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. PROBABILITY ANALYSIS APPLIED TO THE DEVELOPMENT OF 
SYNT.HETIC HYDROLOGY FOR THE COLORADO RIVER 

In the development of river basins one of the crucial problems encount-

ered by the planners is that of estimating future streamflow. The shortness of the 

streamflow records for the Colorado River, as well as for other rivers, contributes 

to reduced precision of estimated future streamflow if such estimation is based solely 

on historical data. One way of dealing with this problem of inadequate historical 

data is to simulate the flow of the river by mathematical techniques, thereby erect-

ing a "synthetic hydrology" on the river. A synthetic hydrology is a hypothetical 

series of stream flows. These streomflows did not occur historically, but ore developed 

by statistical methods in such a way that they could hove occurred (i. e. ore statis-

ticolly probable). 

Measurements of the flow of the Colorado River at Lees Ferry, Arizona, ore 

avqiloble from 1912. This flow is extremely erratic, varying from 4 million to 22 

million acre-feet of water annually, with a tendency for high years and low years 

to be grouped. (See Table I.) Because of the shortness of the streamflow record, 

however, the critical patterns of high and low runoff ore relatively scarce. By 

means of a mathematical model representing the flow of the Colorado River, patterns 

con be created which would be expected tq be port of on annual record if a record 

of sufficient length were available. Since future flows ore not deterministic, a 

I 
logical approach is to consider runoff as a stochastic process. If the stochastic 

lA stochastic process con be defined as "any process running along in time 
contrail ed by probob i I ity laws. " See J. L. Doob, Stochosti c Processes (New York: 
John Wiley and Sons, 1953), p. 46. 
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TABLE I 

I FLOW OF THE COLORADO RIVER AT LEES. FERRY, ARIZONA 
Water Year, 1912-1958 

Runoff Runoff 
Mill ions of Acre-Feet Mill ions of Acre-Feet 

Water Yearl of Water Water Year1 of Water 

1912 17.6 1937 11.9 
1913 12.7 1938 15.4 
1914 19.3 1939 9.4 
1915 12.5 1940 7.1 
1916 17.3 1941 16.0 

1917 21.9 1942 17.0 
1918 13.6 1943 11.2 
1919 10.8 1944 13.2 
1920 19.7 1945 11.5 
1921 20.7 1946 8.7 

1922 16.3 1947 13.5 
1923 16.2 1948 13.7 
1924 12.5 1949 14.3 
1925 11.3 1950 11.0 
1926 14.0 1951 9.8 

1927 16.5 1952 18.0 
1928 15.3 1953 8.8 
1929 19.2 1954 6.1 
1930 13.0 1955 7.3 
1931 6.4 1956 8.7 

1932 15.2 1957 17.3 
1933 9.7 1958 14.2 
1934 4.4 
1935 9.9 
1936 11.9 

1 Runoff for years ending September 30 for each year shown. 

Source: U. S. Geological Survey, Water Supply Papers, 1313, 1343, 1393, 
1443, 1513, and 1563. 
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model of flow sequences represents the flow of the river in all respects, it would 

be impossible to distinguish between real and synthesized hydrographs by the usual 

statistical tests of significance. Hence synthetic hydrology provides a large number 

of possible runoff sequences that could obtain on the river whose flow is described 

by the probability model. 

The problem of developing synthetic hydrologies is one which has absorbed 

the attention of engineers, statisticians, and economists in recent years. While 

no attempt is made to review in this poper all the research done on the problem, 

three studies representative of current thinking on development of synthetic hydro-

logies are discussed. Two of the studies, those by Thomas and Hurst, are concerned 

primarily with storage problems rather than with the problem of runoff, but because 

storage depends upon runoff, the methods suggested for generating inputs available 

for storage are deemed to be worthy of study. The third report, by Luna Leopold, 

· deals directly with runoff and his data are streamflows of the Colorado River. The 

. three. approaches are discussed in the following section of this paper in terms of 

their applicability to the Colorado River. Synthetic hydrologies are then developed 

by probability methods and are evaluated in light of the foregoing works. 

Applicability of the Selected Synthetic Hydrology Studies 
To ""the Colorado River ------

Leopold, Thomas, and Hurst apply probability analysis to the problem of 

forecasting runoff. Because of the differences in approach, each of the studies is 
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evaluated in terms of its applicability to the Colorado River data. Since the 
I -_ 

synthetic model must conform to known characteristics of the streamflow data, 
I . 

observed runoff of the Colorado River is used to test the feasibility of each of the 

approaches. 

leopold Approach 

The virgin flow of the Colorado River (reconstructed record of annual dis-

charge-- reconstructed to adjust for depletions) measured at lees Ferry, Arizona, 

from 1896 through 1956 was examined by luna leopold in Probability Analysis Applied 

~~Water-Supply Problem.1 He d-emonstrated that the flow of the Colorado River 

is normally distributed when no account is taken of order of occurrence of the flow; 

and that there is greater voriabil ity in groups of streamflow means in their natural 

order of occurrence than if the same mean flow values occurred in random sequence. 

The historical flow of the Colorado River at lees Ferry, Arizona for the 

water years 1912-1958 is plotted on normal probobil ity paper in Chart 1. When a 

normal distribution is plotted on such paper, the distribution plots as a straight I ine. 

Since the plotted values of the historical flow approximate a straight line, the 

distribution of the historical flows (when no account is taken of order of occurrence of 

the flow) appears to be normally distributed). (It should be noted that the leopold 

study was concerned with virgin flow, not historical flow, for the period 1896-1956.) 

1luna B. leopold, Probability Analysis Applied to a Water-Supply Problem, 
U. S. Deportment of the Interior, Geological Survey Circular 410, Washington, D. C., 
1959. 
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CHAfiT I 

ANNUAL FLOW OF COLORADO RIVER AT LEES FERRY, ARIZONA 
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The mean virgin flow of the Colorado River for the 61-year period 1896-

1956 is 15.18 million acre-feet of water with a standard deviation1 of 4.2 million 

acre-feet of wafer, while the mean historical flow for the 47-year period 1912-

1958 is 13.23 million acre-feet of water with a standard deviation of 4.1 million 

acre-feet of water. The measurements of annual flow represent a sam pie of flow 

data from a universe consisting of annual flows covering an indefinitely long time 

period. Since the distribution of sample flows examined tends to be normally 

distributed, then the means of groups of data in the sample will also be normally 

distributed. Means of various time periods were considered by Leopold. His minimum 

period was ten years, whereas this paper shows that the use of a five-year period 

is valid. 

When items are selected at random from a normal universe large values 

are equally as I ike I y as small values so that the variability of the means of groups 

of streamflow in natural order of occurrence is larger than if the same flow values . . 

occurred in random sequence. If group means were made up of randomly chosen 

individuals then variability of the group means would decrease as the square root 

of the number of individuals making up the groups. Thus if annual values of 

streamflow occurred in a random sequence 1 variability of the means of a group, 

e.g. 5 years, would decrease inversely as the square root of the number of indi-

vidual items making up the group. Hence, for a random sequence 1 if the 

1The standard deviation is a measure of the variability or dispersion from 
the mean. In the case of a normal distribution one standard deviation on either 

side of the mean would inc I ude approximately 68 percent of the items in the 
distribution. 
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standard deviation for 1-year means is 4.1 million acre-feet of water then the 

variability of means of 5-year groups should be 1 .of 4.1 or 1.8 million acre-feet 
rr 

of water (i.e. 0. 45 as variable). The standard deviation of the 5-year means of 

the historical flow of the Colorado River was 2.5 million acre-feet of water or 

0.61 times the annual variation. 1 

If one were to assume that the mean historical flow for the 47 years is 

the true mean 1 then one could conclude that 75 percent of the 5-year means 

would be expected to be equal to 1 or I ess than 13. 23 + {0 . 61) (2 .77) or 14.92 

million acre-feet of water.2 Table 2 presents a frequency distribution of 5-year 

moving averages of historical flow of the Colorado River from 1912 through 1958 

and it can be noted that approximately 75 percent of the 5-year mean flows were 

equal to or less than 14.92 mill ion acre-feet 1 with the mean of the 5-year means 

being equal to 13.08 million acre-feet. With an infinite number of samples the 

mean of the 5-year means would be equal to the population mean (the distribution 

· in Table 2 is based on 43 means). 

- -

lThe ratio of the standard deviation of the five-year means to the standard 
deviation of the annual f1 ow was 0. 64 for the virgin flow. 

2Because the sampling distribution of means of samples of size 5 1 taken from 
the approximately normal distribution of runoff 1 will be a normal distribution 1 then 
tables giving the area under the normal curve can be used to determine 75 percent 
of the area under the curve. The mean I ies at the center of the distribution and 25 
percent of the area to the ri!=lht of the mean will be . 6745 standard deviations awav 

~~ t~ mean. If the assumption of randomness were tenable then the standard 
error of the mean for samples of size 5 would be 0.45 as large as the standard 
deviation of the "popu lotion". The ratio of the standard deviation of the 5-year 
means to that for 1-year means was 0. 61 as used above. 
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TABLE 2 

PERCENTAGE DISTRIBUTION OF FIVE YEAR MEANSl OF FLOW OF THE COLORADO 
RIVER AT LEES FERRY, ARIZONA 

Mean Annual Runoff 
Mill ions of Acre-Feet 

8.0 and under 10.0 

1 0. 0 and under 12. 0 

12.0 and under 14.0 

14.0 and under 16.0 

16.0 and under 18.0 

1912-1958 

1 Five-year moving averages of historical flow. 

Percent 

14 

19 

32 

19 

16 

Source= Adapted from U. S. Geological Survey, Water Supply Papers, 
1313, 1343, 1393, 1443, 1513, and 1563. 
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The distribution of sample means provides a guide as to the true I imits 

within which the true mean might be expected to I ie. Therefore recognizi~g 

that the mean of ·the 47-yeor period may not be the true mean 1 it is possible to 

approximate the standard deviation of a sam piing distribution of 47-year means. 

Since the mean historical flow for the 47-year period was 13.23 mill ion acre-feet 1 

the probable error of the mean is equal to 0.26 x 2.77 which equals 0.72 million 

acre-feet of water; 1 or one can say there is a 50 percent chance that the true 

mean flow of the Colorado River for an indefinitely long time period (with no 

change in the universe or in the "basic conditions") will lie between 13.23 ± 1.44 · 

or between 11.79 and 14.67 mill ion acre-feet of water. 

On the basis of the above analysis it is possible to estimate what the 

probable "average" streamflow--lowest mean value and highest mean value--for 

the next five years is likely to be. Because the historical data ore merely one sample 

and the mean of this sample may differ from the population mean (mean flow for 

an ind~.finitely long time period) in order to estimate future means the possible 

variation from the population mean must be included in setting confidence limits 

for an estimate. Therefore, total variability of future five-year periods would 

be computed by taking the statistical sum of the variability for the 47-year means 

and for five-year means as follows 

j (.26)2 + (.61)2 = 0.66 

\eopold develops ratios of standard deviations of means for records of flow 
from l to 200 years to 1-year standard deviations on page 8 of his report cited above. 
The 0. 26 is taken from this long-term record study. 
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Therefore one can say there is an 82 percent chance {corresponding to twice the 

probable errorl) that the mean runoff for the next five years will be between the 

mean of the Elislf'orical sample and 1. 349 standard errors or 

13'~ 2J f {1.349 X .66 X 4.1) or 13.23± {2 X .66 X 2.77} = 

13.23 ± 3.66 = 9.57- 16.89 million acre-feet of water. 

Thus,. there ts only a 9 p.ercent chance {9 times out of 100 years of flow) that the 

next five-year mean flow of the Colorado River will be less than 9.57 million 

acre-feet of water; a nd only 9/100 chance that the flow will be greater than 16 . 89 

million acre-fee t of water. It should be emphasized that these figures a II 

assume that past conditions will apply to the future . 

The; a bove analysis enables one to make statements about the mean flow for 

the next frve years with certain degrees of confidence , but in terms of planning this 

is not a guide as to the sequence of flows which would yield a mean between 9 . 57 

and T6. 89 million_ acre-feet of water. Therefore the Thomas approach will be 

considered in an attempt to discover some method which can be used to develop 

possrble sequences of future runoff of the Colorado River. 

lleopold uses the "probable error" of the mean rather than the standard 
error of the mecm in making his comparisons. One probable error of the mean is 
equal to . 6745 :standard errors of the mean. Therefore, forty-one percent of 
the area of a normal curve is included between an ordinate erected at the mean and 
ordinates at a distance of 1 . 349 standard errors of the mean from the mean. Hence, 
the mean± L349 c;r_ will include 82 percent of the area under the normal curve . 

.)1( 
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Thomas Approach 

Harold A. Thomas• study entitled 11 Mathematical Synthesis of Streamflow 

Sequences for the Analysis of River Basins py Simulation 11 1 is concerned with monthly 

end hourly data on runoffs. His approach deals with determination of serial corre-

I at ion which, of course, is present to a great extent in monthly data. The mathematical 

expression developed by Thomas characterizes a circular random walk, a model in · 

which the discharge in a given month is comprised of a component linearly related 

to that in the preceding month and a random additive component. 

Application of the serial correlation method suggested by Thomas to the 

historical runoff data for the Colorado River resulted in the parameters p-esented 

in Table 3. The correlation coefficients in .the table are statistically significant 

for a sample of 47 years except for the September-October coefficient where r = 

.0877. A minimum value of .288, with 45 degrees of freedom, is required 

for r to be significant at the 95 percent level of probobil ity. 
2 

This r measures 

the correlation between one month's runoff and the runoff of the preceding 

month, i.e. r = . 3699 for February indicates the correlation of February with 

January. 

1Harofd A. Thomas, Jr., and Myron D. Fiering, 11 /v\athematical Synthesis 
of Streamflow Sequences for the Analysis of River Basins by Simulation, 11 Chapter 
XII in Design for Water Resource Systems by Arthur lv\aass and others (Harvard 
University Press-;-February, 1962). 

2
R. A. Fisher, Statistical Methods for Research Workers (New York: Hafner 

Publishing Company, 1950), p. 209. 
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I 
SERIAL-CORRELATION PARAMETERS OF MONTHLY FLOWS 

COLORADO RIVER AT LEES FERRY, ARIZONA 
1912-1958 

Thousands of Acre-Feet of Water ,- ~ 
Correlation Regression Standard Mean Standard 
Coefficient Coefficient Deviation 1 Flow Error 

Month r b 

January . 3521 .4550 59.1 329.7 72.3 

February . 3699 .9147 76.4 374.7 177.5 

March . 3552 .9327 188.9 607.4 469 . 0 

April . 5175 1.1614 496.0 1 ,204.4 963.5 

May .6532 .9287 1 1113. 6 2,954 . 7 1,212.3 

June .8009 .4223 1,582. 0 3,608 . 6 505.5 

July .6753 .3436 834.9 1,530. 5 316.8 

August .5650 .4607 424.8 729.0 289.0 

September -.0877 - . 0798 346.4 518 . 7 317.6 

October . 7';196 .3227 318.7 552 . 1 93.6 

November .7511 • ';1907 137.5 453.5 47.8 

December .5258 .4345 71.6 361.6 50.8 

1 Standard deviation for indicated month. The standard deviation for the 
y variable, or predicted variable, would be the standard deviation shown in the 
column for the next month. That is, the standard deviation of the forecast 
value, using January as a forecast, would be that shown for February. Hence, 
the degree of relat ionship can be appraised by comparing the standard error for 
January with the standard deviation for February, etc. 

Source: Adapted from U.S. Geological Survey, Water Supply Papers, 1313, 
1343, 1393, 1443, 1513, and 1563 . 
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Jhe estimating equation for a I inear regression model by the method of 

least squares is: 

. . 
- -- y = Y + b (X. -"X). _ __ . -_- - --_ ·-::. _ _ . 
This equation would be applied to the data in Table 3 for the January-February . 

relationship as follows: 

The mean f1 ow for January would be X, 329.7 thousand acre-feet of 

water; while the mean flow for February, 374.7 thousand acre-feet 

·of water, would beY. The regression coefficient b, .4550 thousand 

acre-feet of water,would then be applied to the difference between 

a given X value and the mean. 

