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ABSTRACT 

The fluctuation.g_ of annual river flows and 
derived effective annual precipitations (defined as 
precipitation minus evapotranspiration on an area) 
of the Upper Colorado River Basin are subjects of 
this study . The data for this study are composed of 
annual flows for 14 river stations in the Upper Colo-
rado River Basin and around it, and of the annual 
flows of the key station of the Upper Colorado River, 
at Lee Ferry , Arizona. 

Three statistical techniques were used: 
1) distribution of the first serial correlation coef-
ficient; 2) c orrelogram analysis ; and 3) distribu-
tion of range. The series of annual flows and series 
of derived effective annual precipitations were com-
pared with the same statistical characteristics of 

v 

random time series. The comparison of these 
statistical parameters shows that the fluctuations of 
effective annual precipitations on river basins are 
very close to the fluctuations of raridom set1es. 

Probability characteristics of random vari -
ables may be applied to annual river flows of the 
Upper Colorado River, provided due corrections are 
made for the effect of water carryover from year to 
year, and for non-homogeneity in data. 

A discussion of hydrological characteristics of 
annual runoff in the Upper Colorado River Basin is 
given, with general conclusions of this study and 
some recommendations for further studies. 
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I. INTRODUCTION 

A . SUBJ ECT AND OBJECTIVE OF THE STUD Y 

The subject of this study is the fluctuations of 
annual runoff and derived effective annual precipita-
tion* (adjusted annual runoff, or net yield of 
atmosphere) of the Upper Colorado River Basin. 
The question to be answered by this study could be 
summarized as follows: Are there any regular pat-
terns*'~ in the sequence of annual flows and effective 
annual precipitation in the Upper Colorado River 
Basin, and if there are, how can they be explained 
by physical factors or some other known causes? 

The reasons why t he annual river flows of t h e 
Upper Colorado River Basin were studied in this 
report, and not the monthly flows or even the daily 
flows , comes from the main objective of the study, 
namely to inquire whether there are any regularities 
or patterns in the fluctuation of annual runoff. If 
the patterns were clearly and cyclically regular, 
the predictability of annual runoff by extrapolation 
in the future of these regular patterns determined 
from the past observations for the Upper Colorado 
River Basin at its key station at L ee Ferry, 
Arizona would be feasible . If random (or chance) 
processes in the sequence of annual flows predomi-
nate, the possibility or outlook of making long-range 
forecasts of expected runoff in acre-feet (for 
calendar periods say of five or ten years) by extra-
polation is small or negligible. In this last case , 
however, probability methods should be u sed for the 
estimate of expected flows and their probability 
instead of extrapolating regular fluctuations from 
the past in the future . In other words, if rand om-
ness predominates in the sequence of annual flows on 
the border between the Upper and the Lower Colorado 
River Basins, then the study of the flow availability 
and the flow regulation by large reservoir s as Lake 
Mead, or the future reservoir at Glenn Canyon, 
should be carried out by using probability 
methods . The same should be applied for the other 
large water storage and other large water resources 
projects in the Upper Colorado R iver Basin for 
which the availability of successive annual flows is 
important information for project planning, design 
and operation . 

* The effective annual precipitation is defined as 
difference for any water year between the total 
precipitation and the total evapotranspiration on a 
given river basin . It can be conceived as the net 
water yield of the atmosphere for a river basin. 
** Under regular patterns any dependence in 
consecutive values of a time series is understood 
here, or any regular difference between the 
observed or derived time series and the random 
time series . 

B. MAIN A PPROACH 

The main approach in this study is not to 
look for regular or combined different h idden 
periodicities in the runoff of the Upper Colorado 
R iver Basin, but the opposite, to c ompare the fluc -
tuations of the available annual runoff samples with 
random series* or with time series created by 
stochastic** processes . Differences were deter-
mined between the observed fluctuations of runoff and 
flu ctuations of effective prec ipitation, and they were 
compared with the fluctuations of random time 
series or series derived from r andom time series 

·by some known processes. 

If there would be sufficient and known 
physical caus es for explaining one part of differences 
between the random time series and the observed 
time series of annual flows or derived time series 
of annual effective precipitations, then the question 
arises (after taking into account the effect of those 
physical factors) what room is left for the other 
causes which could influence the dependenc e in 
annual flow fluctuations . It is of a particular 
interest to see what room is left for causes outside 
the river basin itself (besides the effect of over-
year storage of water in river basin, man's effect 
through t he changes in river basin) and especially 
for causes from atmosphere (meteorological effects 
on depen.dence of consecutive values of effective 
annual precipitations), and for causes beyond the 
atmosphere (solar activities, c osmic effe cts) . 

C. DATA USED 

The basic data to carry out the investigation, 
and to derive conclusions from it, are: 

1. In a recent study by the author of this paper 
(ref. 1)*** an analysis was made of annual runoff 
data from 72 selected s t ations in the United States, 
and 13 stations in Canada, for the purpose of study -
ing the fluCtuations of annual river flows on a world -
wide basis . These stations were the part of a total 
of 140 river gaging stations, gathered from many 

* The term random series is defined her e in the 
classical way , that there is no systematic link 
between successive values of an infinite time series, 
or that the consecutive values of the time series are 
independent. 
** The term stochastic processes is applied here 
in the sense that non-random series are derived 
from random time series by some processess as 
moving average proc edure or similar . 
*** References are given at the end of this paper. 
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parts of the world, with 40-150 years of observa -
tions (ref. 1) 0 The general results of the earlier 
analysis of data for these 140 stations will be used 
in this study also , to check and supplement the 
results derived from the stations in the Upper Colo-
rado R iver Basin and around it 0 

2 0 An analysis was made of the data from 14 
river gaging stations (see table 1) in the Upper 
Colorado River Basin (4 stations), and around it 
(1 0 stations ) . These 14 stations are the part of the 
total of 72 stations in the United States used for the 
general study of annual flow fluctuations . 

