .LE. 1) GO TO 20
DO 40 II=1,7
L0 XK(II)=XF(I-1, II)+(CV(I)-COEV)/(CV(I)-CV(I-1))*(XF(I,II)-
1XF(I-1,11))
GO TO 30
20 DO 50 II=1,7
50 XK(IT)=XF(I,II)
60 YC(N)=YBAR*(1.0 4XK(N)*COFV)
3 FORIAT (74 STANO=,I4,SHYBAR=,F7.2,5HCOFV=,F7.3//)
WRITE (103,3) NSTANO, YBAR,COFV
4 FORMAT(S7H TR= 1 2 2.33 5 20 50 100
1,// 7r8.2/)
WRITE (108,%) (YC(N),N=1,7)
IF(NSTANO JNE. 0) GO TO 80
CALL EXIT
END :
c 10G PROBABILITY FACTORS. CARDS FOLLOW PROGRAM AS DATA.
C COEF, RECURRENCE INTERVAL
CVAR, 1 ~ 2 2,33 5 20 50 100

0000-2.33—0000 0.1"" 0084 1064 2003 2033
0033-2t25‘0002 0012 0.8"4’ 106? 2009 2.40
.067-2,18-0.04 0.1C 0.83 1.70 2.14 2.47
.100-2.11-0,06 0,09 0.82 1.72 2.19 2.55
0136"‘2004-'0007 0008 0.81 1075 2025 2.62
+166-1,98-0.09 0,06 0,80 1.77 2,30 2.70
«197-1,91-0.10 0.05 0.79 1.79 2.35 2.77
.230"1.85-0.11 0.04 0.?8 1.81 2.1“0 2.8"4'
0262-1079-0013 0.02 007? 1.82 2.““’4’ 2.90
0292-1.74-001“‘ 0.01 0.76 1.8"‘" 20""8 2097
0324-1068-0015 0000 0.?5 1085 2052 3.03
0351-1063‘0016"0001 0073 1.86 2.56 3.09
«381-1.58-0.17-0.02 0.72 1.87 2.60 3.15
-409-1.54-0,18-0,03 0,71 1.88 2.64 3.21
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PEAX ANNUAL PRECIPITATION PROGRAM
VERSION 1 : FORYAT TO FIT ESSA DAILY PRECIPITATION DATA
DIMINSION IMON(100), TYR(100), IDAY(100),DA73(100)
9 FORMAT (2X, I5, 4%, 2(12, 1H/), I2, 4X, ¥6.2)
2 FORVAT (2X, IS5, 4%, 2(T2, 18/), I2, 4X, F6.2
130H PEAK24 HOURS OF PRECIPITATION)
N = «i,
P= 0,0
DDAY = 0,0
XDAYS = 0.0
DATA CONVERSION ROUTINE
1 FORMAT (2%, T4, 3I2, 10X, 441,6X, 2II) ‘
200 FORMAT ( 27H ACCUMULATED PRECIPITATION, 2(I2, 1H/), I2)
210 FORMAT ( 14H MISSING DATA, 2(I2, 1H/), I2) '
305 FORMAT ( I3) :
304 FORMAT ( 3I3, 1X, F5.0)
U= 0,0
READ 305,M4
DO 900 M = 1, MM :
READ 304, TMON(M), IDAY(M), IYR(M), DAYS(M)
900 CONTIIUE ,
3 READ 1, NSTANO, NYR, MMON, NDAY,JJ4,JJ3,JJ2,JJ1, NRN, NSN
Ji = JJh/1000
J3 = JJ3/1000
J2 = JJ2/1000
Ji = JJ1/1000
IF (NSTANO) 77, 600, 77
77 IF (J1 - 20) 110, 153, 120
110 IF (J2) 130, 130, 140
130 IF (J4) 150, 150, 122
BRANCH ‘TO 120 WHEN PRECIP OCCURS
BRANCH TO 140 WHEN PRECIP ACCUMULATED
BRANCH TO 150 WHEN MISSING DATA
BRANCH TO 122 WHEN NO PRECIP OR TRACE
120 N = (J1 = 70) 4 (J2 = 70)*10 + (J3 - 70)*100 + (J4 - 70)*1000 -
YN = N
XN = -1,0
IF (U) 121, 121, 122
121 DPREC = YN / 100.
GO TO 190
150 XN = 0.0
122 U = 0.0
GO TO 160
153 XN=-1.0
- U=0.,0
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GO TO 160
140 XN = 2.0
U= 1.0
160 DPREC = 0.0
190 CONTINUE
IF (XN) 400, 155, 145
155 PRINT 210, NMON, NDAY, NYR
GO TO 400
145 PRINT 200,MMON, NDAY, NYR
400 CONTINUE
ROUTINE FOR LISTING PRECIP PERIODS
DO 314 N = 1, M1
IF (IYR(M) -NYR) 314, 312, 314
312 IF (IMON(M) - NMON) 314, 313, 314
313 IF (IDAY(M) - NDAY) 314, 315, 314
315 XDAYS = DAYS(M)
314 CONTINUE
319 IF (XDAYS -~ DDAY) 325, 325, 320
320 DDAY = DDAY + 1.0
PRINT 9, NSTANO, MNMON, NDAY, NYR, DPREC
GO TO 330
325 DDAY = 0.0
XDAYS = 0,0
330 CONTINUE
MAIN PROGRAM DETERYINES PEAX DATILY PRECIP
27 IF (P) 5, 5, 25
5 XPREC = DPREC
IMON = MMON