As can be noted from Table 3 the standard errors (which measure the scatter 

~bout the regress_ion I ine and C<?~ be interpreted in the same way as the standard 

deviation which measures the variation from the arithmetic mean) as well as the 

~tandard deviations are relatively large in all months. Thus it appears that this 

method of developing a synthetic hydrology for the Colorado River is less effective 

than for the Clearwater River (the river used in the study by ThomJ s). However, 

~[ICe all but one of the correlation coefficients are significant at the 95 percent 

level, even though they ore small, it is advisable that the Thomas technique, 

using the above regression equation and including a random variable, be applied 

-. to th~-- Coio~do River and that the synthetic hydrologies which will result be studied. 

-- ---- ---- - -- - - - . 

Since the constants for the equations hove been derived above, this could be 

readily done by means of on electronic computer. 
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Hurst Approach 

14. 

l H. E. Hurst's study on "A Suggested Statistical Model of Some Time Series 

Which Occur in Nature," 1 deals with an attempt to solve the problem of regulating · 

outflow from a reservoir in such a way as to meet deficiencies of low runoff and to 

determine the required capacity of the reservoir necessary to guarantee a minimum 

discharge in the years of low runoff. 

Hurst analyzed many time series of natural phenomena such as rainfall, 

river levels, temperature and pressure, annual growth of tree rings, etc. 2 

The relationship used by Hurst was: 

where 

R =range, from maximum to minimum, of the cumulative totals of departures 

from the mean annual value taken in order of occurrence; 

o- =standard deviation of the individual values; 

N = number of annual measurements (or total number of years); 

K =an index= R/a-
log N/2 

The mean value of k for all the natural time series examined by Hurst 

was 0.73 with a standard deviation of 0 . 09. He concluded that in random events 

groups of high and I ow values do occur, but that the tendency for such grouping 

is greater in natural events than in random events. If the distribution is considered 

1 H. E. Hurst, "A Suggested Statistical Model of Some Time Series Which 
Occur in Nature," Nature, Vol. 180, No. 4584, September7, 1957, p. 494. 

2H. E. Hurst, "long-Term Storage Capacity of Reservoirs", Transactions 
of the American Society of Civil Engineers, 116,770 (1951). 
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to be ' one of independent events then: 

I ,! :jl/2 N or 1.25 [N. This means that the I imiting value 
k 

of k in the equation used by Hurst for natural time series, 

1 be 0. 5 far random occurrences. 

i.e.!_=(~) , will 

The Hurst thesis that natural series (for which I imited time series data are 

available) have a tendency to exhibit grouping of high and low values was examined 

using the historical runoff of the Colorado River from 1912 through 1958 as measured 

at lees Ferry, Arizona. The k value resulting from the relationship above was 0·.82 
0.82 

i.e. 54.11 =(47) It should be noted that for a random series with N equal 
4.1 2 

to 47 the k value would be 0.68. Hence, with a standard deviation of 0.09 fork, there 

is reason to believe that the runoff of the Colorado River does not differ significantly 

from that which would be obtained if the runoff followed the natural phenomena 

model of Hurst's. However, if additional s~mples of 47 years were available the 

distribution of k might be such that the 0 . 82 would lie within the range of expected 

values for a random series, since the 0. 82 Is only I. 56 standard deviations 

away from the Hurst expected value of 0.62. 

The leopold study also was m ncerned with the departure of the flow of 

rivers from that of a purely random series and he demonstrated this phenomenon 

by using mean flows for different time periods. The departure of the Colorado River 

mean (virgin) flow data from a random sequence is illustrated in Figure 4 of the 

leopold report. 

1The asymptotic sampling distribution of R is such that k = 0. 5. 
cr 

See W. Feller, Annals of Mathematical Statistics, 22,427. 
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Synthetic Hydrology for the Colorado River 

The analysis of the his~orical flow of the Colorado River using the techniques 

described above has demonstrated that the theses set forth in each of the studies has 

some application to the Colorado River. However, the foregoing .methods do not 
. - -

yield a technique for generating a synthetic hydrology which is usable for estobl ishing 

operating criteria for the control of the River. Methodology is developed in this 

section which con be used to simulate sequences of runoff which ore statistically 

possible and which can be used in a model to test operating criteria. 

If observed streamfl ows are used as inputs to a model which attempts to 

simulate the flow of the river, the short length of record available {47 years in the 

cclseoTthe Colorado River) constitutes a very small SOTlple from an indefinitely Iorge 

population. In-addition, the order of the flows is a crucial variable in formulating 

decision rules with respect to release or storage of the water. Since future stream-

flows ore not known, but must be estimated, reasonable estimation logically involves 

the theory of probobil i ty. From a study of the actual flow record probobi I i ty mode Is 

-
offu.ture flows con be developed. 

Synthetic hydrologies are developed in this paper using tvvo different 

probability methods. The first method develops a model for generation of sequences 

of possible flow of the Colorado River by determining the probability distribution of 

mean flows in relation to the range, while the second method uses a Markoff chain 

model.-

--- ------



Probability Distribution of Streamflow 

The observed flows of the Colorado River standing alone ore restricted 

in their significance to the particular observations recorded, i.e., observed 

frequencies of streamflows of different magnitudes apply only to flows actually 

observed. However, if the observed flows con be used to describe the shape of 

the distribution of all possible flows then theoretical frequencies con be developed. 

Theoretical frequencies are not limited to magnitudes actually observed, but they 

apply generally to the entire population. In so for as one is assured of the repre

sentative character of the sample, one has a basis for inference about the population. 

Probability of flows of different magnitudes may be thought of as relative 

frequency of occurrence of flows of given sizes in the long run. One does not use 

probability theory to predict the outcome of any one trial or the order of the out

come of several trials, but to predict what will happen in the long run or "on the 

average" in a large number of trials. The relative frequency of occurrence of 

flows of different magnitudes in on actual long-run series con be used to estimate 

a frequency distribution of future flows. Since. the shape of the frequency distri

bution of actual flows of the Colorado River is approximately normal, the mean 

CJ1 d variance can be used to -complete! y describe a theoretical distribution of annual 

flows. The mean and variance of the population (all possible annual flows) con be 

estimated in an unbiased manner from the samples (actual flows), assuming that the 

47-yeor period is a representative sample. 

17. 
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. Time Period for Probability Distributions. If the streomflows ore purely 

---random phenomena then one is hardly in a position tq meaningfully predict what 

will happen in the future as any magnitude of streamflow is equally as like ly as 

any other. If on the other hand our data have certain pecul ior characterist ics, 

- e.g. exhibit periodicity, etc., one is in a much better position to get at the 

problem of predict ing streomflows. Therefore, a search for hidden periodicities 

in Colorado River streamflow was u~dertoken using a Fourier analysis. Periods, 

or cycles, of two, three, four, and five years duration were analyzed. These 

· results ore presented in Table 4. 

TABLE 4 

~ :- FOURIER ANALYSIS OF FLOW OF THE COLORADO RIVER 
AT LEES FERRY, ARIZONA 

- . - - 1912-1958 

Ratio 

18 • 

of squared 

(A2 + B2) 
amplitude 

Number to mean 
Squared of squared 

Period Fourier Coefficients Am~l itude Observations amplitude 
p . A BP RP N k 

2 -.3130 -.1652 .1253 46 .0877 
3 1.1250 -.6634 1.1706 45 1. 1691 
4 -1.4455 .9045 2. 9076 44 1. 9490 
·5 -- - ;2043 1. 9029 3.6615 45 2.5100 

Source: Com_p_ute_d_ f_rom basic data present~d in Table 1.: 
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r The assumption is that r-----------N/2 

- .. 
1
. · Y1 ; -}- A0 + ~ (~ cos ¥i + BP sin ~Oi ) 

,. 
where 

Yt 's are estimates of the values of streamflow if periods of giv~n 

sizes are present. 

The constants ~and Bp (amplitudes) are obtained as follows: 1 

Where 

2r t ui cos (360 :)1 
~ = t f"'"l p VJ 

N 

B = p r
·p 

2 ~U; 
j=l 

sin (~o ~ 
N 

U. = sum of the deviations from the arithmetic straight I ine trend for the . 
. I 

period selected, i = 1, 2. , p. 
I 

P = periodicity, in years. 

N = number of years used in the analysis. 

1Gerhard Tinter, Economics,(New York: John Wiley and Sons), p. 219. 
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/ f there are no periodic f1 uc tuations (i • e • the series is a random one loll owing 

the normal distribution) the mean squared amplitude of the series is~ . I . 
R2 = ~
M ~ 

wher~ o- 2 
=the variance of the series of flows. 

The sum of the coefficients derived from the Fourier Cllalysis (Table 4) 

can be tested to see if it differs from that derived from a random series by means 

of the Schuster test. 1 According to Schuster the probability, P , that an empirical 
s 

squared amplitude, R~, is k times the mean squared amplitude, R~, is~ 

P = e-k 
s 

Therefore k = log P . e s 

The Schuster test is used to determine whether the series differs significantly 

from a random series. Therefore, the higher the probability the mere likely that 

the series is random since the hypothesis being tested by means of the Schuster test 

is that the series is random. 

The probabilities (Ps) for the periods indicated in Table 4 are as follows: 

Period k ps 

2 0.0877 .916 
3 1.1691 • 311 
4 1. 9490 . 143 
5 2.5100 .081 

1 
Gerhard Tintner, loc. cit., p. 223. 
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The k value for the five-yecir period is significcint"at the a· percent level while cill 

of the other k values are not significant even at the 1.0 percent level. Hence, there 

is a possibility of a· hidden periodicity of five years in the flow data for the Colorado 

River. 

Synthetic Hydrology. If one were to predict annual flows on the basis 

~if their bei ng normally distributed this would mean that extremely high and extremely 

low amounts of runoff would be equally probable with runoff of the magnitude of the 

mean most probable; this approach would give no clue as to the sequence in which 

flows of varying magnitudes would occur. The order of flows is of utmost importance 

jn the deve lopment of a synthetic hydrology, but, as stated earlier, probability 

-
analysis " is-hardly appticable in predicting the· outcome of any'" erie trial" o-r order of 

the outcome of several trials but is used to predict what will happen in the long 

run. Hence, by generating a number of equally probable sequences of runoff, one 

can examine the effect which these sequences would have on storage, and ultimately 

on the amount of energy which could be generated by releasing given amounts of 

water. The ape_a~ren_t five-year periodicity in the flow data enables one to develop 

a sampling distribution of five-year means, so that sequences of five years can be 

generated in such a way as to give an idea of the order of flows. 

Development of a synthetic hydrology for the Colorado River necessitated 

selecting~amples ~f possible runoff. If tb~ _historical values were considered to be 
·~--

the population from which the sample was to be drawn there would be only 47 

different amounts of runoff which would be possible even though there would be 
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many different sequences of runoff possible. Hence, the Monte Carlo method (a 

technique used to simulate experience through statistical sampling) was used to 

generate runoff values for the synthetic hydrology. 

In order to ·simulate streamflow, T 00 random samples r:i 5 each (corresponding 

. to a five-year runoff sequence determined on the basis of the Fourier analysis end 

Schuster test described above) were selected from a tab I e of random numbers. In 

order to determine possible order of the five runoff values to be selected at random, 

the historical runoff data were analyzed by five-year periods. The distribution of 

five-year means (five-year moving averages) approxima ted a normal distribution 

(Table 2). However, since there are many different combinations of five which 

will yield the same mean, the samples were chosen subject to the following restrain ts~ 

(1) Annual runoff should range between 4.4 and 21.9 million 

acre-feet of water--limits set by historical experience (Table 1); 

(2) Five-year sequences of runoff shout d be distributed according to 

the distributions of {a) the mean and (b) the ratio of the range to 

the mean {of the historical data). 1 

1The ratio of the range to the mean is used instead of the ratio of the square 
root of the second moment about the mean to the mean (coefficient of variation) 
because the sample size (5) is so small . In the case of small samples the range is almost 
as efficient an estimate of the distribution as the standard deviation when sompl ing 
from a normal population. (For a sample size of 5, the efficiency of the range in 
relation to the standard deviation for estimating the dispersion is . 955) See Wilfred J. 
Dixon, and Frank J. Massey, Introduction to Statistical Analysis (New York: McGraw
Hill Book Company, Inc., 1957), p. 404. Appendix Table I presents the distributions 
resulting from the five-year moving averages and ranges of the historical data. 
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·; One hundred samples of thirty-year inflows 1 (six samples of five-year 

sequences) were chosen at random from the samples presented in Appendix Table 
I 

11 2• These simulated flows exhibit the same statistical characteristics as the 

historical Aows, as required by the restraints. The simulated flows presented in 

Appendix Table Ill have been adjusted for estimated depletion considering past 

experience and anticipated future depletions. 3 

1 According to the Department of the Interior 11 the fil I ing period is 
considered to be the time it takes to fill Glen Canyon ... (content 28.0 million acre
feet of water total surface storage) or May 31, 1987, whichever occurs first." U.S. 
Department of the Interior, Release of February 12, 1960, 11 Pr~posed General Principles 
to Govern, and Operating Criteria for Glen Canyon Reservo'ir and lake Mead during 
the Glen Canyon Reservoir Filling Pe"riod. 11 

The Hoover Darn power contracts expire in 1987, so this period (1962-1987) has 
been used in studies made by. the Bureau of Reclamation and others in attempting to 
develop operating criteria for use during the period of the initial filling of Glen Canyon 
Reservoir. The thirty-year period was used because the samples were selected in clusters 
of five years; hence, either a twenty-five or a thirty-year period could have. been used. 

21t should be noted that in order to evaluate operating criteria for the Colorado 
River inflow to Glen Canyon Dam as well as inflow to Hoover Dam must be considered. 
The inflow to Hoover Dam (Lake Mead}, once Glen Canyon is completed, would consist 
of the water released from Glen Canyon Dam plus any additional gain to Lake Mead 
beyond this. Hence, the Monte Carlo me thod was also used to select samples of gain 
to lake Mead which could be used in a model simulating operating conditions when both 
reservoirs are available for use. 

31t was assumed that depletion would increase by 0.09 million acre-feet of water 
each year for the first nine years, i.e. in 1970 depletion would be 0 . 72 million acre
feet of water. From 1971 through 1990 depletion would increase by 0.03 million acre
feet, so thot in 1990 the anticipated depletion would be 1.42 million acre-feet of water. 
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. I Average annual inflows to Glen Canyon Reservoir for the first five 

years .of the simulated experience {considered to be 1962-1966) of the one hundred 
I 

synthetic hydrologies range from a low of 8 million {simulations 6, 21, 40, 43, and 

56) acre-feet of water to a high of 17.5 million acre-feet of water (simulation 10). 

The five-year moving averages of historical flows of the Colorado River from 1912 

through 1958 range from a low of 9.1 to a high of 17.3 million acre-feet of water. 

The mean was computed for each of the 100 simulated hydrologies for the first 

five years, the first ten years, the first fifteen years, the first twenty.yeors, the first 

twenty-five years, and the first thirty years of the sequence. From the Pearson ion system 

of curves on opp~opriote theoretical curve was fitted to the distribution of means. 
1 

In each case the curve used to develop the probabilities for runoff was· the Type I 

Pearson curve, a curve of I imited range and generally bell shaped. 

The frequency distribution of means of the five-year simulated inflows (period 

1962-1966) is presented in Appendix Table IV. A probability table, developed from 

the 100 simulated hydrologies to which the Pearson curves were fitted, is presented in 

Table 5. In interpreting Table 5 caution should be used when considering the ze ros 

and the one hundreds appearing in various columns. The interpretation of these zeros 

should be that it is highly urlikaythot on average annua l runoff of the indicated size · 

or smaller would occur rather than that it is impossible that an overage annual runoff 

of such size would occur. The one hundreds should be interpreted within the some 

probability framework and not that it is certain that the runoff will be the given amount 

or less. 

