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A

b

c

Cv

constant.

size of watershed [acJ.

constant.

constant.

coefficient of variation.

Cv[ ] coefficient of variation of specific distribution parameter.

Et ] the mean of specific distribution parameters.

+"^ Poisson distribution probability mass function.

fe^ geometric distribution probability mass function.

h elevation [ft].

i index of raingage stations.

j index of rainfall events or rainfall units.

frequency factor of P.

n number of raingage stations.

N number of rainfall events per year.

m mean number of events per year.

m. mean number of events per year at a datum'

p probability [%].

P annual rainfall Ein].

p mean annual rainfall [in].

P' amount of rainfall per event [in].

P mean annual rainfall for i-th raingage station [inJ.

P, mean amount of rainfall per year at a datum Lin].

P= annual rainfall in a given probability [in].

r correlation coefficient.

R annual runoff [in].
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Re runoff ef-ficiency [M.

Notation (cont.)

R.I. recurrence interval Cyr].

s parameter in the efficiency expression.

s' parameter in the runoff expression.

S.D. standard deviation.

t threshold value of runoff [in].

V volume of runoff [ac-ft].

V, annual volume of runoff in a given probability [ac-ft]'

VARC ] the variance of specific distribution parameter.
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An empirical-stochastical model for predicting runo+f

volumes in Butler valley, Arizona, has been suggested. The model

uses the statistical parameters of rainfall in a few surrounding

stations in order to calculate the recurrence interval of

rainfall above the study area The model also considers the

elevation effect of the mountains.

The model assumes a linear relationships between annual

rainfall and annual runoff for a given watershed taking into

account the reduction in runoff efficiency with an increase in

catchment size.

A procedural approach and an example for using the model are

presented.
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INTRODUCTION

Butler valley is located in northeasteren La Paz County,

Arizona, about 120 miles northwest of Phoenix. The valley is a

flat rectangular alluvial basin, drained by ephemeral

watercourse. The area of the valley is 270 square-miles,

consisting of a 160 square-miles valley floor and 110 square-

miles of the mountains surrounding the valley. The elevation

ranges from 1325 feet at the valley outlet t6 4628 feet at

Harcuvar peak, in the southeren ridge of the valley.

The m6untainous part of the valley consists of various

exposed rock types represented primerily by granite. The

alluvial-fill deposits consists of heterogeneous silt, sand and

gravel. The soils are predominatly of the Coolidge and Antho

series within the Coolidge-Wellton-Antho association, which

occupies lower alluvial fans and broad valley plains between low

mountain ranges (U. S. Department of Agriculture, 1974). Soils of

this association are greater than 60 inches in depth, consisting

of moderately coarse-textured sandy loam which has formed in old

alluvium. Subtratum of the Coolidge soils are typically

calcareous, averaging more than 15 percent calcium carbonate. The

permeability of these soils is moderately rapid, ranging from two

to six inches per hour.

The Central Arizona Project (CAP) canal is located less than

a mile from the valley outlet. This canal has been planned to

carry Colorado River water to the Phoenix/Tucson area. Due to the

physical and institutional setting of Butler valley it has been

proposed as a potental location for recharge, storage and
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recovery of the CAP water and additional water sources'

Surface water from major floods and local runoff is assumed

to be a secondary source of water available for recharge in

Butler valley and supplementary to the main project. The purpose

of the surface water study is to predict the amount of yearly

runoff and to determine which part of the valley (foothills,

central or the valley outlet) is the best location capture

maximum runoff water.
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Theoretical Background

The analysis of precipitation is the first step in any

hydrological planning problem. Numerous difficulties arise when

dealing with prediction of rainfall amounts over ungaged desert

watersheds, especially in mountainous regions. First is the

problem of available data. Although precipitation in arid zones

reflects a high order of variability in time and in space, some

calculations can be made from data available from remote stations

surrounding the area of interest. In rugged, mountainous terrain,

the elevation effect is another important factor which should be

taken into account.

The initial step in analysing the probability of the

rainfall is to detemine the average depth of rainfall over the

area. An arithmetic average method is sufficient in regions of

moderate relief. In a "basin and range" province, which comprises

much of southwestern Arizona, raingage stations are generally

located in relatively flat topography. By selecting flat

topography locations the region can be looked as a tilted plain

and the arithmetic average method can be used as a first

approximation of the annual average precipitation over a

particular area mostly for the basins themselves. The elevation

variation of the corresponding ridges are ignored in this step

and will be teated later.