LDAY = NDAY
LYR = NYR
ILSN = NSN
LRN = MNRN
P=1,0

GO TO 3

25 IF (DPREC - XPREC) 40, 40, 30
30 XPREC = DPREC
IMON = NMON
IDAY = NDAY
LYR = NYR
ISN = N3N
LRN = NR
40 CONTINUZ
A CHECK FOR THE IAST DAY IN THE YEAR
IF (MON - 12) 99, 50, 50
50 IF (NDAY - 31) 90, 70, 90
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70 PRINT 2, NSPANO, IMON, LDAY, LYR, XPREC
PUNCH 2, NSPANO, IMOW, LDAY, LYR, XPREC
P=0.0 :

IF (LsY) 75,75, 8

6 FORMAT ( 6H SlOW)

7 FORMAT ( 6H RAIN)

80 PRINT 6

75 IF (LRY) %0, 90, 85

85 PRINT 7 :

90 GO TO 3

600 CALL EXIT
END .
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PEAX ANNUAL PRECIPITATION PROGRAM
VERSION 2 : FORMAT T0 FIT ESSA HOURLY PRECIPITATION DATA -
DATA CONVERSION ROUTINE
DIMENSION X (25), HRP(25), TOT (25), IMON(25), LDAY(25), LYR(25)
1 PORMAT ( 2X, F4.0, 3I2, I1, 1243) '
101 FORMAT (6X, 3I2, 1X, 1213, 29X, I2)
200 FORMAT ( 27H ACCUMULATED PRECIPITATION, 2(I2, 1H/), I2)
210 FORMAT ( 143 MISSING DATA, 2(I2, 1H/), I2)
I10 = Ot
DO 905 KK=1,2%
905 TOT(KK)=0.0
3 READ 1, STANO, NYR, MNMON, NDAY,NCRD, (K(I), I=1,12)
- READ 101, KYR, KMON, KDAY,(K(I), I = 13,24, III
810 FORMAT(19H CARDS OUT OF ORDER, 2(I2,1H/),I2 /
1344 LOAD ANOTHKER YEAR AND CHECK CARDS)
IF (KMON - NvON) 803,800,803