1 W. Pal in Elderton, Frequency Curves and Correlation (third edition; london: 
Cambridge University Press, 1938). --
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-Average Annual 
Inflow 

in mill ions of 
Acre-Feet of Water 

6 
-· #~ - - - 7 

8 
9 -

10 
: ~ "2 : ·: -11 - -- . 

12 
-- -. -13 

14 
T5 
16 
17 

- = :-TABLE 5 -~·. - .- ~ 

PROBABILITIES OF AVERAGE ANNUAL INFLOW 
TO GLEN CANYON RESERVOIR 

BY TIME PERIODS 

Probability (Percent chance) of Average Annual Inflow 
Being Indicated Amount or Less During 

5 Year 10 Year 15 Year 20 Year 25 Year 
Period Period Period Period Period 

--* 0 0 0 0 
T --* 0 0 0 
4 ·--* --* 0 0 
9 2 1 --* -* 

16 7 4 3 1 
-25 -, 19 15 - -17 12 
37 41 37 40 42 
50 64 - . 65 . 68 78 
65 84 88 92 96 
80 97 98 100 100 
95 100 99 100 100 

100 100 100 100 100 

-*Les~ than 0. 5 percent chance. 
s' 

- - . - - -- ~ -· . - - -

I""' ·- .- - -. - - - - - --- - - . - -. - -- . -

- - - - - . - - - . - -

- -- ---""-......... -:---~· ·....-:-- --- · ---- ~-~-. --~--·----~----

-------_- - --:_ --

-- -

25. 

30 Year 
Period 

o. 
0 
0 
0 

--* 
10 
52 
85 
97 
99 

100 
100 
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/ '' is apparent from Tobie 5 that the vori at ion of the sam pi i ng d istri but ions 

becomES smaller as the sample size becomes larger. Hence 1 the probability distri-
/ . 

bution using a sample size of 5 years {using only the discrete probability values 

be~een 1 and 1 00) ranges from a low of 7 mill ion acre-feet of water to a high of 

17 mill ion acre-feet of water. Wheri a sam pi e. size of 30 years is used 1 however 1 the 

range of the probability distribution is from 11 million acre-feet to 16 million acre-
1 

feet of water. The standard deviation df the means of the five-year groups is 2. 51 
I 

26. 

mill ion ac re-feet of water while the standard deviation for the thirty-year means is only 

• 96 mill ion acre-feet. 

While there is greater accuracy 1 or stated another way there is I ess variability 

from the population mean, when larger samples are used, still the availability of 

probability distributions by the smaller grouping (5 years) gives an idea of the situations 

which may be met in the next five years, and hence, becomes a help in planning for 

criteria to be used in terms of the release rules to be applied to Glen Canyon and 

Hoover Dams. 

Comparison of Synthetic Hydrologies yvi th Hurst and leopold Studies<. The 

Hurst and Leopold techniques were applied to the annual historical runoff data 

for the Colorado River in an earlier section of this report. Since these techniques 

revealed certain characteristics of the historical data it was felt that the synthetic 

hydrologies should be examined generally to determine whether the simulations 

conformed in these respects. 



Hurst Study. The first twenty simulated hydrologies (generated for a thirty-: 

year period) were analyzed to determine the value of k from the equation 

described in en earlier section of this report. The values of k for the synthetic 

hydrologies range from 0.50 to 0.79 with mean, 0.64, and standard deviation, 

0.08. For a random series with N = 30 the value of k would be 0.71. The mean 

k derived by Hurst for 8 cases cf discharge and runoff for a period of 35 years each 

was 0.68. 
1 

This evidence tends to indicate that the synthetic hydrologies presented 

in Appendix Table Ill simulate those of a natural time series. 

leopofd Study. The probabilities presented in Table 5 are consistent with 

the probability statements developed using the Leopold approach and presented in 

an earlier section of this report. It should be noted that the statement was made 

there that there were only 9 chances out of 100 that the next five-year mean flow 

rF 

of the Colorado River will be less than 9.57 million acre-feet of water and Table 5 

shows there are 9 chances in 100 that the mean flow for a given five-year pe.riod will 

be 9 mi II ion acre-feet of water or I ess. One of the advantages of the approach 

developed here over that presented by Leopold is that possible sequences of flow, 

which would give a mean flow consistent with historical experience, are generated' 

and can be used to study how inflow pattern affects operating rules. 

1H. E. Hurst, Transactions, American Society of Civil Engineers, 116, 
785, (1051). 

27. 
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I Markoff Chain 

28. 

' On the assumption that runoff con be described by a Markoff process, 

twenty synthetic hydrologies of fifty years each were developed {Appendix Table V). 

A Markoff Chain model of a physical system characterizes the system as being in 

one of several possible "states" at a given point in time. The state of the system 

does not remain constant but changes from period to period. In a Markoff process 

the present state uniquely determines future stochastic behavior. 

The twenty hydrologies presented in Appendix Table V were developed using 

the following relationship 

Xt = 4.07 [1-(0. 25)~ 
I 

~ t + 9. 89 + 0. 25 (Xt-1) 

where 

Xt = runoff for year t, t = 1, 2, 3, .. N. 'Mlere N = 20, 
conceptually N would go from to Oo 

4.07 =standard deviation of the historical runoff of the Colorado River (adjusted 
for ttonsmountain diversion etc.) 

0. 25 =Markoff Chain coefficient 
..}' 

E =random variate normally distributed with mean X= 0, standard deviation= 1. 

9.89 =mean flow (13.19) multiplied by . 75. The mean flow of the Colorado River, 

1912-1958 (adjusted for trarismountain diversions) was 13.19. The expected· 

value of ( for on infinite series will be zero {mean of the distribution of 

standard normal deviates). Hence, the mean of all Xt should equal 13. 19. 
I 

The summation of the first term, 4.07 E-(0.25)fE = 0, therefore the summa-

tion of the remaining terms on the right should equal 13 . 19. 
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Whence 

0.25Xt-l +~= 13.19 

Where~ is a constant. 

It should be noted that each flow is generated by adding a random component 

( to a constant times the pre~eding flow value. The random or stochastic compon~nt 

is thus combined with a predictive element which attempts to reproduce the persistence 

effect present in historical Lees Ferry data. The 0. 25 Markoff coefficient has been 

obtained from the predictive element estimated to be present in the historical data. 1 

Each of the twenty synthetic hydrologies was generated by using the historical 

flow for 1959 as the xt value, t = 1, 2, ... I N values. The different random de-
0 

viates chosen for each hydrology resulted in X 
1 

values ranging from 5.49 million 
t-

acre-feet of water to 18.81 million acre-feet of water. These twenty values were 

then used in the M:Jrkoff chain as the starting values, i.e. X when t = 1, for the 
t-1 

given synthetic hydrology presented in Appendix Table V. For example: 

Sample I 
Xt - I 

I 
2 
3 

20 

etc. 

1
See Paul Julian, "A Study ofthe Statistical Predictability of Stream 

Runoff in the Upper Colorado River Basin." 
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Hence, 51 Xt values were generated, but only the last 50 were used for the 

hydrologies so that while each chain was generated from the historical value 

(7.3 million acre-feet of water, 1959 historical flow of the Colorado River 

measured at lees Ferry, Arizona, adjusted for transmountain diversion) only Xt 

values, t = I, 2, . . . 50, are presented in Appendix Table V. 

The sequences generated using the tv\arkoff Chain show considerable 

variation, with Simulation 2 ranging from 0. 9 million acre-feet of water to 25.06 

million a cre-feet; Simulation II ranged from -4.35 million acre-fee t of water to 

22.27 mill ion acre-feet. Two of the simulated hydrologies contained negative 

flows which, of course, are not realistisc . These resulted from the fact that high 

negative values for (dominated other terms in the equation for Xt . 
4 

It must be 

noted that the model used in this report assumes that streamflow at lees Ferry is 

normally d istributed which, of course, cannot be so since negative flows are not 

possible. The mean of the means of the 20 simulations was 12.93 with a standard 

deviation of0.6l million acre-feet of wate r. 

Summary and Recommendation 

The problem of estimating future runoff of the Colorado River has been 

attacked through the application of probability analysis. Difficulties were 

encountered in application of the theory because natu ral time series tend to 

exhibit more persistence -- high values or low values occurring together-- than 

does a purely random series. Two approaches have been suggested for dealing 

with this problem. 

ltBM cards prepared from the Rand Corporation normal random deviates 
were used; the values range from -4.417 to +4 .417 . 



I 31 I The first technique deve I oped in this paper, whereby the chora cteristi cs 

of the observed historical flow are used as restraints .or parameters for the probab
/ 

ility· distributions from which the somples are selected at random, adjusts for the 

departure of natural time series from a purely random one. A periodicity of five 

years was statistically significant at the eight percent level so the random selection 

of values, in groups of five, restricted by the historical parameters of the 5-year 

means and 5-year means to range, is feasible. The synthetic hydrologies devel-

oped in Appendix Table IV are in basic agreement with the characteristics of the 

historical data on the flow of the Colorado River at Lees Ferry, Arizona. More-

over our experience is pretty much i~ accord with the results of other investigations 

in this area. 

It should be pointed out that it is not anticipated that any one of the one 

hundred simulations of inflow to Glen Canyon Reservoir generated by using the 

probability approach based on the distribution of mean flows in relation to the 

range, nor any of the twenty generated by the Markoff Chain Model will occur. 

However, the probability distributions developed from the Pearson curves and 

fitted to the observed synthetic sample data (synthetic hydrologies) permit one 

to draw conclusions regarding what may reasonably be expected to occur in the 

future if the same general inflow pattern observed in the past obtains in the future. 

The synthetic hydrologies generated by the Markoff Chain Model do not 

completely describe flow patterns, since in two of thesynthetic hydrologies nego-

tive flows resu It from the use of the model. 
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The probability techniques presented here do not yield a final solution to . 

the problem of predicting streamflow of the Colorado River but they do offer a 

fruitful direction ·of attack on the problem. In the light of the experience drawn 

from these investigations the following recommendations are made: 

I. Additional hydrologies, using the techniques presented in this 

paper, should be generated and studied. 

2. Various operating criteria should be applied to the synthetic 

hydrologies so that release rules for the dams could be evaluated. 

3. The use of five-year clusters for the Markoff Chain Model should 

be further explored with a transformation applied to the model to 

bring it more in line with actual e xperience. 

4. Application of monthly serial correlation coefficients to stream-

flow generation should be e xplored further. This approach was 

use~ by Thomas for the Stillwater River and may have application 

to the Colorado River. 

1
This was done in "A Probability Model for Integration of Glen Canyon Dam 

into the Colorado River System 11 by Marga ret R. Brittan. This report can be obtained 
from the Bureau of Economic Research at the University of Colorado in Boulder. 
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II. 

APPENDIX TABLE 

PERCENTAGE DISTRIBUTIONS OF MEANS AND RATIOS OF MEAN TO RANGEt 
OF FLOW QF 'irH.E COLORADO RIVER AT LEES FERRY, ARIZONA, 1912-1956 

AND GAIN2 TO LAKE MEAD, 1922-1956 

HEANS OF f LOW OF COLORADO RIVER AT LEES FERRY 

Maan Annual Runoff 
· tti H j ons of Acre-Feet Percent 

8.0 and under 10.0 12 
10 .0 and under 12.0 . 17 
12 0 and under 14.0 34 
4~ l0 and under 16.0 20 

16 •. o and under 20.0 17 

RATIOS OF RANGE TO HEAN - FLOW AT LEES FERRY 

Ratio Percent 
0 . ) and under 0.5 29 
0 5 and under 0.7 27 
0 .. 7 and u.nder 0.9 20 
0 . 9 and under 1.1 12 
L l and under 1.4 12 

Ill . MEANS OF GAIN2 TO LAKE MEAD 

IV. 

Mean Annual Gain In 
M111 Ions of Acre-Feet 
-0.4 and under 0.6 
0.6 and under 0.8 
0.8 and under 1 .o 
1.10 and under 1.4 
1 .. 4 and under 1 .8 

RATIOS OF RANGE TO MEAN - GAIN2 TO lAKE MEAD 

Ratio 
0 . 3 and under 0.5 
0.5 and under 0.7 
0.7 and under 0.9 
0.9 and under 1. 1 
1. 1 and under 1 .7 

lftve-year moving averages used. 

Percent 
31 
44 
19 
3 
3 

Percent 
22 
19 
28 
19 
12 

33 

2Bas tc data were derived by the Colorado Water Conservation Board by 
taking the rele~ se f rom Lake Mead plus the alegebralc storage di fference 
plus the evaporation from Lake Mead plus diversions from Lake Mead. 

Source · Adapted from U. S. Geological Survey, Water Supply Papers, 
1313, 1343, 13:93, 1443, and 1563. 
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APPEND I X TABLE II 

I . --

PNE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
. / . GLEN CANYON RESERVOIR AND GAIN TO LAKE M~ADl 

- . 

Millions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

10.40 0.84 
9.40 0.73 

10.30 0.84 
7. 10 0.63 
7.00 8. 84 0.59 0.726 

2 15.60 0.54 
15.00 0.60 
6.90 0.39 

14.30 0.38 
12.70 12 .90 0.45 0.472 

3 . 4.80 0.88 
- - 18.80 0.73 

6.90 0.36 
20.40 1.20 
16 .60 13.50 1. 20 0.874 

4 7.90 0.74 
10.20 0.54 
8.10 0.66 
9.90 0.66 

14.30 10 .08 - 0.36 0.592 

5 7.30 0.66 
.12 .90 0.65 
7.30 0. 36 -

• - r • - 7.80 0.36 
6.10 8.28 0.65 0.536 

6 18.80 0.65 
- - ---- -l]-; 40 0.84 

9.10 0.39 
13.30 0.36 
19.70 15.66 0.37 0.522 
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APPENDIX TABLE ll (ContInued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD 1 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 

·Number Amount Mean Amount Mean 

7 18.~0 0.66 
20.40 0.46 
14.80 0.74 
10.50 0.48 
16.30 16.18 0.84 0.636 

8 20.90 0.60 
18. 10 0.84 
13.90 0.85 
16.30 0.67 
19.80 17.80 1.39 0.870 

9 11 . 30 0.62 
14. 10 0.54 
18.70 3.20 
s.8o 0.63 

17,60 13.50 3.20 1.638 

·to 6.60 0.39 
6.90 0.38 

14.70 0.48 
12.60 0.63 
15.40 11.24 0.72 0.520 

11 14.30 0,48 
17.20 0.62 
20.90 0.38 
14. 10 0.73 
21 ,90 17,68 0.88 0.618 

12 18.40 0.95 
16.40 0.61 
12. 2.0 0.88 
21.50 0.73 
17.00 17.10 0.95 0.824 
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APPENDIX TABLE II (Continued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
. GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAol 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon · Gain to Lake Meadl 
Humber Amount Mean Amount Mean 

13 10,30 0.85 
13.30 0.36 
19.60 0.73 
19.10 0.47 
19.60 i6.38 0,85 0.652 

14 20.10 0.37 
14,20 0.46 
14.70 0.38 
10,60 0.84 
5.50 13,02 0.45 0.500 

15 18.50 0.66 
5.90 0.45 

18.20 2.31 
7.80 0.62 

12.70 12.62 2.31 1. 270 

16 9.00 0.84 
16. 10 0.60 
21.40 0.61 
21.50 0.73 
11.50 15.90 o. sL~ 0.664 

17 19.40 a .L~s 
12.40 0.64 . 
8.00 0.83 

21 . 10 0.37 
5.20 13.22 0.59 0.576 

18 6.40 0.72 
14.30 1. 72 
15 .60· 0.59 
s.so 0.65 

14.30 11.22 0.72 0.880 
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I APPENDIX TABLE II (Continued) 