The second step is creating an annual synthetic record from

the surrounding stations, following the technique for estimating

a missing rainfall record at some station, referred to as the

normal-ratio method (Paulhus & Kohler, 1952). This method

9



consists o+ weighting, by the ratios of at least two normal-

annual-precipitation values of a few surrounding stations.

Equation 1.1 is a modification of the original normal-ratio

o
P = n-` >( P P,P^-^)

where: P = calculated value of annual rainfall for specific year.

n = number of surrounding stations (varies each year).
_
P = mean annual rainfall for the station in question (the

arithmetic average has been used in this case).
_
P^ = mean annual rainfall for the i-th surrounding station.

P^ = recorded rainfall for a specific year for the i-th

surrounded station.

As a result of these calculations, a synthetic rainfall

series is created but the predicted value, which is the

arithmetic average of the series, is fitted only to one elevation

point within the range of relative elevations of the valley.

Annual precipitation totals in arid and semi-arid regions

are usually distributed lognormally with marked skewdness of

frequency towards the lower values (Chow, 1964). Following the

method of Chow (1964) the theoretical distribution can be

calculated as:
_

Pp = P ( 1 + Cv K) (1'2)

where: P= = annual rainfall in a given probability.

P = mean annual rainfall.

Cv = coefficient of variation of P (Cv = S.D./P)'

K = frequency factor of P.

The cumulative theoretical probability distribution is
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represented as a straight line on lognormal probability paper. It

can be shown that the slope of this line is the Cv itself.

For extrapolating the rainfall for the Whole range of

elevation values two initial assumptions are used:

(a) The number of rainfall occurrences events per year N is

described by a Poisson probability mass function (Brook

Carruthers, 1953; Fogel & Duckstein, 1969; Duckstein et al.,

1973) as follows:

+"°(j) = (e-~m-1)(j!)-` j = 0, 1, 2,' . (1.3)

where: m = the average number of events per year.

j = units of rainfall.

The mean and variance for the Poisson distribution area

E[N] = m (1.4)

VAR[N] = m (1.5)

(b) Ths, depth of rainfall per event P' is an independent,

identically - distributed random rariable (Fogel & Duckstein,

1969; Duckstein et al. 1973). Thus, the distribution of the depth

of rainfall closely fits a geometric distribution, with the mass

function of:

f,-(j) = (1 - p)p-i (1.6)

where p is the probability of success of the location in

question receiving any amount of rain above a given value

including zero (the conditional probability of rain). The mean

and variance is written as:

E[P'] = p(1-p)-1 (1.7)

VAR[P'] = p(1-p)- (1.8)

Summation of the rainfall amounts of each event P', gives
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the total yearly rainfall P:

rti

P = >P'.3 =
JZI

The mean yearly rainfall E[P] is given by

(1.9)

E[P] = E[N] E[P'] (1.10)

If the mean number of events E[N] and the mean amount of

rainfall per event E[P'z are independent random variables, then

the variance VAR[P] is:

VAR[P] = VAR[N](E[P'])z+E[N]VAR[P'] (1.11)

The total yearly rainfall P can be obtained from various

combinations of point:rainfall depths per event P' and number of

events N during a season' Consequently, the increase of the mean

rainfall with elevation can be either due to the increase in the

mean number of events E[NJ that occur, or in the mean amount of

rainfall per event E[P] or due to some combination of both'

The relationships of the E[w] and E[p'3 with the elevation

h are described by the linear functions (Hiatt, 1953; Duckstein

et al, 1973; Osborn & Davis, 1977):

E[N] = m.+ah (1.12)

E[P'] = P.+bh (1.13)

where: m. = mean number of events per year at a datum.

P. = mean amount of rainfall per event at a datum.

a,b = constants

Based on these assumptions Duckstein et al. (1973) developed

the following model. Substituting equations 1.12 and 1.13 into

equation 1.10 gives:

E[PJ = (m.+ah) (P=,+bh) =

= m=P.+(aP..+bm,,)h+abh74 (1.14)
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From this equation it can be seen that the mean yearly

rainfall increases guadratically with elevation rather than

linearly.