800 IF (KDAY - NDAY ) 803,801,803

QOO0

801 IF(KYR - NYR) 803,802,802
803 TYPE 810, IMON, NDAY, NYR
PAUSE
GO TO 902
802 CONTIHUE
IF (STANO) 600, 600, 4
4 Do 190 I=1,24
Ki=K(I) / 100
KK=K1*100
J1=K(I)-KK
J3=K1/100
KKK=J3%100
J2=K1-KKK - »
BRANCH TO 120 WHEN PRECIP OCCURS
BRANCH TO 140 WHEN PRECIP ACCUMUIATED
BRANCH TO 150 WHEN MISSING DATA
BRANCH TO 160 WHEN NO PRECIP OR TRACE
IF(J1)110,110, 120
110 IF(J2)130,130,140
130 IF(J3)150,150, 123
120 N=(J1-70)4(J2-70)*10+(J3-70)*100
- YN=N
IF(U)121,121,122
121 HRP(I)=YN/100.
XN = -1,0
GO TO 190
122 U=0,0
123 XN = -1,0
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GO TO 160.
150 X4 = 0.0
GO TO 160
140 XN = 2.0
U=1.0
160 HRP(I)=0.0
190 CONTINUE
IF (X1) 400, 155, 145
155 PRINT 210, IMON, NDAY, NYR
GO TO %00
145 PRIKT 200,M:ON, NDAY,NYR
4,00 CONTINUE | :
C  MATH PROGR&M - DETERINES PEAX FOURLY PRECIP
IF (SPANO) 27,600, 27
27 SIM = 0.0
D0 21 KK = 1, 24
N=2%/KK
Go T (9,9,9,9,21,9,21,9,21,21,21,9,
121, 21, 21, 21, 21, 21, 21, 21, 21, 21, 21, 9), KK
9 D0 20 IL = 1,
L=1+ (IL - 1)*1{1{
M=K 1+L
D0O5J =1L M
5 S = SUM + HEP(J)
IF (SUM - TOT(KK))20, 20, 10
10 TOT(KX)= SUM
IMON(KK)= MMON
LDAY(KK)= KDAY
LYR(KK) =
20 STM = 0.0
21 CONTI:UE
c A CHECK FOR THE IAST DAY IN THE YEAR
45 IF (IDMON - 12) 55,50,50
50 IF(III - 1) 55,70,55
2 FORMAT ( 2%, I5 , LX, 2(I2, 1H/), I2, 4%, F6.2 ,
154 PEAK, T2, 231 HOURS OF PRECIPITATION)
70 NSTANO = STANO
DO 902 IN = 1, 24
G0 70 (901,901,901,901,902,991,902,901,902,902,902,901,
1902,902,902,902,902,902,902,902,902,902,902,901) ,NN
901 PRINT 2, NSTANO,IMON(INN), LDAY(NN),LYR(NN),TOT(NN), NN
PUNCH 2, NSTANO,IMOM(NN), LDAY(NN),LYR(NN),TOT(NN), NN
902 CONTINUE
DO 903 KKk=1,24
903 TOT(KK)=0.0
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55 IF (IIU-NDAY) 60, 65, 60
7 FORMAT ( 178 CHECK DATA CARD, 2(I2,1H/), I2)
60 PRINT 7 , MMON, NDAY, NYR
65 IIU = IIT
80 GO 70 3
600 CALL EXIT
“END
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EXTREME VALUE (GUYBEL) PROBABILITY PROGRAM
DIMENSION LYR(400),X(400),M(400),TP(400)
1, XNMME(L) , TOT(400)
1 FORYAT (5%, I5, 3F8.2)

2 FORIAT (2X, I5, 4%, 6X =, I2,F10.2 , 5%, I2)
13 FORMAT(79H STATION-0BS TEAN-X STD-DZV PROB-ERR COSF-VAR

1REC-TP1 REC-TP2 REC-TP3/)

14 FORMAT ( 1HO, IS5, I7, 2712.2,710.2,F9.1,3F8.2,/)

15 FORIAT (3H 19, I3, F11.2,16,F3.2)

16 FORAAT (//341 GUMPEL POINTS FOR FREQUENCY GRAPH/) A
17 FORMAT(55H VALUZ-B PROBABILITY REC-INT  VALUES-X/ ERROR EOUND)
18 FORMAT (F7.4,F12.4,F9.4,F12,3, 278,2)

2% FORMAT (30H YEAR  VALUES-X ORDER REC-INT)

30 FORMAT (1HO)

31 FORMAT (344 PROB OBSR REC-TP1 REC-TP2 REC-TP3/) |

200 FORMAT ( 18H RECORD TOO SHORT)
900 READ 1 ,NMB, TP1,TP2,TP3

. IF (NUMB) 23,23,901

901 PRINT 31

PRINT 1 ,NUMB,TP1,TP2,TP3
PRINT 30
DO 903 I = 1,NUMB
READ 2, NSTANO, LYR(I) , TOT(I), N
903 X(I) = TOT(I)
FNUMB = NU:B
K = NUMB - 1
DO 7 I=1,K
IP1 = I+
DO 7 J=IP1,NUMB
IF (X(I)-X(J)) 6,7,7
6 T = X(I)
X(1) = x(J)
X(J) =T
T = LYR(I)
LYR(I) = LYR(J)
LYR(J) = T
7 CONTINUE
SUMX = O,
DO 8 I=1,NUMB
M(I) = 1
FMI = M(I)
TP(I) = (FNUMB + 1.)/FHI
8 SUMX = SUMX + X(I)
XBAR = SUMX/FNUMB
sUsqQ = 0.