/~NE HUNDRED RANDOM SAMPLES DF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD1 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

19 16.20 0.73 
4.70 0.73 

15.00 0.95 
5.30 0.74 

20.90 12 .42 0.65 0.760 

20 17.90 0.54 
5.8o 0.51 

10 .50 0.61 
19.40 0.72 
21 .so ! 5.02 0.51 0.578 

2.1 13.50 0.54 
7. 10 0.46 
7.70 0.48 

12.10 0.46 
15.30 11 . 14 0.62 0.512 

2.2 17.00 0.73 
12.20 0.37 
14.90 0 .59 
21 .40 0.39 
13.00 15.70 0.59 0.534 

23 17.30 0.37 
15.60 0.84 
4.50 0.65 

21 .80 0.39 
5.40 12.92 0.48 . 0.546 

24 9.50 0.36 
8.60 0.54 

16.40 0.60 
15.70 0.65 
11.90 12 .42 0.46 0.522 
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. APPEND I X TABLE II (Continued) 

ONE ·HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAol 

Millions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

25 16.70 0.84 
12.80 0.51 
14.10 ·o.84 
17.30 0.65 
12.50 14.68 0.37 0.642 

26 16.80 0.65 
9.50 0.37 

15.00 0.46 
12.10 0.84 
21.30 14.90 0.67 0.598 

27 10.10 0.84 
8.10 0.66 

1 6.40 0.67 
13.50 o.85 
16. 10 12.84 0.54 0.712 

28 9.00 0.46 
12.90 0.67 
18.70 0.64 
9.90 0.67 
5.60 11 ; 22 0.47 0.582 

29 16.50 0.45 
16.40 0.39 
"13.40 0.84 

5.10 0.84 
21.20 14.52 0.38 0.580 

30 10.80 0.64 
8.20 0.36 

15.80 1. 72 
12.80 0.72 
15.30 12.58 0.65 0.818 
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APPEND IX TABLE II (Continued) 

ONE .. HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFl-OW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD1 

Mill Ions of Acre-Feet of Wate r 
Sample lnf1ow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount ·Mean 

31 13. 10 0.83 
7.90 0.38 

15.40 0.48 
15.86 0.74 
14. 10 1).2.6 0.59 0.604 

32 11 .00 0.60 
"12 .60 0.85 
12 .so 0.60 
18 ,50 0.65 
8.30 12.58 0.67 0.674 

33 17.60 1.20 
6.20 0.60 

19.60 0.67 
4.80 0.84 

12.50 12.14 0.85 0.832 

34 8.90 0.85 
5.90 0.84 

15.90 1. 72 
14.90 0.47 
12. 10 11.54 0.84 0.944 

35 15. 10 0.65 
9.40 0. 51 . 

11 .60 0.83 
18.00 0.83 
16.20 14.06 0,85 0.734 

36 8.90 0.65 
14.80 0.47 
15.40 1.72 
14. 10 0.39 
15.80 13.80 0.85 . 0.816 



APPEND IX TABLE II (ContInued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD 1 

Sample 
Number 

37 

38 

39 

40 

41 

42 

Mill Ions of Acre-Feet of Water 
Inflow to Glen Canyon Gain to Lake Meadl 
Amount Mean Amount Mean 

21 .20 
10.70 
19.60 
11.90 
17.90 

18.30 
. 14.20 
15.70 
14.60 
12.70 

8.00 
13.70 
7.50 

19.30 
17.40 

12.00 
11.70 
11 .40 
20.90 
9.70 

20,60 
18. 10 
21.30 
13.90 
11 .00 

16.20 
7.90 

18. 10 
10.40 
11 .90 

16.26 

15. 10 

13'. 18 

13.14 

16.98 

12.90 

0.73 
0.88 
0.54 
0.83 
0.84 

0.47 
0.84 
0.62 
0~62 
0.88 

1.39 
o. 73 
1.20 
0.65 
0.65 

0 .60 
0.83 
0. 61 
0.54 
0.46 

0.83 
0.73 
0.37 
0.65 
0.62 

0.84 
0.36 
0.60 
0.65 
0.73 

0.764 

0.686 

0.924 

0.608 

0.640 

0.636 

40 
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APPENDIX TABLE II (Continued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLE.N CANY ON RESERVOIR AND GAIN TO LAKE MEAD 1 

Millions of Acre-Feet of Water 
_Samp 1 e Inflow to Glen Canyon Gain to Lake Mead1 
Number Amount Mean Amount Mean 

43 14.40 0.73 
12.20 0.64 
12.90 0.88 
17.50 0.64 
19.30 15.26 0.64 0.706 

44 5.30 0.66 
13.00 0.73 
13.20 0.73 
13.10 0.45 
10.00 11 . 28 0.64 0.642 

45 5.80 0.46 
15.20 0.66 
10.20 0.46 
II. 20 0.74 
I t .40 10.76 0.74 0.612 

46 16.30 0.51 
7.40 0.95 

19.30 0.60 
10.90 0.54 
7.30 12.24 Q.73 0.666 

47 18.40 0.84 
18.30 0.54 
13.90 0.84 
14.50 1.72 
12.40 15.50 0.83 0.954 

48 10. 10 0.54 
8. 10 0.59 

1.6 .40 0.95 
13.50 0.38 
16.10 12.84 0.61 0.614 
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APPENDIX TABLE 1J (Continued) 

ONE · HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INF'LOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEADl 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

49 13.20 0.83 
20.60 0.59 
10.20 0.88 
21.20 0.88 
15.50 16.14 0.73 0.782 

50 . 13.20 1. 39 
7.40 0.74 

15.40 0.83 
19.00 0.67 
10.90 13.18 0.46 0.818 

51 12.00 0.36 
15.60 0.74 
20.70 0.65 
13.30 0.54 
7.40 13.80 0.37 0.532 

52 7.40 0.60 
7.76 0.54 

17.10 1.39 
s.6o 1. 39 

10.00 9.56 0.73 0.930 

~3 9.70 1. 72 
5.80 0.47 
9.00 0.73 
7.60 0.74 

14.50 9.32 0.66 0.864 

54 19.80 0.64 
8.60 0.60 
8.40 0.84 

12.60 0.54 
17.50 13.38 1.20 0.764 
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·1fPP-END I X -TABLE II (Continued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAOl 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

55 1].80 0.54 
20.40 0.45 
17.80 0.45 
15.60 0.95 
13 .so 17.02 0.74 0.626 

56 11 • 50 2.31 
21.50 0,84 
9.30 1.20 

16.00 0.66 
11.30 13.92 0.61 1.124 

57 1~.29 0.59 
7.70 0.74 

15.30 0.67 
15.70 0.38 
10.20 11.82 0.39 0.554 

58 10.60 o;61 
21.30 0.74 
21 .80 0.69 
8.30 0.60 

19.90 16.38 0.46 0.620 

59 1].40 0.48 
6. 10 0.48 
4. 70 0.54 

2f.6o 0.95 
17,60 13.48 0.36 0.562 

60 n-. 20 0,85 
6,80 0.60 

1,.30 0.83 
.40 0.62 

7.70 9.08 0.54 0.688 
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I 
.APPEND I X. TABLE II (Continued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
-I - - GLEN CANYON RESERVOIR AND GAIN TO LAKE MEADl · 

-- - - Millions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount - Mean 
-- --- - --· --

61 6.80 0.65 
6.80 0.74 

- 13.80 :o.61 
4,50 0.36 
9.50 8.28 0.39 0.550 

62 12.10 0.54 
8.60 0.84 
8.20 0,66 
9.40 d.65 

10.50 9.76 1.20 0.778 

63 16 ~70 .0.62 
13.00 :o:61 
16.30 .1. 39 
.7 .00 1.72 
18.10 14.22 0. 74 1 .016 

64 16.30 0.37 
8.90 0.72 

15.90 0.59 
. 5.40 0,48 
1_9. so 13.20 0.62 0.556 
-

65 9.90 0.88 
l7 :2o 0.51 
f3.30 .0.63 
13.70 0,59 
8. 10 12.44 ~ 0. 39 0.600 . 

66 15.40 -0.73 
15.70 0.38 
15.70 0.47 
16.10 0.63 
9.10 14.40 - 0,-67 0.576 
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APPENDIX TABLE II (ContInued) 

ONE .. HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN tANYON RESERVOIR AND GAIN TO LAKE MEAD1 

HJllions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

67 17. 10 0.64 
15.90 0.59 
16.20 0.38 
16.60 0.73 
12.00 15.56 0.63 0.594 

68 ·. 10.30 0.45 
1 3 .so 0.39 
20.80 0.73 
16.50 0.62 
19.80 16.18 0.61 0.560 

69 12.40 0.73 
14.80 0.37 
8.20 0.37 

11 .90 0.61 
10.10 11 .48 0.37 Q.490 

70 10.80 0.39 
8.20 0.73 

15.80 0.61 
12.80 0.51 
15.30 12.58 0.46 0.540 

71 8. 10 0.62 
. 11 . 40 0.65 

9.60 0.72 
13.40 0.46 
6.70 9.84 0.66 0.622 

72 14.10 0.48 
12.40 0.62 
19.20 0.64 
19.20 1.20 
20.50 17.08 0.74 0.736 
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APPEND IX TABLE II (Continued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD1 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lqke Meadl 
Number Amount Mean Amount Mean 

73 11 . 30 0.84 
18.90 0.88 
14.80 0 .51 
4.90 0.39 

1 2. 50 12.48 0.37 0.598 

74 8.50 0.48 
10.90 . 0.72 
12.60 0.73 
12.20 0.51 
8.30 10.32 0.63 0.614 

75 21 .00 0,62 
17.50 0.84 
14.90 0.73 
8.50 0.64 

19.70 16.32 0.74 0.714 

76 6.00 0.47 
1 3. 10 0.64 
10.50 0;62 
9.40 0.85 
5.70 8.94 0.66 0.648 

77 17.70 0.60 
21 .40 0.46 
8.50 0.95 

15.00 0.61 
20.50 16.62 0.72 0.668 

78 20.30 1.20 
19.30 0.48 
11 . 60 1.20 
14.00 0.64 
20.10 17.06 0.64 0.832 
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I APPENDIX TABLE II (Continued) 

I 
ONE .. HUNDRED RANDOM SAMPLES OF Fl VE-YEAR SEQUENCES OF INFLOW TO 

GLEN CANYON RESERVOIR AND GAIN TO LAKE MEADl 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

79 5.60 3.20 
10 .00 0.67 
8.70 0 .61 

11 . 30 3.20 
10.50 9.22 0.95 1.726 

80 9.50 0.59 
8.30 0.84 
9.40 0.39 

14.20 0.51 
8.20 9.92 0.67 0.600 

81 19.00 0.73 
13.60 0.65 
16.70 0.36 
19.30 . 0.64 
11 . 90 16 . 10 0.72 0.620 

82 18.60 1.20 
16 .70 0.88 
14.40 0.46 
10.70 0.54 
20.60 16.20 0.65 0.746 

83 7.90 0.54 
9.00 0 .67 

14.30 0.83 
11 . 80 0.45 
13.80 11 . 36 0.85 0.668 

84 4.80 0.-39 
7.10 0.46 
8.70 0.45 

13.20 0.84 
11 . 50 9.06 0.64 0.556 
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APPENDIX TABLE II (Cant i nued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD1 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

85 11 .go 0.74 
9.80 0.62 

15.40 0.45 
13.30 0.74 
14.90 13.06 0.65 0.640 

86 9.80 0.85 
20.20 3.20 
18.50 3.20 
13.00 0.67 
7.60 13.82 0.54 1 .692 

87 1 3.80 0.45 
1 1 .40 0.67 
16.40 0.73 
16.90 0.84 

' 18.10 15.32 0.37 0.612 

88 1 1 . 00 0.65 
14.60 J. 39 
14.80 0.74 
1 2. 1 0 0. 73 
17.40 1 3 ~ 98 0.83 0.868 

89 18.00 0.36 
19.10 0.84 
1 1 .60 0.54 
16.30 0.65 
12.60 15.52 0.65 0.608 

90 11 .80 0.37 
10.80 0.60 
14.40 0.85 
12. I 0 0.74 
17. 10 13.24 0.95 0.702 
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APPENDIX TABLE II (Cant I nued) 

ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAol 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

91 17.20 0.83 
17.80 0.62 
14.90 0.95 
10.60 0.36 
13.50 14.80 0.63 0.678 

92 10.40 0.46 
9.20 0.84 

10.00 0.36 
10.30 0.59 
12.60 10.50 0.38 0.526 

93 17.20 0.95 
13.40 0.36 
17.80 0. 73 
11.80 0.54 
19.10 15.86 0.67 0.650 

94 13.40 0.84 
15.30 0.46 
9.70 0.45 

11. 10 0.37 
9.80 11.86 0.45 0.514 

95 9.80 0.38 
10.60 0.46 
14.00 0.46 
11 . 70 0.84 
12.80 11.78 0.38 0.504 

96 13.40 1.39 
12.70 0.84 
17. 10 0.65 
1 2. 10 0. 51 
17.20 14.50 0.]2 0.822 
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' I · APPEND I X TABLE II (Cone 1 uded} 

I ONE HUNDRED RANDOM SAMPLES OF FIVE-YEAR SEQUENCES OF INFLOW TO 
. GLEN CANYON RESERVOIR AND GAIN TO LAKE MEAD! 

Mill ions of Acre-Feet of Water 
Sample Inflow to Glen Canyon Gain to Lake Meadl 
Number Amount Mean Amount Mean 

97 13.90 0.73 
10.00 0.84 
9.60 1.39 

11 . 90 0.51 
13.20 11.72 1. 20 0.934 

98 14.90 0.37 
11.50 0.39 
14.40 0.38 
15.80 0.48 
10.60 ·13.44 0.83 0.490 

99 16.30 0.39 
14.80 1. 20 
9.80 1.39 

13.20 1. 20 
16.~0 14.12 0.51 0.938 

100 1 3. 30 0.74 
10.40 0.64 
12. 10 1.39 
14.20 0.46 
9.20 11.84 1 .39 0.924 

1Represents gain to Lake Mead beyond the amount of water released 
from Glen Canyon reservoir. 
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APPENDIX TABLE Iff 

SIMULATED FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Millions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 1 2 3 4 

1962 13.31 18.81 16.11 19.71 
1963 15. 12 20.22 7.72 8.42 
1964 8.43 14.53 17.83 8.13 
1965 10.74 10.14 10.04 12.24 
1966 9.35 15.85 11 .45 17.05 
1967 7.56 6.76 17.86 17.26 
1968 10.77 12.27 17.67 19.}7 
1969 8.88 6.58 13.18 17.08 
1970 12.65 7.05 13.75 14.85 
1971 5.92 5.32 11 .62 12.72 
1972 16.48 18.08 20.18 9.28 
1973 14.75 19.55 16.65 7.25 
1974 3.62 13.92 14.02 15.52 
1975 20.89 9.59 7.59 12.59 
1976 4.46 15.36 18.76 15.16 
1977 5.62 12.92 3.82 11.42 
1978 5.89 8.99 17.79 13.79 
1979 13.66 8.56 5.86 7.16 
1980 11.53 10.83 19.33 10.83 
1981 . 14. 30 12.10 15.50 9.00 
1982 9.66 16.86 17.36 16.76 
1983 7.03 17.93 4.73 4.63 
1984 14.60 10.40 17.00 9. 30 
1985 II .57 15.07 6.57 18.17 
1986 14.04 11 .34 11.44 20.24 
1987 8.20 11 .10 10.80 4.30 
1988 7.27 13.47 7.27 8.67 
1989 15.04 6.84 6.84 7.34 
1990 14.31 10.51 8.01 9.91 
1991 10.48 8.68 9.08 9.08 