As the number of yearly events is fitted to the Poisson

distribution and the depth of rain to the geometric distribution,

their mean and variance are described as:

E[N] = VAR[N] = m = m.+ ah (1'15)

EEP'3 = p(1-p)-1 = P.+ bh (1.16)

VAR[P'] = p(1-p)--1? = (P=+ bh) (1+P.+ bh) (1.17)

Substituting equations. 1.15, 1.16 and 1.17 into equation

1.11 gives:

VAR[P] = mp (1 + p) (1 -

= (m.+ ah) (P.+ bh) (1 + 2P.+ 2bh) (1.16)

Consequently, the coefficient of variation which is defined

as the standard deviation divided by the mean is given by:

Cv[P] = <(1+2P.+2bh){(m.+ah) (P.+bh)3-1>='= (1.19)

From these equations it can be seen that as variance

increaseas a cubic polynomial in h with positive coefficients,

the mean increases fasster than the variance. As a result the

coefficient of variation, Cv, of P decreases as elevation

increases.

Results

The elevation effect in southwestern Arizona has been

studied with data of 53 raingage stations, all with more than 20

years of record. High positive correlation was found between the

mean annual rainfall and the elevation. Fig. 1.1 and Table 1.1

present' these relationships for six selected stations which
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Tabletl:Calculation of the arithmetic mean rainfall of Butler Valley
from surrounding stations.

Name of Location Years of Elevation Annual Standard Coefficient
station (coordinates) record (ft) mean (in) deviation of variation

Parker 34°10'114°01' 97 425 4.90 2.73 0.558

Bouse 33°57'114°01' 31 930 5.50 2.09 0'779

Salome 33°47'113*37' 65 1700 7.55 3.41 0.452

Aquila 33°57'113°11' 60 2170 8.97 4.23 0.472

Alamo Dam 34°15'113°28' 21 1480 8.65 3.59 0.415

Congress 34°10^112452' 9 3030 11.68 4.76 0.407

Butler Va. 7.84 3.34 0.424

Tablet2: Minimal rainfall, calculated for selected elevation values,
for different probabilities and recurrence intervals.

Probability (A) 1 5
R.I. (yr) 100 20

Elevation

1000 15.89 11.73 8.22

2000 21.64 16.20 11.54

3000 26.96 20.47 14.80

4000 31.76 24.46 18.05

5000 36.07 20.25 21.11

6000 40.45 31.76 24.15

50
:Z

99
1

5.66 2.05

8.09 3.04

10.57 4.14

13.09 5.34

15.58 6.77

18.16 8.26



surround Butler Valley. Here the correlation between the two

parameters is found to be r =0'97 and the regression line is:

P = 3.64 + 2.6*10-'5h (1.20)

The arithmetic average of the 6 stations is 7.87 inches'

Plugging this value into equation 1-20, or using Fig. 1.1, shows

that the average value is fitted to the elevation of 1627 feet,

which represents the elevation of the floor of Butler Valley.
_

The arithmetic mean value (P) together with the long record

data of the surrounding six stations (Pi, 1=1,2. . .6) were used

for calculating the synthetic rainfall series as described

previously by equation 1.1 (see Appendix 1). This series still

fits only the valley floor elevation.

The frequency distribution of the 70 years rainfall series

is lognormal (Fig. 1.2)' The recurrence interval in years and

the probability of exceedance in percent for annual rain depth

have been computed using equation 1.2' The cumulative frequency

distribution curve appears as a straight line on lognormal

probability paper (Fig. 1.3). It should be noted that the

recurrence interval (R.I.) is related to the exceedence pp by:

R.I. =100/P, (1.2l)

From Fig. 1.3 it is recognized that once a year (or with

probability of 99%> at least 2.82 inches of rain can be expected.

Once in 2 years' (or with probability of 50%) at least 7.22 inches

of rain can be expected and so forth. The average amount of

precipitation (7.84 in) is expected once in 2.33 years with a 43%

probability.