- 99 =

DO 9 I=1,NUMB
SQDIF = (X(I)-XBAR)*%2
9 SUSQ = SUSQ + SQDIF .
SIC = 3Qarr(susy/(FNUMB = 1.))
PE = ,6745*SIG
CV = 100.*SIG/XBAR
IF ( NUMB -8) 50,51,52
52 IF (NUMEB- 9) 61,61,62
62 IF (MUMB-12)71,71,72
72 IF (NUMB-15)81,81,82
82 IF (NUMB-20)91,91,92
92 IF (NUMB-28)101,101,102
102 IF (NUMB-42)111,111,112
112 IF (MUMB-70)121,121,122
122 IF (NUMB-150)131,131,132
50 PRINT 200
51 YN=0,48
SN=0,90
GO TO 300
61 YN=0.49
- 8N=0,93
GO TO 300
71 YN=0,50
SH=0,9565
GO TO 300
81 YN=0,51
Si=1,01
GO TO 300
91 YN=0,52
SN=1,045
GO TO 300
101 Yi=0.53
SN=1,08
GO TO 300
111 YN = 0,54
Sh=1,12
GO TO 3C0
121 YN=0,55
T SN=1016
GO TC 300
131 YN=0,55
' SN=1.20
| GO TO 300
132 Y1:=0,57
. SN=1.25
300 CONTINUE
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Pt = 1,/TP1
P2 = 1,/TF2
P3 = 1,/1P3
Bl = ~ALOG(~-AL0G(1.~1./TP1))
B2 = ~ALOG(~ALOG(1.~1./TP2))

B3 = =ALOG(~ALOG(1.-1./TP3))
X1=B1*SIG/ SN +XBAR- YN *SIG/ SN
X2=B2#51G/ SN +XBAR- YN *SIG/ SN
X3=B3*sIG/ SN +I3AX- YN *SIG/ SN
YDIF= SN /SIG*(X1 -XBAR)
RSE=SQRTF (0. 5236+1 . 1306%YDTF*3, 14159/ 2,49949+1 ,10*
1 (YDIF*YDIF))
CXCU1 =X1 +RSE*SIG/( SN*FNUMB**,5)
XCU2 =X2 <+R3IE*SIG/( SH*FNUMB**,5)
XCU3 =X3 +RSE*SIG/( SN*FNUMB*+*,5)
XCL3 =X3 ~RSE*SIG/( SN*FNUMB**,.5)
L0 XCL1 =X1 ~RSE*SIG/( SN*FMUMB**,5)
XCL2 =X2 ~RSE*SIG/( SN*FNUMB**,5)
10 PRINT 30
301 FORMAT (54 PEAX, I2, 16H HOURS CF PRECIP )
PRINT 301, NN
PRINT 13
PRINT 14, NSCANO,NU:B,XBAR,SIG,PE,CV,TP1,TP2,TP3
PRINT 30
PRINT 24
PRINT 15, (LYR(I),X{I),M(I),TP(I), I=1,NUMB)
38 PRINT 16 ~
PRINT 17
PRINT 18, B1,P1,TP1,X1 ,XCU1,XCL1
PRINT 18, B2,P2,TP2,X2,XCU2,XCL2
PRINT 18, B3,P3,TP3,X3,XCU3,XCL3
- GO TO 900
23 CALL EXIT
END
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Table (1): Parameters of the extreme-value recurrence analysis for
various weather stations.