APPENDIX TABLE Ill (Continued) 
52 

SIMULATED FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 5 6 7 8 

1962 8.81 6.71 15.31 18.31 
1963 5.72 6.62 15.52 18.12 
1964 15.63 13.53 15.43 13.63 
1965 14.54 4.14 15.74 14.14 
1966 II .65 9.05 8.65 11.95 
1967 18.46 16.66 15.06 9.26 
1968 12.97 17.17 14.37 19.57 
l969 15.98 14.18 6.18 17.78 
1970 18.55 9.85 13.55 12.25 
1971 11 . 12 12.72 II .92 6.82 
1972 15.48 11.18 4.98 18.18 
1973 13.95 10.85 14.35 12.75 
1974 8.92 10.52 9.32 15.82 
1975 12.29 19.99 10.29 18.39 
1976 15.56 8.76 10.46 10.96 
1977 10.32 16.32 5.82 17.52 
1978 17.89 14.59 5.79 4.89 
1979 13.76 3.46 12.76 17. 16 
1980 3.83 20.73 3.43 6.73 
1981 11 .40 4. 30 8.40 11 .60 
1982 ·10.16 7.86 15.16 13.16 
1983 17.73 14.93 13.63 16.03 
1984. 13.60 20.20 8.60 19.70 
1985 3.67 20.27 11 :97 12.87 
1986 11.24 10.24 15.24 20.64 
1987 19.00 19.30 9.30 10.20 
1988 17.97 16.77 19.97 20.17 
1989 I 0. 24 19.94 20.44 7.94 
1990 12.61 12.51 6.91 14.61 
1991 18.68 9 . 58 18.48 9.88 
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APPENDIX TABLE Ill (Continued) 

~ 

~fMULATED FLOWSt OF~HE COLORADO RIVER INfO ~LEN CANYON RESERVOIR 
1962 - 1991 

-- - ------------ .. --- ------ - --

Simulated 
Flow 

ear ___ --·----9 -

1962 
J963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
-1975 
-1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
J 990 
1991 

10.01 
7_.92 

16.13 . 
13.14 
15.65 
16.76 
14.97 
3.78 

21.05 
4.62 

17.78 
J 5.85 
J 3_. 52 

9. 79 
19.66 
14.42 
14.69 
14.66 
15.03 
8.00 

11 . 26 
13.63 
7.00 

10.67 
8.84 

16.60 
4.47 
9.14 

18.01 
20.08 

Mill Ions of Acre-Feet of Water 
Simulated Simulated 

Flow Flow --·--·---- - - --- - ----
10 II 

20.81 
17.92 
13.63 
15.94 
19.35 
17.96 
5.27 

17.48 
7.05 

11.92 
11.58 
13.95 
7_. 32 

10.99 
9.16 

15.22 
3.69 

13.96 
4.23 

19.80 
4.86 

11.93 
9.30 
8.17 
4.44 
9.10 
7.87 
8 .64 
8.91 

11. 18 

20.51 
17-.92 
21 .03 
13.54 
10.55 
20.06 
17.47 
20.58 
13. 15 
10.22 
17.58 
15.55 
11 .32 
20.59 
16.06 
16.82 
19.39 
16.76 
14.53 
12 .40 
16.26 
4.93 
3.50 

20.37 
16.34 
19.00 
17.97 
10.24 
12 ,61 
18 .68 

Simulated 
Flow 

12 

10.31 
9.22 

10.03 
6.74 
6.55 
9.36 

16.57 
12.58 
12.95 
7.32 

i4.28 
8.55 

10 .72 
17.09 
15.26 
7.02 

12.69 
6.46 

18 . 23 
16 .30 
10 .66 
9 .63 

13.20 
10.87 
15.84 
9.70 

11 . 27 
11 . 14 
l7 . 11 
6 ." 88 
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I 
APPEND IX TABLE Ill (Cant i nued) 

SIMULATED FLOwsl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 

I 1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 13 14 15 16 

1962 7.81 18.31 15.31 13.81 
1963 8.82 16.22 15.52 9.82 
1964 14.03 11.93 15.43 9.33 
1965 11.44 21.14 15.74 11 .54 
1966 13.35 16.55 8.65 12.75 
1967 15.76 15.76 7.96 11.26 
1968 14.17 8.27 10.27 10.17 
1969 9.08 15.18 11.88 13.68 
1970 12.45 4.65 11 .45 11.35 
1971 15.72 18.7'2 7.52 16.32 
1972 10.18 18.58 18.98 12.28 
1973 11.75 11.55 7.75 7.05 
1974 11.62 ]-.12 7.52 14.52 
1975 17.59 20.19 11.69 14.89 
1976 7.36 4.26 16.56 13.16 
1977 10.32 19.62 14.12 5.82 
1978 13.09 17.09 8.39 5.79 
1979 17.66 20.26 10.56 12.76 
1980 4. 73 12.83 16.93 3.43 
1981 .16.50 9.90 15.10 8.40 
1982 8.36 16.66 19 .46 17.26 
1983 7.13 19 . 23 16.93 17. 13 
1984 8.20 16.60 20.10 12.70 
1985 12_.97 14.37 12.67 13.27 
1986 6.94 12.24 9.74 11.14 
1987 6.10 16.60 16.10 8.40 
1988 6.37 4.47 4.77 4.47 
1989 15.74 9.14 3.34 7.64 
1990 4.21 18.01 20.21 6.21 
1991 8.58 20.08 16.18 13.08 
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APPEND I X TABLE Ill (Cant I nued) 

SIMULATED FLOWS1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Millions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 17 18 19 20 

1962 10.51 5.71 9.71 16 . 21 
1963 21 . 12 1.5.02 10.42 14.62 
1964 21 .53 9.93 13.73 9.53 
1965 7.94 10.84 11 . 34 12 .84 
1966 19.45 10.95 12 . 35 16.05 
1967 10.76 19 . 26 16 . 16 10.96 
1968 13.47 7.97 12. 17 . 20 .. 87 
1969 17.98 7.68 13.38 8.58 
1970 5.05 11.85 16.55 15.25 
1971 16.82 16.72 11.72 10.52 
1972 11. 18 8.98 20.08 1 I. 18 
1973 10.85 9.75 17.25 14.75 
1974 10.52 13. 12 13.02 19.82 
1975 19.99 10.79 15.39 12.39 
1976 8.76 11 .86 18.86 6.46 
1977 7. 12 8.82 9. 32 19.32 
1978 10.39 19.19 12.49 18.29 
1979 8.56 17.46 19 .76 10 .56 
1980 12.33 11 .93 15 .43 12.93 
1981 . 5.60 6.50 18.70 19.00 
1982 16.56 8.96 18.66 10.86 
1983 20.23 6.93 7 ~ 43 10.53 
1984 7.30 15.20 7. 20 10.20 
1985 13.77 12.27 11 .37 19.67 
1986 19.24 14.84 16.24 8.44 
1987 15.40 17.50 10.50 15.00 
1988 1 t. 47 16.07 9.47 7.57 
1989 12.74 7.74 13 .04 14.54 
1990 15.91 11 . 91 10.71 4.01 
1991 11 .08 18.28 15 .68 18.08 
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- APPEND I X TABLE Ill (ContInued) 

I 
_ SltiJI-ATED FLOWSl OF THE. COLORADO RIVER INTO GLEN CANYON RESERVOIR 

I 1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 21 22 23 24 

1962 6.71 17.21 18.21 16.91 
1963 6.62 .15.42 14.02 12.02 
l964 13.53 4".23 15.43 14.63 
1965 4.14 21 .44 14.24 21.04 
1966 9.05 4.95 12.25 12.55 
1967 10.46 7.36 12.86 12.66 
1968 11 . 97 8. 37 14.67 6.17 
1969 11.78 13.58 8.98 12 .sa 
1970 17.75 11 . 05 10.35 3.65 
1971 7.52 13.02 9.02 6.92 
1972 11. 18 11 . 28 13.58 19.48 
l973 14.75 -7.75 11.35 18 .45 
l974 19.82 7.32 12.02 10.72 
1975 12.39 8.49 16.59 13.09 
1976 6.46 9.56 18.36 19.16 
1977 4.62 9.' 12 16.62 6.42 
1978 8.99 7.09 5. 19 6.69 
1979 7.66 15.36 18.56 16.06 
1980 10.23 12.43 3.73 4.53 
1981 9.40 15.00 11 .40 8.90 
1982 10.86 16.86 6.26 9.26 
1983 14.43 17.93 6.53 8.23 
1984 19.50 10.40 15.90 9.10 
1985 12.07 15.07 4.37 5.87 
1986 6.14 11.34 8.74 5.74 
1987 6.00 16.10 14.30 9.00 
1988 11 • 57 4.77 13.67 11 . 97 
1989 5.94 3.34 5.54 18.24 
1_990 6._41 20.21 12.91 17.71 
1991 4.68 16. 18 11 . 28 18.18 
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APPENDIX TABLE Ill (Cant i nued) 

SIMULATED FLOws1 OF THE COLORADO RIVER INTQ GLEN CANYON RESERVOIR 
1962 - 1991 

- --·--- •· --

Millions of Acre-Feet of Water 
Simulated Simulated Simulated Simula t ed 

Flow Flow Flow Flow 
Year - 25 26 - 27 28 

1962 16.61 14 .31 20 .01 20.21 
1963 12 .82 12 .02 14.02 19 . 12 
1964 16 .03 12 .63 14.43 11 . 33 
1965 6.64 17.14 10.24 13.64 
1966 17.65 18.85 5.05 19.65 
1967 4.26 13.36 5.06 18 .46 
1968 18 . 17 9.37 9.37 12.97 
1969 6 . 18 8 .88 7.98 15.98 
1970 19 .65 11 . 15 10 .55 18.55 
1971 15 .82 12 .42 9.72 11.12 
1972 1 5.48 9.28 13.48 18.08 
l973 8 .o5 7.25 16.35 19.55 
1974 15.02 15.52 20.02 13.92 
1975 4.49 12.59 1 3. 19 9.59 
1976 18.56 15 . 16 20 .96 15.36 
1977 8 .52 17 . 32 8 . 52 3.82 
1978 7. 29 13. 19 7 .59 17.79 
1979 8 . 36 14.66 15:36 5.86 
1980 1 3. 13 13.53 14.63 19.33 
1981 7 . 10 11.60 10.80 15 .so 
1982 19 .76 15.06 10 . 36 8.36 
1983 . 16 .93 3.53 20.33 7.43 
1984 12 .70 13.80 8.10 15.20 
1985 15 .07 4.07 14 .77 14.47 
1986 18 .54 - 19 .64 10 .04 10.64 
1987 19 .70 10.70 9.70 13.80 
1988 16 . 17 10.37 11 . 27 8.07 
1989 13 .54 10.04 1.1. 14 10.24 
1990 7. 11 19 . 51 17. 11 16.61 
1991 18 .28 8.28 6.88 14.78 
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_APPEND IX _TABLE Ill (Continued} 

SIMULATED FLOWSl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
196~ - 1991 

Year 

1962 
1963 

: 1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 

-1973 
: 1974 
- 1975 

1976 
1977 
1978 
1979 

- 1980 
1981 
1982 
1983 
1984 
1985 

~ 1986 
.- 1987 
: 1988 

1989 
1990 

. 1991 

Simulated 
Flow 

29 

7.81 
10.02 

- 7 .83 
9.54 

13.85 
17.26 
19.77 
17.08 
14.85 
12.72 
14.58 
14.85 
14.82 

- 15.19 
- 8. 16 
11.02 
14.59 
19.66 
12.23 
6.30 
8.36 
7.43 

15.20 
14.47 
10.64 
12.20 
5.77 
6.34 

10.71 
13.88 

Mill ions of Acre-Feet of Water 
Simulated Simulated 

Flow Flow 
30\ 31 

16.61 
-12.62 
-13.83 
16.94 
12.05 
17.36 
5.17 
9.78 

18.65 
20.72 
9.48 

_12.45 
18.72 

-1a. 19 
18.66 
10.82 
9.79 

13.36 
11.03 
16.00 
8.56 
4.63 
7.80 
6.37 

13.24 
12.00 
9.07 

10.74 
12.81 
7.78 

11 . 21 
18.72 

-14.53 
4.54 

12.05 
13.56 
.11. 77 
18.48 
18.45 
19.72 
5.18 

12.25 
9.62 

- - 8.49 
4. 76 
9.62 

20.29 
20.76 
7.23 

18.80 
5.46 
5.73 

13.50 
11.37 
14.14 
14.90 
3.37 

13.64 
3".91 

19.48 

Simulated 
Flow 

32 

- 15.51 
14.82 

- 6.63 
13.94 
12.25 
17.96 
5.27 

17.48 
7.05 

11 . 92 
11.58 
13.95 
7.32 

10 .99 
9.16 
7 . 52 
9.89 

11 . 56 
11.13 
7 ._20 

14.46 
13.83 
5.70 

13.07 
11.44 
10.00 
17.57 
13.44 
3.51 

11 .08 
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APPENDIX TABLE Ill (Continued) 

I 

j 
SIMULATED FLOws1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVIOR 

I 1962 - 1991 

- -------
Millions of Acre-Feet of Water 

S lmu lated S i mu 1 a ted 
Flow Flow 

Simulated 
Flow 

r--e-ar -----------==:33 - -- --------- 34 --- ---- ----- 35-- ---

1962 
1963 
1964 
1965 
1966 
1967 
1968 

- 1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 

- 19_86 
1987 
1988 
1989 
1990 
1991 

10.21 
13-.32 
20.53 
16.14 
19.35 
5.46 

\2.47 
9.78 
8.65 
4.92 

10.48 
18.05 
13.92 
3.99 

1 \ • 56 
8.82 
9.59 

12.96 
10.63 

' 11. 70 
4.16 

11 . 83 
12.00 
1 t'. 87 
8.74 

\8-.50 
- 7. 27 

7.04 
11 • 21 
16.08 

1T.51 
6:.02 

19.33 
4.44 

12.05 
13.26 
\0.77 
15.68 
16. 15 
17.32 
9.58 
8.35 
9~ 12 
9.39 

\ \ .66 
12.22 
19.59 
9.16 

zo. 13 
i4.4o 
13.76 
1o'.33 
13 . 20 
1,4.57 
9-.34 
.6.60 
a-.87 
6.74 
S:.51 

12.88 

17. 11 
17.62 
14-.63 
10.24 
13.05 
7.36 
8.37 

13.58 
11 . 05 
13.02 
15.68 
15_.55 
12-.52 
4.19 

20.26 
7.52 
9.89 

11.56 
11.13 
7.20 

14.26 
14.53 
14.50 
14.87 
'i.84 
14-.90 
6.57 

16.74 
9.0\ 

10.48 

Simulated 
Flow 

- - -·- 36 

14.21 
17.02 
20.63 
13.74 
21 .45 
14.36 
10.87 
13.68 
15.05 
9.82 
3.98 

17.95 
6.02 

19.49 
15.66 
12.42 
11 .69 
16.06 
11.03 
16. 10 
10.96 
7.43 

.7.00 
8. 17 
9.24 

17.30 
15.37 
13.04 . 
9.31 

19. 18 
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APPENDIX TABLE Ill (ContInued) 