The correlation between the coefficient of variation (Cv)

and the elevation (h) of the 57; raingage stations was found to be

16
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r = -0'72' The regreSsion line for Butler Valley region is:

Cv = 0.51 - 3.68*10-= h (1.22)

Bearing in mind that the coefficient of variation is

represented by the slope of the theoretical distribution line in

Fig. 1.3, a series of cumulative frequency distribution lines is

suggested to present the probability of occurrence for selected

elevation values (Fig. 1.4). These results are also presented

numerically in Table 2.

Plugging equations 1.20 and 1.22 into equation 1.2 yields:

Pp = (3.64 + 2.6*10-'5h) (1 + Cv K) (1.23)

which is the numerical solution of any elevation value, h. The

theoretical log-probability frequency value factors are presented

in Appendix 2.
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Many years of runoff observations show that in any region of-

interest two main factors control the amount of water which runs

off from catchment area. The first is the nature of the

precipitation and the second is the size of the contributing

According to the first factor Flug (1982) defined the term

"runoff efficiency" (Re) as the percent of precipitation which is

collected as runoff within the region of interest. If the

contributing area receives an annual rainfall P (in) from which

the annual amount of runoff R (in) is converted, the annual

runoff efficiency (%) is given by:

Re = 100R/P (2.1)

It can be assumed that the relationship between annual

rainfall and the annual runoff is linear (Diskin, 1970) and is

given by:

R = s' (P - N t) (2.2)

where N is the annual number of rainfall events, t is the average

threshold value for the runoff production (in), and s' is the

statistical best fitted coefficient. On an annual basis the

above linear relationship is assumed to be constant. In that

case it is inherent in equation (2.2) that the runoff efficiency

is also a constant'

(2.2) into (2.1):

Re = s(1 - N t/P)

This conclusion is reached by introducing

21
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Equation (2'3) expresses the runoff efficiency in terms of

annual rainfall, number of storms, and two areal parameters: t -

the runoff average threshold value and s. The runoff efficiency

according to equation (2'3) does not consider either the

stochastic or the spatial variations which are discussed below.

To perform the analysis with a stochastic framework the

annual rainfall and runoff can be given by the sum of N single

events occurring during the year, namely:
N

P = >P'j (2.4)

y
R = s><P' -'t) (2.5)

-1^

where P' (in) is the rain depth of the j-th single storm.

The average threshold value was found by Diskin (1970) to be

6.62 inches for the Walnut Gulch experimental watershed.

Introducting equations (2.4) and (2.5) into (2.3) gives:
N

Re =s>(Pi-t) <>PJ>-1= s (i - N t/P) (2.6)
J=`

Although Re seems to be constant as a first approximation it

may be strongly dependent on N. The larger the number of storms

the smaller the time interval between two storms and the higher

the antecedant soil moisture. As a result of the higher initial

soil moisture the threshold value t is smaller. Thus, the three

components -- t, P and N -- compensate each other such that the

terms t and N/P can be considered constants.

Since both N/P and t are nearly constant, the efficiency

between years and for a catchment of a given size is

approximately constant, as mentioned previously by Flug (1982)'

The partial area contribution concept, however, suggests that the

runoff efficiency is strongly dependent on the size of the



catchment A. Some explanations for this phenomenon follow'

Under humid conditions the most effective areas which

contribute to the peak hydrograph are the channels themselves,

belts extending on both sides of the channels and near the

watershed outlet (Chorly, 1978). The soils around these areas

become saturated or nearly saturated during the rain event and

RLtheir infiltration capacities are reduced creating runoff.

Under arid conditions the runoff efficiency also increases

with the decreasing area of the drainage basin (Evenari etal.,

1971; Ben Asher et al., 1984). In this case, the following

explanations are offered.

(a) The convective storms which usually generate flash floods

are characterized by relatively high intensity short duration

and small contributing areas. When the storm cell is smaller

than the size of the drainage basin, the area that actually

contribute runoff is smaller than the total area of the basin and

the volume of runoff when related to the entire catchment size is

also small. Thus, the larger the catchment area the smaller the

apparent runoff expressed as a percentage.

(b) The larger the size of the basin, the longer the flow path

within the basin, and the longer the opportunity time for

infiltration of the runoff into the stream bed. Generally, these

stream beds have high infiltration capacities and as a result the

water losses increase with increasing size of the basin.