Mean annual Coefficient 50-year'raiﬁ

rain cduring of rain during
Station Hours hours averaged variation hours averazed
number Station rame averaged (in.) (percent) (in.)
L6 Barber oL 0.99 28.5 1.92
780 Big Timber 2L 1.36 Lg,0 3.26
807  Billings WB AP 24 1.33 L9.5 3.47
877 Blackleaf U 1.39 77.8 520
1088 Bredette 1 0.66 54,9 1.80
1083 Bredette 2 0.76 51.9 2.00
1083 Bredette 3 0.84% L8,6 2.13
1058 Bredette L 0.87 h7.1 2.16
1088 Bredette 6 0.98 L8.9 2,48
1088 Bredette 8 1.03 k9.1 2,61
1038 Bredette 12 1.16 54.0 3.13
1088 Breadette 2k 1.31 50,2 3.37
1127 Broadus 1 0.68 43.9 1.63
1127 ©  Broadus 2 0.76 L9,2 1.94
1127 Broadus 3 0.84 52.8 2.25
1127 Broadus 4 0.83 50,7 2.28
1127 Broadus 6 0.97 48,5 2.46
1127 Broadus 8 1.01 54,0 2.72
1127 Broadus 12 1.05 45,3 2.56
1127 Broadus 2k 1.20 50.3 3.11
1169 Brockway 2 1.86 54,6 5.73
1342 Bynum 4SSE 24 1.27 72.9 L,s5
1737 Choteau 1 0,58 L6.3 1.42
1737 Choteau 2 0.66 39.2 1.47
1737 Choteau 3 0.68 - 38.1 1.50
1737 Choteau L 0.76, 37.0 1.66
1737 Choteau 6 0.80 38,7 1.78
1737 Choteau 8 0.93 Ly,5 2,22
1?3? Choteau 12 1009 5‘!"’07 2096 )
1737 Choteau 2L 1.31 54,9 3.56
1974 Conrad . 24 1.36 181.6 3.56
2477 Dovetail iN 1 0.49 63.5 1.47
2477 Dovetail 1N 2 0.59 57.9 1.67
2477 Dovetail 1N 3 0.68 66,4 2.11
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Table (1): Parameters of the extreme value recurrence analysis for
various weather stations (continued).

Mean annual Coefficient  50-year rain

rain during of rain during

Station Hours hours averaged variation hours averaged
nunber Station name averaged (in.) (percent) (in.)
2477 Dovetail 1IN 4 0.72 59.5 2,08
2477 Dovetail 1N 6 0.85 78.6. 2.97
2477 Dovetail 1N 8 0.95 69.6 3.02
2477 Dovetail 1N 2L 1.22 59.4 3.51
2571 Dupuyer 24 1.16 37.6 2.66
2689 Ekalaka 24 1.64 53.9 4,52
2820  Ethridge 24 1.49 39.3 3.58
2996  Fishtail 24 1.53 L5,8 4,02
3113 Fort Benton 2l 1.43 k9.2 3.72
3557 Glasgow W3 AP 24 1.16 59.9 3.43
3751 Great Falls WB AP 24 1.45 37.0 3.20
3939 Harlowton 2L 1.08 62.; 3.32
3996  Havre WB AP — o _— .-
4055  Helena WB AP o R ---2 I
43583 Hysham 24 1.27 45,8 3.18
4558  Kalispell WB AP === - -—-? ---a
L4663 Kings Hill -1 0.39 35.4 0.83
4663 Kings Hill 2 0.48 48,0 1,07
L4663 Kings Hill 3 0.57 32. 1.14
L4663 Kings Hill L 0.60 31.5 1.20
L663 - Kings Hill 6 0.72 31.0 1.4
4663 Kings Hill 8 0.82 35.3 1.72
L4663 - Kings Hill 12 0.92 33.4 1.90
4463 Kings Hill 24 1.17 33.1 2.38
4985 wistown AP 24 1.64 37.6 3.64
5086 Livingston FAA AP 1 0.490 - 63.1 ©1.19
5005  livingston FAA AP 2 0.47 48,9 1.19
5035 °  Iivingston FAA AP '3 0.53 43.9 1.27

#Values of R were computed directly from values given by U.S. Weather
Barsau (1956
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Table (1): Parameters of the extreme value recurrsnce analysis for
various weather stations (continued).

Mean annual Coefficient  50-year rain

rain during of rain during
Station Hours hours averaged variation hours averaged
number Station name averaged (in.) (percent) (in,)

5035 Livingston FAA AP & 0.54 L2.1 1.26
5085  Livingzston FAA AP 6 0.63 33.9 1.30
5085 Livingston FAA AP 8 0.65 33.5 1.35
5085 Livingston FAA AP 12 0.75 30.2 1,456
5085 Livingston FAA AP 24 0.88 L% 1,83
5235 Loweth 2l 0.83 21.8 1.48
5337 Malta 24 1.18 264 - 2.20
5387 Hartinsdile 1 0.48 64,9 1.45
5387 Martinsdale 2 0.53 61.3 1.55
5387 Martinsdale 3 0.57 55.4 1.58
5387 Martinsdale 6 0,70 51.4 1.64
5337 Martinsdale 8 0.73 41,0 1.66
5387  Martinsdale 12 0.80 37.3 1.75
5387 Martinsdale 24 0.93 34,6 1.95
5603  Melville LW 2l 1,36 26.7 2.75
5685  Miles City -3 -2 - -5