S I HULA TEb FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 37 38 39 40 

1962 18.91 16.41 11 • 21 7.21 
1963 13.42 16.22 1 )". 92 12.72 
1964 16.43 13.13 18.43 7.03 
1965 18.94 4.74 5.44 7.44 
1966 11 .45 20.75 17. 15 5.65 
1967 13.76 8.46 12.76 -5.86 
1968 16.57 12.27 9.77 13.67 
1969 20.18 17.98 11 • 38 14.88 
1970 13.35 9. 15 13.45 4.75 
1971 21 .12 4.82 8.42 13.52 
1972 7.68 7.68 10.48 17.58 
1973 10.05 10.05 18.05 17.45 
1974 1 L72 1 r. 72 1 J.. 92 13.02 
1975 11.29 11 . 29 3.99 13.59 
1976 7.36 7.36 11 • 56 11 .46 
1977 9.82 7.52 14.12 15.32 
1978 7.19 9.89 8.39 7.89 
1979 14.76 11 .56 10.56 14.86 
1980 11 . 73 11 . 1 3 16.93 4.33 
1981 i 4.20 7.20 15.10 18.40 
1982 7. 36 16.56 12.06 )..66 
1983 . 9.73 20.23 19.43 17.63 
1984 11 .40 7.30 9.00 5.70 
T985 10.97 1"3.77 19.97 19. 17 
1986 7.o4 19-.24 14-.24 15.34 
1987 9.70 10.20 3.50 15-.00 
1988 11 • 27 20. 17 17.47 7.57 
1989 11-. 14 7.94 5.54 14.54 
1990 17. (1 14'.61 19.01 4.01 
1991 6.88 9.88 15.18 18 .. 08 
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APPEND I X TABLE I rt (Continued) I . . 
SIMULATED FLOWsl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 

I 1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 41 42 43 44 

1962 17.01 16.21 6.71 20.51 
1963 15.72 1 7.22 6.62 17.92 
1964 15.93 19.03 13.53 21 .03 
1965 16.24 \o.54 4.14 13.54 
1966 11.55 ; 6.85 9.05 10.55 
1967 18.06 8.96 5.26 7.36 
1968 16.07 7.67 14.57 9.57 
1969 13.68 8.68 9.48 7.38 
1970 9.95 13.45 10.45 9.15 
1971 19.82 7.42 10.62 1 3. 52 
1972 10.98 5. 18 8.18 16.58 
1973 9.95 12.25 12.05 5.25 
1974 13.52 9.62 17.82 3.82 
1975 11.19 8.49 8.99 20.69 
1976 16. 16 4.76 4.66 16.66 
1977 10.02 16.82 12.42 12.92 
1978 13.59 19.39 14.29 8.99 
1979 13.76 16.76 8.66 8.59 
1980 11.03 14.53 10.03 10.83 
1981 .16 .30 12.40 8.70 12.10 
1982 16.76 12.36 9.66 9.46 
1983 4.63 5.93 7.03 20. 13 
1984 9. 30 6.50 14.60 20.60 
1985 18. 17 10.87 11 • 57 7.07 
1986 20.24 14.04 14.04 18.64 
1987 6.60 19.60 17.50 10.50 
1988 8.87 16.77 16.07 9.47 
1989 6.74 12.54 7.74 13.04 
1990 8.51 14.91 11 • 91 I 0.71 
1991 12.88 18.38 18.28 15,.68 
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-APPEND IX TABLE. Ill. (ContInued) 

·SIMULATED FLOWsl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
l962 - 1991 

Millions of Acre-Feet of Water 
.S I mu 1 a ted Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 45 46 47 48 

f962 5.91 7.81 18.81 17.71 
1963 12.92 8.82 20.22. 20.22 
1-964 10.23 14.03 14.53 17.53 
1965 9.04 11.44 I 0.14 1 5. 2.4 
1966 5.2.5 13.35 15.85 13.05 
1967 7.36 10.76 12.66 19.76 
1968 9.57 18. 2.7 19.97 18.67 
1969 7.38 14.08 9.48 10.88 
1970 9. 15 4. 15 20.45 1 3. 25 
1971 13.52 11.72 14.72 19.32 
1972 9.2.8 8.08 17.18 12..68 
1973 -] •. 25 5.05 18.25 6.25 
1.974 1.5 .:52 15.02 10.72 6.82 

-- rgzs r2.59 1'3.99 15.39 II. 19 
1976 15. 16 11.16 11 .66 14.36 
1977 9.82 12.52 15.82 8.82 
·1978 7. 19 6.09 8.49 19.19 
1979 14.76 6.66 13.96 . 17.46 
1980 11.73 11 .03 11 .03 II .93 
1981 -14.20 14.20 2.0. 20 6.50 
1982 12.06 7.76 6.96 3.66 
1983 19.43 4. 73 10.23 5.93 
1984 9.00 14.70 8.40 7.50 
1985 19.97 13.67 12.17 11.97 
1986 14.24 10.84 5.44 10.24 
1987 5.30 16.70 5.30 12.60 
1988 5.57 17.77 5.57 8.67 
1989 13.34 10.24 13.34 8.24 
1990 11 . 21 14.91 11 . 21 10.51 
1991 13.98 11.18 13.98 II.. 78 



APPENDIX TABLE Ill (Continued} 63 

---
SIMULATED FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 

.. 1962 - 1991 - - -

Mill ions of Acre-Feet of Water 
- Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 49 50 51 52 

1962 - 8 .ot 20.91 5.71 11.41 
1963 11 • 22 17.32 1'5 .02 21.32 
1964 9.33 . 14.63 9.93 9.03 
1965 13 ~ 04 a·.14 10.84 15.64 
1966 6.25 19.25 10.95 10.85 
1967 9.76 17. 16 9.56 13.26 
1968 1 2.87 20.77 7.47 1.0. 77 
1969 20.08 7.78 15.68 15.68 
1970 15.75 14 . 25 12.75 16. 15 
1971 19.02 19.72 15.32 17.32 
1972 18.58 10.18 9.38 16.88 
1973 11.55 11.75 6.85 20.55 

'1974 7.12 11.62 14.42 7.62 
1975 20.19 17.59 14.79 14.09 
1976 4.26 7. 36 9.26 19.56 
1977 16.22 9.32 8.52 15.82 
1978 12.39 12.49 7.29 8.49 
1979 16.76 19.76 8.36 13.96 
1980 10.73 15.43 13. 13 11.03 
1981 18.00 18.70 7. 10 20.20 
1982 19.76 16.06 20.06 9.16 
1983 16.93 12.23 9.53 12. 13 
1984 12.70 16.60 18.40 18.40 
1985 15.07 10.57 10.67 17.87 
1986 18.54 17 .84 16.64 18.34 
1987 1 z. 10 lJ.OO 8.80 5.10 
1988 11 .• 37 15 .87 6.77 12.97 
l989 . 15.74 19.54 15.04 14.24 
1'990 10.71 12.71 12.11 4.11 
1991 15.78 20.48 14.68 12 .88 
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APPENDIX TABLE Ill !Continued) 

SIMULATED FLOWS1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
I 1962 - 1991 

- - ·---------------- - ----

Millions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

·- ----. -r 1 ow Flow - -- Flow Flow 
Year 53 54 55 56 

1962 20.51 7.81 20.91 7. 21 
1963 17.92 8.82 17.32 12.72 
1964 21 .03 14 .03 14.63 7.03 
1965 13.54 11.44 8.14 7.44 
1966 10.55 13.35 19.25 5.65 
1967 6,86 6.26 9.56 6.06 
1968 ],0] 6.17 7.47 6.27 
1969 16.38 13.08 15.68 13-98 
1970 4.85 3.75 12.75 11 .as 
1971 9.22 8.7i 15.32 14.62 
1972 8.98 . 17.58 13.48 4.48 
1973 19.35 17.45 16.35 12.15 
1974 17.62 13.02 20.02 1 2.32 
1975 12.09 13.59 13' 19 12' 19 
1976 6.66 11 .46 20.96 9.06 
1977 ].92 10.02 19.12 16.72 
1978 13.79 11.59 13.19 20.39 
1979 14.36 11.46 13.66 7.46 
1980 13.03 )7.43 9.53 13.93 
1981 ·14.70 7.20 4.40 19.40 
1982 8.66 15.56 15.96 9.16 
1983. 9.43 1.63 14.73 12.33 
1984 12.80 1z.9o 15.00 19.60 
1985 10.47 l.6 .. 07 15.37 15.27 
1986 11.54 '1. 24 10.74 18.54 
1987 6.70 7.60 9.00 9.00 
1988 12.37 4.57 12. f7 12.17 
1989 6.14 14.54 19.44 19.44 
1990 17 .91 13 :51 15.11 1 5. 11 
1991 1 5.98 10.68 18.38 18.38 



65 
APPENDIX TABLE Ill 
r - - ~ -

(Continued) 

SIMULATED FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

- --- - Millions of Acre-Feet of Water 
~imulated Simulated Simulated Simulated 
- Flow · Flow Flow Flow 

Year 57 58 59 60 

1962 5.71 18.51 13.81 19.71 
1963 15.02 16.52· -9.82 8.42 
1964 9.93 14.13' 9.33 8. 13 
1965 10.84 10.34 11.54 12.24 
1966 10.95 20.15 12.75 17.05 
1967 9.26 12.86 15.66 18.06 
1968 9.97 14.67 4.07 16.07 
1969 13.28 8.98 14.28 13.68 
1970 10.95 10.35 4.55 9.95 
1971 12.02 9.02 20.12 19.82 
1972 3.98 12.68 15.38 5.78 
"1 973 11.95 6.25 3.85 6.05 
1974 ' 6 .02 6.82 14.12 13.82 
1975 19,49 11. 19 ·4.39 11 .69 
1976 15.66 14.36 19.96 14.46 
1977 7.52 9.82 20.02 9.22 
1978 9.89 7. 19 16.49 6.69 
1979 1 1 . 56 14.76 13.86 14.26 
1980 1 J. 13 11.73 7.43 14.63 
1981 .7.20 14.20 18.60 9.10 
1982 9.06 6.76 9.66 15.56 
1983 6.53 7.83 7.03 1 1 .83 
1984 14. 10 13. 10 14.60 15.10 
1985 14.47 10.57 11.57 5.77 
1986 8.94 12."54 f4.o·4 16.84 
1987 8.50 9.00 8.50 15.70 
1988 18.87 12. 17 9.27 10.87 
1989 17.14 19.44 12.64 13.54 
1990 11.6 i 15. l1 10.31 20.01 
1991 6.18 18.38 11 • 38 1 I .. 58 
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APPEND I X TABLE I II (Continued) 

I 
SI ~ULATED FLOwsl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 

I 1962 - 1991 

Mil lions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 61 62 63 64 

1962 13.21 15.01 17.01 13. II 
1963 10.22 9.22 15.72 6.62 
1964 11 .83 II. 33 15.93 13.03 
1965 13.84 17.64 16.24 4.04 
1966 8. 75 15.75 11 .ss 7.25 
1967 7.36 17.26 4.76 9.26 
1968 8.37 19.77 12.37 19.57 
1969 1 3. 58 17.08 12.48 17.78 
1970 11.05 14.85 12.35 12.25 
1971 13.02 12.72 9.22 6 ~ 82 
1972 17. 18 18.58 12.38 19.78 
1973 18.25 11 .55 5.95 17.25 
1974 10.72 7.12 12.42 20.42 
1975 1 5. 39' 20.19 3.49 12.99 
1976 11 .66 4.26 6.76 10.06 
1977 17.32 8.52 15.22 17.02 
1978 13.19 7.59 3.69 18.09 
1979 14.66 15.36 13.96 10.56 
1980 13.53 14.63 4.23 15.23 
1981 11 .60 10.80 19.80 11 . so 
1982 15.66 9.66 9.86 18.66 
1983 8.33 7.03 11.43 7.43 
1984 13.80 14.60 11.30 7.20 
1985 10.87 11 .57 17.27 11.37 
1986 20.04 14.04 7.04 16.24 
1987 12.20 15.40 17.70 16.50 
1988 5.77 11 .47 12.27 19.07 
1989 6.34 12.74 15.34 16.44 
1990 10.71 15.91 17.91 14.21 
1991 13.88 11 .08 10.48 JZ.08 
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APPENDIX TABLE Ill (Continued} 

SIMULATED FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Mill Ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 65. 66 67 68 

1962 10.01 9.41 18.71 6;31 
1963 7.92 i 8.42 17.22 14.12 
1964 16. 13 ) 6.13 8.83 15.33 
1965 13. 14 :15.34 12.94 5.14 
1966 15.65 .J1 .45 19.25 13.85 
1967 19.56 18.06 I 0.96 14.36 
1968 13.57 16.07 20.87 10.-87 
1969 13.98 13.68 8.58 13 .68" 
1970 9.85 9.95 15.25 I 5.05 
1971 4.72 19.82 10.52 9.82 
1972 20.18 11.18 9.28 18.08 
1973 16.65 14.75 7.25 19.55 
1974 14.02 19.82 15.52 13.92 
1975 7.59 12.39 12.59 9.59 

-1976 18.76 6.46 15. 16 15.36 
1977 8.52 16.92 16.22 16.72 
1978 7.29 4.79 16.79 20.39 
1979 8.36 9.46 13.86 7.46 
1980 1 3. 13 18.33 9.53 13.93 
1981 7. 10 20 .40 12.40 19.40 
1982 1 3. 16 15. 16 11.96 11 .96 
1983 16.03 13.63 6. 73 6.73 
1984 19.70 8.60 14.20 14.20 
1985 12.87 11.97 14.57 14.57 
1986 20.64 15.24 12.84 12.84 
1987 12.80 17.70 15.00 6.80 
1988 11 .07 12.27 7.57 10.07 
1989 17.84 15.34 14.54 8.24 
1990 17.81 17.91 4.01 12.01 
1991 19~08 10.48 18 .08 5.28 
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APPENDIX TABLf Ill (Continued) 

I 
~IMULATED FLOwsl OF THE COLORADO RIVER INTQ GLEN ~ANYON RESERVOIR 

I 1962 - 1991 

Mill Ions of Acre-Feet of Water 
Simulated Simu,ated Simulated Simulated 

Flow Flow Flow Flow 
'tear 69 70 71 72 

1962 12.01 16.91 4.71 11.91 
1963 8.42 1 2. 02 18.62 15.42 
1964 7.93 14.63 6.63 20.43 
1965 9.04 21 .04 20.04 12.94 
1966 10.05 12.55 16·. 15 6.95 
1967 8.46 9.26 10.96 10.46 
1968 12.27 19.57 20.87 13.97 
1969 17.98 17.78 8 .. 58 1_4.08 
1970 9. 15 12.25 15.25 11 . 35 
1971 4.82 6.82 10.52 16.62 
1972 12.38 7.68 11 .sa 16.78 
'1973 19.75 10.05 13.95 5.35 
1974 9.32 11.72 7·32 18.72 
l915 20.29 11 . 29 10.99 3.89 
1976 14.56 7.36 9.16 11.56 
197-7 15.22 16.02 8.52 19.62 
1978 3.69 11. 19 7.29 17.09 
1979 13.96 13.86 8·.36 20.26 
1980 4.23 20.33 1 3.13 12.83 
1981 19.80 11 .90 7 . 10 9.90 
1982 . 7.86 13 .96 16.86 4.66 
1983 14.93 8.23 17.93 14.03 
1984 20.20 10.40 10.40 g·.oo 
1985 20.27 16.77 15.07 9.97 
1986 10.24 14.94 11.34 10.14 
1987 14.90 17.30 15.90 17.30 
1988 3.37 l5. 37 12.07 15.37 
1989 13.64 13.04 16.44 13.04 
1990 3.91 9.31 10.41 9.31 
1991 19.48 19.18 17.68 19.18 
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APPENDIX TABLF Ill (Continued) 

SIMULATED FLOwsl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 73 74 75 76 

1962 4.71 18.91 13.01 7.91 
1963 18.62 13.42 7.72 13.52 
1964 6.63 16.43 15.13 7.23 
1965 20 .04 18.94 15.44 18.94 
1966 16.15 11 .45 13.65 16.95 
1967 10.46 12.86 12.86 8.'46 
1968 13.97 12.07 14.67 15.47 
1969 14.08 16.38 8.98 20.68 
1970 11 . 35 11.35 10.35 20.75 
1971 16.62 16.42 9.02 10.72 
1972 7.68 16.28 19.78 7.68 
1973 1 0.05 15.05 17.25 10.05 
1974 11 • 72 15.32 20.42 11.72 
1975 11 • 29 15.69 12.99 11.29 