Bearing in mind the effect of the size of the watershed area

on the runoff efficiency, the volume of the runoff can be written

as:
V =Re P A (2.7)



According to equation (2'7) when the increase in area (A) is

faster than the decrease in the runoff efficiency (Re), the

runoff volume (V) is increased with A even though the runoff

efficiency is decreased.

The dependency of the runoff efficiency and the catchment

size can be given empirically by:

Re =s (1 - N t/P) where O < c > 1 (2.8)

Similarly, the volume of the runoff is given by:

V = Re P A = s (1 - N/t/P) Acl-=` P (2.9)

Results

The reduction in runoff efficiency as a function of the

catchment area was studied empirically from data that had been

collected from 12 subwatersheds in the Walnut Gulch experimental

watershed. The best fit curve is found to be:

Re = 18.5 A-c'" (2.10)

when A is expressed in acres. The curve is presented in Fig.

2.1. Note that this curve is very similar to the curve that had

been found in the semi-arid mountainous region of Israel

(Karnieli et al., in preparation).

With this function, it is possible to estimate the runoff

efficiency of drainage basins with different area. Because the

shape of the curve become assimptotically when the watershed size

become larger and larger, the variation in the runoff efficiency

becomesmaller and smaller. Consequently, the runoff volume is

increasing with the size of the watershed but still affected by

the runoff efficiency.
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For calculating the annual runoff volume in acre-feet within

a desirable probability, one should use equation 2.11:

Vp = 0.12 Re Pp A (2.11)

where the rainfall is in inches and the runoff efficiency is

expressed in percentagae. Introducing equation w.10 into

equation 2.11 yields:

vp = 2.22 P, (2.12)

where p had been calculated in equation 1.23.
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The purpose of this chapter is to present the data and the

steps which the water resources planner has to take into

consideration in order to use the suggested model for predicting

runoff volumes from semi-arid watersheds. The following procedure

should be used in deriving runoff volumes:

Step 1, selection of the watersheds and definition of the outlet

location:

Actually this decision mostly depends on the planning

objectives (such as the best site for artificial recharge, stock

pond, etc.)' On the basis of this work the favored location is as

close as possible to the mountain front of the valley, because

the mountainous region get more rainfall (as a result of the

elevation effect) and their exposed rocks produce much more

runoff. Rough estimation of the premeability of the soil in the

valley is 2-6 inches per hour (USDA, 1974) which means that the

longer the distance of the watershed outlet from the mountain

front the better the opportunity for runoff infiltration into the

valley bed.

Step 2, watershed boundary and area:

From the location of the watershed outlet which had been

decided in the previous step, the boundary of the watershed should

be drawn using topogaphic maps and/or aerial photographs. The

contributing drainage area (A) should be determined by one of the

following (from primitive to advance) methods:

(a) By counting of squares within a grid overlay.
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(b) By using a planimeter.

(c) By using a digitizer and suitable computer program.

The area should be converted into acres'

Step 3, the weighted mean elevetionv

The weighted mean elevation is determinte'd as the weighted

average of the elevations between adjacent contours. The area

between the contours can be obtained by one of the methods

peresented in step 2. The elevation should be dete.mined in feet.

Step 4, prediction of rainfall volume:

For calculating the rainfall depths within a desirable

probability one should use equations 1.22 and 1.23. The mean

elevation parameter is taken from step 3 and the theoretical log-

probability frequency value factor is taken from Appendix 2.

Step 5, prediction of runoff volume:

For calculating the runoff volume within a desirable

probability one should use equation 2.12 which contains two

parameters: the rainfall depth Pp and the watershed area A which

has been calculated in steps 4 and 2, respectively.

Examgle

Step 1v

The area that had been selected for the calculated example

is located along the Harcuvar mountains, between Cottonwood Pass

and Cunningham Pass (Fig. 3.1). The elevation of the mountains in

this area is 4628 feet at Harcuvar Peak. The purpose of this

example is to evaluate the runoff volume along one mile of the

mountain front at the 1700 feet elevation. For this purpose, the

area upsteam to the 1700 feet contour line has been divided into
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four watersheds w'th their respective outlets located at the same

elevation along the contour (Fig. 3.1)'

Step 2:

The boundary of these watersheds was drawn by using the

1:24000 USGS topographic maps. The watershed's area was obtained

by using a planimeter and was found to be:

WS1 = 2.31 mi = 1478.4 ac

WS2 = 1.5mi = 960 ac

WS3 = 1.34 mi = 857.6 ac

WS4 = 0.82 mil."' = 524.8 ac

Step 3:

The weighted mean elevation was found by planimetering the

areas between adjacent contours and by using the

presented in Table 3.1 (for WS1 only):

calculations

Table 3.1: Calculation of the weighted mean elevation for WSI.