5745 Missoula

6426 Pendroy 24 1.66 : 51.9 4.58
6918  Red Lodge 24 1.74 36.4 3.82
7550 Sidney ‘ 24 1.27 33.1 1.68
8169  Terry 25NW 1 0.76 53.5 2,04
8169 Terry 23NiW 2 0.88 54,7 2,39
8169 Terry 25NNW 3 0.9% 52.4 2.49
8169 Terry 25NNW 4 0.98 53.1 2.61
8169 Terry 25u0NW 6 1.07 50.3 2.78
8169  Terry 25NNW 12 1.20 L4 ,0 2.85
8169 Terry 25NNW 24 1.38 Ly 4 330
8501 Valier 24 1.46 L3.9 3.90

aValues of R were computed directly from values given by U.S. Weather
Bureau (1956).
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Table (1): Parameters of the extreme value recurrance analysis for
various weather stations (continued),

Mean annual Coefficient 50-year rain

4 rain during - of rain during
Station Hours hours averaged variation hours averaged
number Station name averaged (in.) (percent) (in.)
8597 Virginia City 24 1,01 27.2 1.92
8927 White Sulphur 24 1.00 37.8 2.10
Springs : - :

8957 Vilbaux 2B 24 1.59 - 47.3 . 4,05

34.3 2.08

9018  Wilsall 2l 0.4

Average: —— ——— L3.8 ——




Table (2):Parameters of the recurrence analysis for watersheds used in the runoff analysis.,

Peak discharge - Peak discharge Total
due to rainfall due to snow melt peak discharae
Mean Coef,  50- Mean Coef. 50- Mean Coef, 50-
Station annual of var.,year annual of var. year annual of var. year
number® Watershed (cfs) “ (Z) - (cfs) (cfs) (7) (cfs) (cfs) (%) (cfs) F

Wa+érsheds used in first phase of the runoff analysis:

770 . Sheep Cr. (near

White Sulphur b b

Springs) 50.5 71.0 177° 138 42,3 344° 20 a1.6 498 1.4
1155 N, Fk. Mussel- | o : y

shell R. 21,1 75.3 70.9° 89.4 109.1 394 1 83.7 402" 0.93
1185 S, Fk, Mussel -

. b ¢ b ¢
' shell R. 344 78.2 1288 " 620 39.5 1381 '° 868 37.3 I884b'c.l.72
. 2005 Sweetgrass Cr. 446 104.9 1852° 712 34.0 1441° 1069 41.6 2406° 1.8

Watersheds Qsed in second phase of the runoff analysis:

375  Madison River 304 . 44,4 742° mme mme eem 1320 22,9 2242°  |.45
1280 Box Elder Cr, 1827 133.8 10,037b “—- === == 2077 118.1 |o,3|4b !.85
1545 Peoples Creek 279 95.2 1138° == mem  emm 1120 96.9 4637  0.99

b b
1775 . Redwater Creek 1103 154,2 6214 ' === === -—= ]898 98.8 7530 | .42

“U.S. Geological Survey designation.
Extreme value (Gumbel) estimate,
CAdjusted for irrigation above measuring station--150cfs on mean annual flood,275 cfs on 50-year

flood.



Table (2) Parameters of the rééurrence enalysis for watersheds used in the runoff analysis

(continued).