. 1976 7.36 11.06 10.06 7.36 
1977 12.82 15.82 17.52 3.82 
1978 10.39 8.49 4.89 17.79 
1979 15.36 13.96 17.16 5.86 
1980 15.83 11 .03 6.73 19.33 
1981 17.00 20.20 11 .60 15.50 
1982 15.36 16.56 3.66 17.16 
1983 15.23 20.23 17.63 13.03 
1984 12.20 7.30 5.70 14.50 
1985 3.87 13.77 19.17 13.37 
1986 19.94 19.24 15.34 11 .44 
1987 4.50 14.30 9.50 7.70 
1988 13.87 13.67 6.87 11.57 
1989 8.84 5.54 14.44 17.34 
1990 9.81 12.91 11.41 8.51 
1991 9.98 11 .28 13.88 4.18 
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APPEND IX TABLE Ill (Cent i nued) 

I 

5 I i LA TED FLOWS I OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Hill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 77 78 79 80 

1962 1 3. 11 18.71 8.91 5.21 
1963 20.42 17.22 15.92 12.82 
l964 9.93 8.83 21.13 12;93 
1965 20.84 12.94 21.14 12.74 
1966 15.05 19.25 11.05 9.55 
1967 9.26 7.)6 15.76 19.76 
1968 19.57 8.37 14. 17 1·8.67 
1969 17.78 13.58 9.08 10.88 
1970 12.25 11 . 05 12.45 13 , 25 
1971 6.8z 13.02 15.72 19.32 
1972 4.78 18.58 10.68 17.58 
1973 9.15 11 . 55 20.65 17.45 
1974 7.82 7.12 8.42 13.02 
1975 10.39 20.19 15.09 13.59 
1976 9.56 4.26 10.36 11.46 
1977 16.92 7.92 10.02 8.02 
1978 4.79 13.79 13.59 11.89 
1979 9.46 14.36 13.76 17.66 
1980 18.33 13.03 11.03 8.83 
1981 20.40 14.70 16.30 4.50 
1982 10.76 10.76 15.06 9.86 
1983 8.63 8.63 3.53 13.43 
1984 14.20 14.20 13.80 13.60 
1985 12.07 12.07 4.07 10.87 
1986 13.64 13.64 19.64 16.14 
1987 12.00 17.00 8.40 7.60 
1988 9.07 12.87 4.47 13.47 
1989 10.74 14.34 7.64 14.04 
1990 12.81 13.21 6 .21 . 12.71 
1991 7.78 11 • 28 13.08 14.38 
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APPENDIX TABLE Ill (Continued) 

-

:.SIMULATED FLowsl ·oF THE COLORADO RIVER INTO Gi EN -CANYON RE-SERVOIR 
1962 - 1991 

--- - - - - . - --- - --- ..- --·- - -- ---- ·------·- ------

Millions of Acre-Feet of Water 
·s I mu 1 a ted Simulated Simulated Simu lated 

Flow Flow Flow Flow 
-Year -- -- - 81 - 82 - 83 . 84 

1962 16.21 10. 11 20.51 17 ;01 
1963 8.72 7.52 17.92 15.72 
1964 15.63 15.03 21 .03 15.93 
1965 -s.o4 15.34 13.54 16.24 
1966 19.05 9.75 10.55 11.55 
1967 8.96 14.86 9.66 16.26 
1968 7.97 15.07 7.07 8.87 
1969 15.68 14.98 14.58 14.28 
1970 14.95 15.35 -14.95 11 .. 35 
1971 11 . 12 8.32 9.42 20.52 
1972 20.38 15,88 19.78 9.28 
1973 9.85 11.95 17.25 7.25 
1974 18.72 13.22 20.42 15.52 
J975 10.99 1§.39 12.99 12.59 
1976 16.96 11.56 10.06 15.16 
1977 19.62 16.72 12.42 8.02 
1978 17.09 20.39 11.69 15 .09 ' 
1979 20.26 7.46 16.06 20.36 
1980 12.83 13.93 11 .03 20.43 
1981 9.90 19.40 16. 10 10.40 
1982 1 2.06 4.46 7.86 15. 16 
1983 5.63 .8.83 14.93 13.63 
1984 12. 10 7 .so 20.20 8.60 
1985 3 .l] 10.07 20.27 11.97 
1986 6.44 9.24 10.24 15.24 
1987 1 2. to 8.20 16.60 8.90 
1988 13.97 .7.27 8.47 6.37 
1989 8.34 15.04 14.04 13 .94 
1990 9.71 14.3i 11 . 91 14.31 
1991 8.38 10 .48 13.48 8 .. 78 
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I APPEND I X TABLE Ill (Continued) 

SIJATED FLOwsl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 

I 
1962 - 1991 

Mill ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 85 86 87 88 

1962 18.31 18.51 15.01 9.71 
1963 18.12 16.52 9.22 20.02 
1964 13.63 14.13 11.33 18.23 
1965 14.14 . 10.34 17.64 12.64 
1966 11.95 20.15 15.75 7.15 
1967 II .26 6.76 17.96 11.46 
1968 10. 17 12.27 5.27 11.07 
1969 1 3.68 6.58 17.48 10.68 
1970 11.35 7.05 7.05 20.15 
1971 16.32 5.32 11.92 8.92 
1972 18.08 14.08 18.18 20.38 
1973 19.55 10.65 12.75 9.85 
1974 13.92 13.52 15.82 18.72 
1975 9.59 14.89 18.39 10.99 
1976 15.36 9.66 10.96 16.96 
1977 8.52 17.42 5.42 13.42 
1978 7.29 17.29 13.29 11.19 
1979 8.36 12.86 14 . .56 11.86 
1980 13 . 13 13.43 4.43 16.43 
1981 7.10 11.30 f3.20 18.20 
1982 9.26 9.16 10.86 19.46 
1983 8.23 1 2. 33 10.53 16.93 
1984 9.10 19.60 10.20 20.10 
1985 5.87 15.27 19.67 1 2.67 
1986 5 .. 74 18.54 8.44 9.74 
1987 15.00 3.50 6.60 11 . 80 
1988 13.47 5.77 8.87 6.57 
1989 8.44 7.34 6. 74 14.04 
1990 11 .81 11 .81 8.51 14.41 
1991 15.08 10.08 12.88 12.68 
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APPENDIX TABLE Ill (Con,t i nued) 

SIMULATED FLOwst OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Mill Ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 89 90 91 92 

1962 21. 11 16.91 13.01 17. 11 
1963 10.52 12.02 7. 72 17.62 
1964 19.33 14.63 15. 13 14.63 
1965 11 . 54 21 .04 15.44 10.24 
1966 17.45 12.55 13.65 13.05 
1967 10.76 10.96 15.66 16.66 
1968 18.·27 20.87 7.27 12 .. 77 
1969 14.08 8.58 17.38 17.08 
1970 4.15 15.25 9.65 II .05 
1971 11.72 10.52 11 . 12 18: 32· 
1972 8.68 15.48 17.58 12.38 
1973 7.75 8.05 15.55 6.55 
1974 15.52 15.02 11.32 14.52 
1975 14.79 4.49 20.59 18.09 
1976 10.96 18.56 16.06 9.96 
1977 12.22 11 .02 12.22 16.02 
1978 19.59 10.69 6.39 11 . 19 
1979 9.16 10.36 14.36 13.86 
1980 20.13 19.83 17.93 20.33 
1981 14.40 8.60 9.80 11 . 90 
1982 15. 16 10.96 18.26 20.06 
1983 6.23 7.43 11 . 23 9.53 
1984 18. 10 7.00 6.80 18.40 
1985 9.67 8.17 19.87 10.67 
1986 6.04 9.24 3.94 16.64 
1987 4.30 4.50 12.60 3.50 
1988 8.67 13.87 8.67 17.47 
1989 7.34 8.84 8.24 5. 54 
1990 9.91 9.81 10.51 19 .01 
1991 9.08 9.98 11 . 78 15.18 
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APPENDIX TABLE Ill (Cent I nued) 

SIMULATED FLOWSl OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 
1962 - 1991 

Mill Ions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year 93 94 95 96 

1962 8.41 8.81 13.11 5.51 
1963 10.72 14 .62 7.22 9.82 
1964 1 2. 33 15. 13 15. 13 8.43 
1965 11 .84 13.74 18.64 10.94 
1996 7.85 15.35 10.45 10.05 
1967 12.96 12.66 16.66 18.36 
1968 6.47 6.77 12.77 19.77 
1969 6.98 14.68 17.08 14.08 
1970 11.35 18.25 11 .05 9. 75 
1971 14.52 10.12 18.32 1 5. 52 
.1972 16 .. ;8 9.78 11 • 18 3.98 
1 ~73 5.25 20.45 14.75 6.25 
1974 3.82 20.92 19.82 7.82 
1975 20.69 7.39 12.39 12.29 
1976 16.66 18.96 6.46 10.56 
1977 5.62 16.22 5.42 10.02 
1978 5.89 12.39 13 . 29 13.59 
1979 13.66 16.76 14.56 13.76 
1980 1 I • 53 10.73 4.43 11 .0 3 
1981 14.30 18.00 13 .·rz.o 16.30 
1982 16.86 9.16 4.66 16.46 
1983 17.93 12.33 14.03 5.03 
1984 10.40 19.60 9.00 18.40 
1985 15.07 15.27 9.97 3.57 
1986 11 • 34 18.54 I 0. 14 11.24 
1987 17.30 15.50 6.70 4. 50 
1988 15.37 8. 17 12.37 13.87 
1989 1 3.04 13.64 6.14 8.84 
1990 9.31 10.71 17.91 9.81 
1991 19.18 19.88 15.98 9 .. 98 
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APPENDIX TABLE Ill . (Concluded} 

I 
SIMULATED FLOWS 1 OF THE COLORADO RIVER INTO GLEN CANYON RESERVOIR 

I 1962 - 1991 

Millions of Acre-Feet of Water 
Simulated Simulated Simulated Simulated 

Flow Flow Flow Flow 
Year ~z ~8 ~~ 100 

1962 14.31 10.91 17.31 10.71 
1963 12.02 14.42 5.92 8~02 
1964 12.63 14.53 4.43 15.53 
1965 17. 14 11.74 21.24 12.44 
1966 18.85 16.95 17.15 14.85 
1967 12.86 6.06 18.46 16.86 
1968 14.67 6.27 12.97 5.47 
1969 8.98 13.98 15.98 3 .. 98 
1970 10.35 11 .85 18.55 20.85 
1971 9.02 14.62 11 . 12 16.82 

. 1972 17.08 18.18 15.88 17.78 
1973 4.95 12.75 1 2. 15 15.85 
1974 9.62 15.82 15.42 , 13.52 
1975 18.49 18.39 6.09 9.79 
1976 20.56 10.96 17.16 19.66 
1977 18.42 17.32 10.52 9. 22 
1978 11 . 39 13. 19 20.49 6.69 
1979 6.96 14.66 8.26 14.26 
1980 20.03 13.53 14.93" 14.63 
1981 4.10 11 .60 10.20 9.10 
1982 15.06 7.36 12. 16 8.66 
1983 3.53 9.73 9.23 9.43 
1984 13.80 11.40 10.90 12.80 
1985 4.07 10.97 12.97 10.47 
1986 19.64 7.04 7.94 11.54 

. 1987 10.00 . 9.70 1 2. 50 6.60 
1988 17.57 11.27 10.07 7.67 
1989 13.44 11. 14 15.04 12.94 
1990 3.51 17. 11 15.51 10.41 
1991 11 .08 6.88 16.68 12.38 

1Adjusted for anticipated depletion. 
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::. - APPEND I X TABLE IV 

FREQUENCY DISTRIBUTION OF MEANS OF SIMULATED 
INFLOWS TO GLEN CANYON RESERVOIR 

Five-Year Period, 1962-1966 

Theoretical 
Average Annual Observed Frequencyl 

Inflow in Mill ions of Frequency (f ) 
-Ac re-Feet of Wat er - -- (f) -- - -- ---- -· C 

5.2 and under 7.0 ~7 0. 750> 5 425 
7.0 and under 8.8 4.675 . 
8.8 and under 10 .6 9 11 . 400 

10.6 and under 12.4 17 18.500 
12.4 and under 14 .2 28 24.875 
14.2 and under 16 .0 26 27.425 
16.0 and under 17.8 1 3 15.475 

UJ = 0 81 ... 0.243715 

0 -- u2 ... 1 . 855067 B2 = 2.458910 -
-

u3 = -1 . 247328 K :;= -0. 109977 

u4 = 8.461783 x~5 < 1) = 3.841 

tType 1 Pea(rson cur~ve i~~~;dcwhere 

0
.378 

y = 24 .9 + X 1 - X 
4.227 2.203 

76 

(f-fc}2 

(fc) 

.457 

. 505 

. 122 

.393 

.074 

.396 
1.9047 
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APPENDIX II 

Synthetic Hydrologies Using Markoff Chain 



Year 

1 
2 ' 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

I 
15 
16 
17 

I 18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V 

SfMULATED ANNUAl FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow I 

Flow in Mill ions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

10.18 2~ 14.57 
7.'29 27 23.10 

12.90 28 14.95 
24.56 _'29 17.89 
15.47 30 15.04 
11.77 31 17.97 
13.89 32 19.50 
12.59 33 13.57 
7.85 34 14.55 

10.03 35 18.91 
6.97 36 19.28 . 
.8.0 1 37 9.35 
17.84 38 - 11.60 
9.82 39 16.53 

11. 64. 40 15.33 
14.72 41 9.15 
15.76 42 12.06 
9.21 43 10.97 

12.49 44 11.92 
14.26 45 13.79 
8.23 46 12.68 

13.82 47 16.84 
14.56 48 13.92 
8.78 49 18.26 

13.46 50 11.44 

X = 13.59 

rJ = 3.87 

78 



Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 . 
17 
18 
19 
20 
21 
22 
23 
24 
25 

--~-·~--------------------------------------------

APPENDIX TABLE V {cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 2 

Flow in Millions Flow in Millions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

9.57 26 14.99 
13.66 27 12.50 
5.98 28 12.80 

14.91 29 15.06 
18.35 30 12.40 
17.55 31 15.60 
13.81 32 12.52 
18.03 33 16.02 
14.12 34 14.92 
1.00 35 10.04 

13.19 36 13.89 
16.81 37 9.67 
8.59 38 12.82 
2.05 39 17.02 

10.63 49 15.26 
16.28 41 25.06 
4.17 42 18.99 
8.91 43 7.66 

13.08 44 11.96 
12.90 45 15.82 
12.45 46 9.40 
12.15 47 12.51 
11 .82 48 12.01 
12.53 49 12.48 
19.52 50 6.87 

X = 12.81 

o- = 4.33 

79 
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I 
APPENDIX TABLE V {cont'd) 

. SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
I . 