Lower Upper Mean Area Cumulative
contour contour hight area

(ft) (ft) (ft) (mi) *

Cumulative
relative

area
(miz)

Weighted
mean

elevation
(ft)

1700 2000 1850 1.10

2000 3000 2500 1.01

3000 4000 3500 0.15

4000 4618 4309 0.05

1.10

2.11

2.26

2.31

0.48

0.43

0.07

0.10

weighted mean elevation:

Note that the weighted mean elevation is the sum

products of the mean height and the cumulative relative

888

1075

245

of the

area.

The same procedure was used for the other watersheds. Their
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mean weighted elevation values are

WS2

WS3

WS4

Step 4:

By using equations 1.22 and 1.23 the rainfall depths within

a desirable probability for WS1 were determined to be:

Cv = 0.51 - 3.68 * 10-="h (1.22)

= 2089.0

= 2427.3

= 2280.0

P=(3.64+2.6*10-h)(1+Cv*K)
h = 2251 ft

Cv = 0'427

P =

Kl=

Kl5=

nma=

K,so=

K.P=

9.49 (1 + Cv * K)

3.24 Pi= 22.60

1.88 Pm= 17.11

0.70 P=0= 12.33

-0.19 Pao= 8.72

-1.51

and similarly for

h = 2090 ft

Cv = 0.433

P = 9.074 (1

K,= 3.25

Km= 1.88

Kwo= 0.69

K250= -0.19

Kr= -1.49

in

in

in

in

the others watersheds:

+ Cv * K)

Pl= 21.84 in

Pm= 16.46 in

P= 11.78 in

Pm0= 8.33 in

in
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WS4:

h = 2427 ft

Cv = 0'421

P = 9.95 (1 + Cv * K)

Ki= 3.23 P,= 23.48 in

Km= 1.88 Pm= 17.82 in

K=o= 0.70 P=a= 12.88 in

Kma= -0.18 P=a= 9.19 in

h = 2280 ft

Cv = 0.426

P = 9.57 (1 + Cv * K)

Ki= 3.24

Km= 1.88

Kmo= 0.70

Km0= -0.18

K= -1.55

Pi= 22.70 in

Pm= in

Pm0= 12.42 in

Pmc,= 8.83 in

Pvv= 3.25 in

Step 5x

The predicted rainfall volumes within a desirable

probability was calculated by using equation 2.12:

V= = 2.22 P A°^^~
(2.12)

Calculations for WS1:

A = 2.31 mi:* = 1478 ac.

V = 177.1 P

Vx= 4002.46 ac-ft

Vm= 3030.18 ac-ft



W84:

Vw= 2183-64 ac-ft

voo= 1544.3 ac-ft

V,.7= 596'83 ac-ft

Similary for the others watersheds:

* = 1'50 mi = 960 ac.

V = 136.68 P

»,= 2985 ac-ft

Vo= 2250 ac-ft

Vo= 1610 ac-ft

Vc"o= 1138 ac-ft

440 ac-ft

A = 1.34 mi= = 856.6 ac.

V = 127.7 P

Vi= 2998.4 ac-ft

V=s= 2275.6 ac-ft

V=0= 1644.8 ac-ft

Voa= 1173.6 ac-ft

v.p= 457.5 ac-ft

A = 0.82 miz = 524.8 ac.

V = 95.1 P

V*= 2158.8 ac-ft

væ= 1638.5 ac-ft

Vzo= 1181.1 ac-ft

V=== 839.7 ac-ft

V.p= 309.1 ac-ft



The total area of these four watersheds is 3820.8 ac. by

combining the runoff volumes one can get the total volume that is

expected within desirable probability along one mile of the 1,700

feet contour line:

V1= 12,144 ac-ft (R.I. = 100 yr)

Vm= 9,194 ac-ft (R.I. = 20 yr)

v=n= 6,620 ac-ft (R.I. = 5 yr)

Vmo= 4,696 ac-ft (R.I. = 2 yr)

V.7= 1,803 ac-ft (R.I. = 1 yr)

The above data indicate that at least 1,803 ac-ft of runoff

can be expected every year (or with probability of 99%) along 1

mile of the 1,700 contour line in the mountain front. Once in two

years (50% probability) at least 4,696 ac-ft of runoff can be

expected, and so forth. The average volume of runoff, about 6,000

ac-ft is expected every 2.5 years.