Peek discharge . Peak discharge Total
due to rainfall due to snow melt - peak discharae
Mean Coef. 50- Mean Coef, 50- Mean Coef. 50-

Station ~ annual of var.year annual of var. year annual of var. vear
number® Watershed (cfs)  (B) (cfs) (cfs) (D) (cfs) (cfs) (%) (cfs) F
Watersheds used in second phase of the runoff analyeis {continued):

1780 M. Fk. Poplar R, 208 171 .4 1280 -—-l -— --= 1277 177.3 8076b 0.97
2890  Little Bighorn R. 249  81.6 905 === = === === (067  47.3 26480 .47
3365  Beaver Creek 429 171.1 2803 === === -== {208  76.7 4101°  {.55

9y.S., Geological Survey.dassignation.
Extreme value (Gumbel) estimate.
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Table (3): Parameters of the recurrvence enalysis for_watersheds used
to test the rainfall-discharge induection method,

Total reak discharee

Mean Coef, SO-b 50«
Statiog annual of var, year year
number - Vatershed (cfs) (percent) (cfs) (¢fs)
135 Sheep Cr. (near
D211) 354 53.8 ook 878
155 Grasshopper Cr. Lhs 72,7 1420 1387
465 E, Gallatin R, 320 43,7 880 697
L70 © Bear Canyon Cr. 1648 66,8 552 481
760 Newland Creek 17.8 84,8 é8.5 C 62,2
893 Sun River trib. 124 119.3 4352 382
1003 Ione Man Coulee 339 1864 682% 501
1022 Mearias R, trib. 40,9 217.4 354 - 268
1023 Marias R, trib. 10.3 125.,6 558 L2,7
No, 2
1206  Antelope Cr. 3.0 134,2 17.5 13.2
trib, ’
1207 Antelop2 Cr. 773 94.9 336 296
: trib, ° ' _
1208  Bacon Creek 225 i45.9 1383 105k
1209 Antelope Cr. 2090 308,1 23,730 20,377
trib, .
1295 McDonald Cr., 369 86.9 1372 1321
1297 Gorman Coulee 95,2 ;2#.0 512 392
1298 Gorman Coulee 52.4 107.0 250 220
trib,

%.S. Geological Survey designation.
cExtreme value (Gumbel) estimate.
glog-normal (log probability) estimate.
Adjusted for the event of June 1964, a very rare event.
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Table (3): Parameters of the recurrence analysis for watersheds used
to test the rainfall-discharge induction method (continued).

Total veak discharge

Mean Cosf, 50-y 50~
Station annual of var, year year
number™  Watershed (cfs) (percent) (cfs) (cfs)
1306 Cat Creek 190 123.5 = 1053 - 781
1308 Second Cr. trib., 7t.5 182.9 533 413
1395 Big Sandy Cr. 827 159.2 4939 L093
1552  Alkali Cr. 346 92.8 1525 1300
1553 Disjardin 97.0 113.9 L87 L27

. Coulee .

1554 S, Fk. Taylor Cr. 29.1 114.6 147 129
1765 Wolf Creek 1032 232.9 8697 7632
1770.5 £, Fk. Duck Cr. 219 85.1 878 769
1771  Duck Creek %) 88.6 1820 1599
1771.5 Recduwater Creek 843 55.2 2486 2138
1772  Tusler Creek 186 67.6 630 549
1773 Redwater Cr, trit, 41.8 166.6 287 - 225
1773.5 S. Fk. Dry Ash Cr, 40,4 733 145 126
1774  NcCune Creek 226 125.7 1230 935
1830 Big Muddy Cr. 1731 1308 9062 7404
1831  Box Elder Cr. 119 88.4 492 432
1832 qu Elder Cr. 1163 166.6 8000 6256
1833 Spring Creek k9.1 132.9 279 212
1834  Spring Creek 262 105.7 1240 1090

4y, S. Geological Survey designation,
Jixtreme value (Gumbel) estimate,

Log-normal (log probability) estimate,
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Table (3): Parameters of the recurrence analysis for watersheds used
"~ to test the.rainfall-discharge induction method (continued).

Tot2l peak discharge

Mean - Coef, 50 50-
a annual ~ of var, year year
nunbeyr Watershed (efs) (percent) (cfs) (cfs)
2162  Wets Creek 118 132,0 667 533
2163 W, Buckeye Cr, 93,6 - 8343 369 324
2165 Pryor Creek 750 82.0 2597 2570
2960  Rosebud Cr, 301 64,8 932 859
3082 Basin Cr, trib, 52,2 209.8 439 351
3083 Basin Creek Li2 92.6 1756 1545
3247 Sand Creek 56,2 134.8 324 258
3329 North Creek 312 104,0 1403 1233
3341 Wolf Creek 396 75.9 1403 1283
336%.5 Spring Creesk 11 102,8 515 454

2y.s. Geological Survey designation.
cExtreme value (Gumbel) estimate.
Log-normal (log probabtility) estimate,
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