FOR A FIFTY YEAR PERIOD 
GENERATED BY MARKOFF CHAIN 

Simulated Flow 3 

Flow in Millions Flow in Mill ions 
Year of Acre-Feet of Year of Acre-Feet of 

Water Water 

1 10.68 26 11.07 
2 14.88 27 15.83 
3 13.34 28 14.21 
4 14. 11 29 12.62 
5 17.78 30 15.26 
6 6.54 31 12.68 
7 2.42 32 10.53 
8 15.70 33 19. 18 
9 16.24 34 17.48 

10 14.31 35 9.64 

J 
11 8.26 36 11.02 
12 9.80 37 14.41 t 

13 14.89 38 10.32 
14 19.25 ':19 12.21 
15 12.56 40 9.44 
16 14.58 41 17.94 
17· 10.20 42 13.68 
18 9.80 43 11.98 
19 7.79 44 4.79 
20 12.59 45 8.98 
21 18.97 46 11.28 
22 2.07 47 9.17 
23 7.24 48 24.19 
24 12.47 49 17.54 
25 13.66 59 15.94 

x = 12.63 

u = 4.28 



I 
i 

Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V (cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERl OD 

GENERATED BY MARKOFF CHAIN 

Flow in Millions 
of Acre-Feet of 

Water 

12.11 
9.70 
6.63 

13.67 
18. 32 
17.19 
16.30 
8.73 
6. 77 

14. 17 
17.35 
20.78 
14.85 
14.35 
6.75 

14.38 
4.14 
5.50 

11.55 
6.72 

10.86 
11.03 
13.46 
8.86 

14.95 

Simulated Flow 4 

Year 

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

x = 12.81 

c- = 4.10 

Flow in Mill ions 
of Acre-Feet of 

Water 

9.47 
12.92 
9.89 

10.62 
11.84 
6.90 

14. 16 
20.36 
17.38 
12.28 
7.56 

10.62 
17.07 
15. 13 
21.56 
12.88 
14.79 
15.55 
10.38 
13.81 
12.99 
15.79 
17.65 
17.89 
11.82 

81 



I 
I 

I 

Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V (cont'd) 

SIMULATED ANNUAL FLOVVS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 5 

Flow in Mill ions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

12.21 26 14.53 
13.40 27 15.45 
16.00 28 10.99 
15.52 29 7.36 
12.19 30 6.27 
16.19 31 18. 16 
13.96 32 14.49 
24.00 33 7.20 
16.42 34 17.66 
17.61 35 13.91 
15.32 36 12.58 
11.71 37 9.38 
14.08 38 18.64 
16.70 39 15.46 
14.51 40 13.96 
15.70 41 5.54 
14.78 42 11.51 
11.32 43 16.38 
12.23 44 12.57 
16.31 45 9.26 
19.44 46 12.82 
9.51 47 12.48 

14. 13 48 9.10 
11 .65 44 18.31 
22.14 50 14.88 

X = 13.92 

cT = 3.71 

82 



Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

J 

25 

APPENDIX TABLE V {cont'd} 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD. 
GEN~RATED BY MARKOFF CHAIN 

Simulated Flow 6 

Flow in Millions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

13.94 26 11.38 
16.95 27 9.75 
9.50 28 12.39 
9.74 29 13.30 

13.58 30 4.23 
13.63 31 6.83 
6.58 32 13.14 

21.46 33 11.12 
14.46 34 15.03 
7.55 35 14.90 

13.97 36 11 .57 
20.02 37 14.54 
14.95 38 13.87 
17.18 39 15.01 
8.52 40 11.99 
5.85 41 12.03 

14.65 42 13.39 
17.72 43 9.96 
9.05 44 9.04 

11.77 45 15.50 
9.14 46 10.75 
9.96 47 8.80 

18.02 48 9.90 
14.61 49 16.34 
9.96 50 12.20 

x = 12.39 

a-= 3.57 

83 



Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V (cont'd} 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 7 

Flow in Millions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

13.82 26 10.55 
13.45 27 7.92 
12.23 28 15 .03 
13.42 29 14.46 
13.17 30 16.84 
13.64 31 13.68 
16.31 32 18 . 34 
11.47 33 12. 16 
6.75 34 6.07 
9.04 31 8.27 
5. 31 36 13.77 

11.04 37 13.58 
8.95 38 13.28 

17.67 39 19.27 
15.58 40 9.89 
9.87 41 12.66 

11.49 42 10. 13 
14.62 43 10.01 
12.47 44 1 0 . .82 
6.66 45 9.75 
6.22 46 18.45 

13.85 ·47 13.81 
22.16 48 10.56 
21.98 49 8.46 
15.98 50 9.35 

X=12.49 

U= 3.86 

84 
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APPENDIX TABLE V (cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 8 

- -----

Flow in Millions Flow in Mill ions 
Year of Acre-Feet of Year of Acre-Feet of 

Water Water 

1 18.43 26 16.85 
2 12.71 27 12.50 
3 12.28 28 7.65 
4 9.85 29 9.79 
5 17.31 30 19.38 

-6 11. 19 31 17. 13 
7 15. 19 32 10.93 
8 21.46 33 16.60 
9 15.80 34 20.20 

10 5.55 35 17.00 
11 15.49 36 5.67 
12 8.07 37 12.46 
13 7.17 38 16.58 
14 10.49 39 6.36 
15 13.95 40 14.99 
16 13.40 41 5.48 
17 12.87 42 8.07 
18 5.95 43 13.52 
19 6.01 44 14.35 
20 12.02 45 13.35 

-21 13.08 46 18.89 
--
22 16.08 47 15. 16 
23 7.91 48 12.12 
24 9.85 49 15.07 
25 10.53 50 9.73 

x = 12.65 

o- = 4.17 

85 
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I 

I 
APPENDIX TABLE V (cont'd) 

$1MULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERl OD 

GENERATED BY MARKOFF CHAIN 

Flow in Millions 
of Acre-Feet of 

Water 

Simulated Flow 9 

Year 
Flow in Millions 
of Acre-Feet of 

Water 

86 



1 
i 
I Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 . 

l 16 

j 17 
18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V {cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 10 

Flow in Millions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

17.11 26 4.59 
8.04 27 7.06 

17.01 28 16.14 
16.12 29 14.03 
18.04 30 11.88 
22. 38 31 14.09 
11 • 21 32 14. 84 
14.56 33 12.38 
14.34 34 17.74 
11 .59 35 12.62 
17.49 36 11.36 
8.98 37 13.20 

14.65 38 15. 20 
19.46 39 18. 84 
13.79 40 14.42 
11.21 41 8.25 
14.95 42 14.29 
15.92 43 10. 11 
8.69 44 7.78 

21.13 45 12.80 
13.61 46 12.07 
7.76 47 17.08 

11.05 48 19.02 
10.97 49 . 4.75 
15. 18 50 14.57 

x = 13.49 

0= 3.93 
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Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

j 12 
I 13 

I 14 
15 

~ 16 

1 17 
I 18 
1 19 
l 20 
I 

21 
22 
23 
24 
25 

APPENDIX TABLE V (cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 11 

Flow in Millions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

12.21 26 8.17 
14.54 27 15.47 
14.27 28 11.25 
15.70 'Z9 13.93 
13.68 30 9.82 
10.20 31 12.05 
10. 18 32 12.39 
11.00 33 17.64 
15.52 34 12.69 
13.47 35 14.00 
15.36 36 11.58 
18.82 37 13.36 
7.38 38 19.23 

15.42 39 11.15 
14.43 40 11.25 
18.74 41 9.67 
21.24 42 17.20 
11 .53 43 14.27 
9. 93 44 11.4-2 

17.37 45 16.59 
12.08 46 22.27 
10.40 47 14.89 
12.70 48 11 .59 
15.00 49 3.73 
14.56 50 - 4.35 

'5<=13.14 

cr= 4.25 
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Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

. 21 
22 
23 
24 
25 

APPENDIX TABLE V (cont'd) 

SIMUlATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

.GENERATED BY MARKOFF CHAIN 

Simulated Flow 12 

Flow in Millions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

14.90 26 7.14 
7. 38 27 10.30 
8.61 28 7.86 
4.99 29 2.20 

14.85 30 11.06 
8.42 31 6.48 

11.43 32 12.80 
13.67 33 12.83 
15.63 34 14.42 
13.99 35 12.38 
12.07 36 8.54 
21.22 37 12.46 
15.30 38 16.57 
21.94 39 8.74 
11.92 40 16.53 
12.68 41 10.26 
17.07 42 10.00 
12.94 43 4.32 
7.79 44 14. 15 

13.01 45 10.63 
9.85 46 12.00 

21.74 47 6.79 
19.11 48 7.22 
13.84 49 12.04 
10.15 50 8.90 

x = 11.82 

u= 4. 25 
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Year 

1 
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3 
4 
5 
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7 
8 
9 

10 
11 
12 
13 
14 
15 
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22 
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l 
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I 
j 
I 
I 

f .... - • -
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APPENDIX TABLE V {cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
=- FOR A FIFTY YEAR PERIOD 

GENERAT ED BY MARKOFF CHAIN 

- Simulated Flow 13 

Flow in Millions Flow in Millions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

17.21 26 11.05 
9.87 27 12.00 

15. 79 28 8.07 
13. 28 29 19 .18 

- 13.44 30 18 .40 
11.32 31 12.67 
14.01 32 17.60 
27.28 33 11 .72 
18.08 34 9.60 
13.50 35 10.25 
12.99 36 18 .93 
18.67 37 20.62 
18.04 38 16.62 
20.35 39 13.86 
12.58 40 - J 0.57 
15.98 41 8.58 

· - l4.84 -. ~ 42 · 1. 98 
12.06 - 42 5. 12 
11.27 44 15. 12 
}6.53 45 7.07 

- l9 . 13 46 6.56 \ 

17.88 - 47 7.82 
8.67 48 6.46 
8.80 49 13.49 

10 . 34 50 21 .81 

X = 13.54 

CT = 4.86 
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Year 

1 
2 
3 
4 
5 
6 -
7 . 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19'-
20 
21 
22 
23 
24 
25 

I 
I 

APPENDIX TABLE V (cont'd) 

I SIMULATED ANNUAL F~~W~ OF THE COLORADO RIVER 
__ . _ FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 14 

Flow in Mill ions Flow in Millions 
of Acre-Feet of Year · of Acre-Feet of 

Water Water 

9.28 26 15.37 
9.50 27 15.35 

16.78 28 9.95 
13.29 29 13.11 
11 . 19 30 5.00 
10.57 31 ~ 10.01 
11.64 32 13.65 
7.16 33 5.88 

18.71 34 7.08 
20. 11 35 18.01 
10.96 36 17.39 
5.03 37 11.84 

18.56 38 17.25 
20.50 39 19.17 
10.71 40 16.94 
9 .. 91 41 . 18.00 

13.58 42 16.32 
10.28 43 13.07 
13.35 44-. 12.75 
15. 12 45 14.98 
17.00 46 15.82 
17.92 47- 16.76 
12. 14 48 9.02 
16.26 49. 9.05 
22.82 50 8.99 

X:= 13.46 

0: 4.23 
-. -

=-
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Year 

1 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V (cont'd} 

StMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 15 

Flow in Mill ions Flow in Millions 
of Acre-feet of Year of Acre-Feet of 

Water Water 

5418 26 13.20 
5.86 27 10.12 

14.53 28 12.95 
12.26 29 13.30 
10.11 30 11.23 
16.21 31 17.08 
20.87 32 18.33 

3.45 33 12.22 
9. 49 34 12.53 

10. 41 35 12.59 
21 . 23 36 12.31 
17.41 37 11.93 
11.78 38 8.72 
11.13 39 11.70 
12.80 40 17.44 
6.14 41 7.82 

16.61 42 9.71 
11.03 43 10.54 
12.04 44 17.31 
8.59 45 16.49 

19.99 46 12.74 
16.08 47 18.29 
19.37 48 10.04 
6.02 49 15.05 

13.22 50 7.46 

x = 12.66 

tr= 4.17 

92 



APPENDIX TABLE V {cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

93 





Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

APPENDIX TABLE V {cont•d) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
FOR A FIFTY YEAR PERIOD 

GENERATED BY MARKOFF CHAIN 

Simulated Flow 18 

Flow in Mill ions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

15.88 26 14.93 
12.94 27 13.64 
16.94 28 8.25 
8.32 29 10.77 

15.38 30 9.23 
21.13 31 10.80 
14.22 32 11 .63 
8.84 33 8.78 

10.23 34 15.18 
25.27 35 8.45 
18.10 36 15.36 
11.23 37 13.32 
8.30 38 8.97 

12.87 39 16.93 
15.76 40 18.47 
9.67 41 12.85 
5.51 42 13.97 
3.20 43 18.05 
7.86 44 12.21 

17.13 45 13.73 
10.26 46 13. 17 
20.74 47 11 .07 
18.80 48 13.73 
16.16 49 13.35 
14.69 50 10.08 

X=13.13 

cF= 4.19 
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1 
2 
3 
4 
5 

_6 
7 
8 
9 

10 
11 
12 
13 
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23 
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APPENDIX TABLE V {cont'd) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
- FOR A FIFTY YEAR PERIOD 
GENERATED BY MARKOFF CHAIN 

Simulated Flow 19 

· Flow in Millions Flow in Mill ions 
of Acre-Feet of Year of Acre-Feet of 

Water Water 

11.43 26 13.32 
5.07 27 14.54 
7.54 28 10.14 
9.69 '}9 21.93 

18.53 30 16.71 
12.40 31 20.62 
9.67 32 26.58 

11.22 33 20.48 
11.60 34 15.01 
9.13 35 14.63 

12.86 36 12.42 
13.39 37 11.11 
14.97 38 7.07 
8.02 39 9.08 

11.90 40 6.47 
7.42 41 9.91 

12.16 42 7.54 
13.47 43 11.09 
11 . 19 44 11.25 
14. 13 45 13.62 
12.95 46 3.03 
10.70 47 11.77 
13. 16 48 17.42 
12.63 48 14.64 
13.73 50 17.81 

x = 12.54 

0= 4.31 
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Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
J9 
20 

···21 
22 
23 
24 
25 

APPENDIX TABLE V {cone I uded) 

SIMULATED ANNUAL FLOWS OF THE COLORADO RIVER 
-:- FOR A FIFTY YEAR PERIOD 
GENERATED BY MARKOFF CHAIN 

- . 

Simulated Flow 20 

------ - - -·---- -- --------
-Flow in Millions Flaw in Mill ions 
of Acre- Feet of Year of Acre-Feet of 

Water Water 

8o03 26 1.53 
15o82 27 14o 15 
17o16 28 ]4o44 
16011 29 9o85 
12o32 30 .18o 07 
11.10 31 10o06 
11 0 01 32 12o29 
13o44 33 9o97 
16090 34 13o55 
21.69 35 15 0 11 
22o 13 36 15o 18 
20026 37 15o64 
19o00 38 15o56 
19o45 39 14o30 
14o06 AO l5o 10 
12o52 4J l2o_1 0 
13o76 42 14o02 
12047 43 5o97 
15o45 44 12o80 
9o63 AS 9.73 

-1oo-s2 46 13o04 
12o 27 47 15o68 
11 0 16 48 21.83 
16o72 _49 18o43 
11.56 50 18062 

x = 14o04 

u= 3o97 

97 



BIBLIOGRAPHY 



99 

BIBLIOGRAPHY 

Anis, A. A. and E. H. Lloyd, "On the Range of Partial Sums of a Finite 
Number of Independent Normal Variates," Biometrica, 40: 35, 1953. 

Doob, J. L. , Stochast ic Processes, New York: John Wi I ey and Sons, Inc. , 
1953. 

Feller, W., ''The Asymptotic Distribution of the Range of Sums of Independent 
Random Variables," Annals of Mathematical Statistics, 22: 427, 1951. 

Hurst, E. H. , "Long-Term Storage Capacity of Reservoirs, " Transactions of the 
American Socie.ty ~Civil Engineers, 116: 770,1951 --

, "A Suggested Statistical Model of Some Time Series Which Occur in --- Nature, " Nature, 180: 494, September 7, 19 57. 

Langbein, W. B. and A. M. Asce, "Queuing Theory and Water Storage," 
Proceedings of the American Society of Civil Engineers, 84: No. HY3, 
195B. --- - --

Leopold, Luna B., Probability Analysis Applied to a Water-Supply Problem, 
United States Department of Interior, Geological Survey Circular 
410. Washington: United States Government Printing Office, 1959. 

Takacs, Lajos, Stochastic Processes. New York: John Wiley and Sons, Inc., 
1960. 

Thomas, Harold A., and Myron D. Fiering, "Mathematical Synthesis of 
Streamflow Sequences for the Analysis of River Basins by Simulation," 
Chapter XII, Design for Water Resource Systems by Arthus Maass et al. 
Cambridge: Harvard University Press, February, 1962. 

Tintner, Gerhard, Econometrics. New York: John Wiley and Sons, Inc., 1952. 

United States Department of Interior, United States Geological Survey, 
Water Supply Papers, 1313, 1343, 1393, 1443, 1513, and 1563. 
Washington: United States Government Printing Office. 