By extrapolating these volumes for the 40 miles of mountain

front in Butler Valley one can obtain the following volumes of

runoff:

VI= 485,760 ac-ft (R.I. = 100 yr)

Vm= 367,760 ac-ft (R.I. = 20 yr)

v=w= 264,800 ac-ft (R.I. = 5 yr)

Vma= 187,840 ac-ft (R.I. = 2 yr)

V.pv= 72,120 ac-ft (R.I. = 1 yr)

Note that these volumes can not be considered as the natural

recharge from the mountain front because the infiltration and

evaporation parameters did not take into account. For a mountain

front rechrge research further study has to be done.
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Note also that the same method and approach hold when

dealing with runoff created on the valley bottom. In this case

the empirical coefficients of equation 2.10 have to be changed.
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APPENDIX 1: Butler Valley synthetic rainfall series
based on surrounding stations.

YEAR RAINFALL DATA IN STATION (in)
BUTLER VA.
SYNTHETIC

Parker Bouse Salome Aguila Alamo Dam
RAINFALL

Congress (in)
a s

1897 6.96
1898
1899
1900
1901 3.75
1902
1903
1904 4.53
1905 9.58
1906
1907 12.48
1908 2.17
1909 16.24
1910 6.80 7.86
1911 3.48
1912 6.55
1913 5.09
1914 7.62 9.69 11.17
1915 7.19 10.05 11.01
1916 6.69 8.89 10.01
1917 6.05 9.03 9.56
1918 4.77 11.20 9.67
1919 6.48 10.48 10.67
1920 5.96 10.96 10.50
1921 11.21 9.17 13.78
1922 4.83 8.03 8.06
1923 3.67 13.48 9.97
1924 1.80 3.14 5.45 3.65
1925 4.57 8.45 8.07
1926 6.51 8.17 9.49
1927 2.10 1.14 2.28
1928 1.25 2.85 2.49
1929 2.81 2.20 6.51 4.17
1930 3.23 7.23 6.36
1931 8.51 10.92 18.63 13.80
1932 4.79 8.70 10.51 8.66
1933 2.25 6.81 6.63 5.51
1934 3.26 5.09 5.67 5.17
1935 6.32 12.74 18.63 13.26
1936 5.77 6.70 8.71 7.97
1937 9.31 13.19 10.64
1938 4.78 7.99 8.79 7.91
1939 11.73 10.57 11.02 13.18
1940 8.06 7.03 9.83 9.64
1941 12.42 16.75 18.72 17.95
1942 1.85 4.94 5.35 4.27



APPENDIX 1 (coat.):

YEAR RAINFALL DATA IN STATION (in.)
BUTLER VA.
SYNTHETIC

Parker Bouse Salome Aquila Alamo Dam Congress
RAINFALL

(in)

1943 1.85 4.94 5.5
_ - -_

4.27
1944 3.35 6.99 6.33
1945 5.00 10.53 9.50
1946 5.38 6.62 7.77
1947 2.79 7.58 6.19
1948 0.70 2.99 2.12
1949 2.97 4.72 6.53 5.14
1950 3.54 5.00 7.91 5.95
1951 1.50 5.29 3.96
1952 6.71 10.51 10.44 10.30
1953 6.24 9.11 11.73 9.94
1954 1.50 1.70 3.99 3.95 3.14
1955 2.88 3.66 5.71 4.46 4.97
1956 2.92 6.40 7.12 8.67 7.29
1957 0.34 1.24 1.28 2.45 1.47
1958 4.16 7.38 10.65 8.98
1959 4.04 6.38 7.67 7.78 7.68
1960 5.10 6.71 7.36 8.19
1961 3.07 5.83 3.70 5.37 5.53
1962 2.00 4.27 4.00 4.34
1963 3.35 4.92 5.54 7.94 6.35
1964 3.98 5.97 6.51 7.20 9.33 7.36
1965 2.02 1.97 3.94 3.60 7.37 4.03
1966 6.54 8.37 13.45 14.48 10.89 11.90
1967 4.44 4.90 3.47 5.84
1968 4.54 4.96 9.10 10.25 9.02 8.26
1969 1.97 5.28 5.72 3.85 3.26 4.65
1970 5.26 6.86 8.08 7.13 8.32
1971 4.06 4.39 9.45 7.20
1972 1.88 5.25 5.19 6.15 8.14 5.46
1973 4.15 4.99 6.17 8.97 13.55 7.56
1974 4.60 4.90 6.23 8.23 6.46
1975 3.03 5.17 13.28 7.16
1976 0.90 3.88 5.47 6.42 4.08
1977 6.34 5.52 7.45 9.94 11.65 8.36
1978 2.29 4.25 5.62 3.05 8.76 4.72
1979 12.60 11.09 13.88 15.93 22.32 15.68
1980 5.08 7.56 9.07 8.85 12.73 8.79
1981 6.57 6.53 9.27 8.65 9.06
1982 5.23 3.70 10.48 7.29 7.43
1983 6.51 8.99 12.76 13.93 11.91
1984 6.96 7.58 18.21 13.91 12.76

Mean 4.90 5.50 7.55 8.97 8.65 11.68 7.87
S.D. 2.73 2.09 3.41 4.23 3.59 4.76 3.34
Cy 0.056 0.038 0.452 0.472 0.415 0.407 0.424

No. of yr. 97 31 65 60 21 9



APPENDIX 2: Theoretical log- probability frequency factors.

Probability in precentage Corre-
Equal to or greater than given variate sponding

99 50 20 5 1 coefficient
of variation

-2.33 0.00 0.84 1.64 2.33 0.000
-2.25 -0.02 0.84 1.67 2.40 0.033
-2.18 -0.04 0.83 1.70 2.47 0.067
-2.11 -0.06 0.82 1.72 2.55 0.100
-2.04 -0.07 0.81 1.75 2.62 0.136
-1.98 -0.09 0.80 1.77 2.70 0.166
-1.91 -0.10 0.79 1.79 2.77 0.197
-1.85 -0.11 0.78 1.81 2.84 0.230
-1.79 -0.13 0.77 1.82 2.90 0.262
-1.74 -0.14 0.76 1.84 2.97 0.292
-1.68 -0.15 0:75 1.85 3.03 0.324
-1.63 -0.16 0.73 1.86 3.09 0.351
-1.58 -0.17 0.72 1.87 3.15 0.381
-1.54 -0.18 0.71 1.88 3.21 0.409
-1.49 -0.19 0.69 1.88 3.26 0.436
-1.45 -0.20 0.68 1.89 3.31 0.462
-1.41 -0.21 0.67 1. 89 3.36 0. 490
-1.38 -0.22 0.65 1.89 3.40 0.517
-1.34 -0.22 0.64 1.89 3.44 0.544
-1.31 -0.23 0.63 1.89 3.48 0.570
-1.28 -0.24 0.61 1.89 3.52 0.596
-1.25 -0.24 0.60 1.89 3.55 0.620
-1.22 -0.25 0.59 1.89 3.59 0.643
-1.20 -0.25 0.58 1.88 3.62 0.667
-1.17 -0.26 0.57 1.88 3.65 0.691
-1.15 -0.26 0.56 1.88 3.67 0.713
-1.12 -0.26 0.55 1.87 3.70 0.734
-1.10 -0.27 0.54 1.87 3.72 0.755
-1.08 -0.27 0.53 1.86 3.74 0.776
-1.06 -0.27 0.52 1.86 3.76 0.796
-1.04 -0.28 0.51 1.85 3.78 0.818
-1.01 -0.28 0.49 1.84 3.81 0.857
-0.98 -0.29 0.47 1.83 3.84 0.895
-0.95 -0.29 0.46 1.81 3.87 0.930
-0.92 -0.29 0.44 1.80 3.89 0.966
-0.90 -0.29 0.42 1.87 3.91 1.000
-0.84 -0.30 0.39 1.75 3.93 1.081
-0.80 -0.30 0.37 1.71 3.95 1.155
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