3. The data available on annual flows from 1896 
to 1959 of the Upper Colorado River at Lee Ferry 
Station, Arizona. 

The river gaging stations , four stations inside 
the Upper Colorado River Basin, and ten stations 
around it, were not especially selected for this study, 
but rather were selected as a part of 140 stations 
for study of reference 1 , because they were con-
sidered as the most homogeneous stations as pos -
sible to find in the region, within the framework of 
72 selected stations from the United States . At the 

time of selection of these stations, the potential 
specific study of the Upper Colorado River Basin was 
not considered. If a study of this type should be 
done on a more extensive basis for the Upper Colo-
rado River Basin, it would be feasible to include 
several other stations , and also of the stations with 
shorter records than forty years . It might be that 
analysis of data of about 30 to 40 stations from the 
Upper Colorado River Basin and around it could give 
somewhat different results. Although the 14 stations 
constitute a small sample, it is believed t hat t h e 
analysis gives the general characteristics of fluctua-
tions of annual river flows inside and around the 
Upper Colorado River Basin. On the other hand, the 
analysis of 20 to 30 additional river gaging stations 
inside the same region would probably not contribute 
much new additional information, due to high corre-
lation of annual flows between adjacent stations. 

D. PROCEDURES 

The procedure followed in studying the pat-
terns in flu ctuations of annual flows in the Upper 
Colorado River Basin was based on the following 
principles and programs: 

1. The discrete time series of annual river flows, 
and of derived effective annual pre cipitations on the 
corresponding river basins were used as the two 
basic time series for the determination of flow pat-
terns. The effective annual precipitation is defined 
as the difference between the total annual precipita-
tion and the total annual evapotranspiration on a 
river basin for each water year . The water year 
starting on the first of October (and carrying t h e 
name of the year for which nine month s are included 
in the water year) was used throughout the study . 

4. The effective annual precipitation, as will be 
shown later, is obtained by adding to the annual 
measured flow the difference of t h e total water 
stored in the river basin at th e end and at the begin-
ning of a water year 0 This difference can be posi -
tive (wet years) or negative (dry years) . 

3 . The fluctuation of random variables in time 
was used as bench- mark time series. A random 
time series was thus used as a yardstick for com-
paring it with the time series of observed annual 
flows and derived effective annual precipitations, 
where the effective annual precipitations were deter-
mined from the annual flows and water carryover 
from one year to the other . 

4. The following statistical parameters were 
used in th e study: 

a . Serial correlation coefficients (correla -
tion c oefficients of s uccessive values of a time 
series with different lags between successive values) 
and corr elograms (a graph relating the serial cor -
relat ion coefficients to the lag between s u ccessive 
values of time series ) which give a simple method 
of studying the dependence in successive terms of a 
time series; t_hey are convenient when the absolute 
values of serial correlation c oefficients are small, 
which is the case usually with time series of annual 
river flows and effective annual precipitations; 

b . Range , defined as the difference between 
previous maximum and previous minimum on the 
cumulative curve of departures of annual flows from 
the average annual flow (or departures between effec-
tive annual precipitations and the average effective 
annual precipitation). 

The use of harmonic analysis, based on 
Fourier series either on classical patterns of har-
monic analysis or by power spectrum analysis , is 
considered less feasible than, or of the same value 
as , serial corre lation due to two facts: the serial 
correlation of time series studied is generally of a 
small absolute value, aond the fluctuation of a random 
variable is the yardstick in th is study . 

5 . Physical factors and other known cau ses 
which affect the patterns of flow fluctuations , such 
as inconsistency and non-homogeneity in data, were 
studied in order to explain some of the differences 
between the observed time series and the random 
-time series . 

6 . Analysis of flow characteristics and fluctua -
tion patterns of the Upper Colorado R iver Basin at 
the gaging station Lee F erry, Arizona , is carried 
out by using a depletion model in order to derive the 
expected actual and future annual flows (mean and 
fluctuations around the mean) . 



II. DETERMINATION OF EFFIEC1'IVE ANNUAL PRECIP ITATION 

A. FIRST APPROXIMATION DETERMINATION 
OF EFFECTIVE ANNUAL PRECIPITATION 

Time series of annual volumes of river flows 
and of effective precipitation were used for the analy-
sis of flow patterns. 

The effective annual precipitation is defined as: 

P = P. - E = V . + W - W = V. - !:>W . e 111 e b 1 1 
( l) 

wher e 

p 
e 

P . 
l 

E . 
l 

v . 
l 

effective annual precipitation for a given water 
year and a river basin (net available water in 
each water year for a river basin, or net input 
of water into a basin); 

total annual precipitation on that river basin 
and for a given water year; 

annual evapotranspiration (total water losses 
from the basin, from surface and underground 
waters, into the atmosphere); 

annual volume or" flow of a river for a given 
water year; 

total stored water in a river basin at the end 
of a water year; 

W = total stored water in a river basin at the 
b beginning of the corresponding water year ; 

t:>W. ,. difference of stored water for the end and 
1 beginning of a water year {positive in wet 

water years, negative in dry water years) . 

As there are usually great errors in deter-
mination of P. and E. for a river basin, the 

1 1 
effective annual precipitation was obtained for this 
study exclusively by using W and W , or their _e b 
difference !:>W. . The value of !:>W. was deter-

1 1 

mined for the approximate values Wb and We . 

The mean flow recession curve of average 
daily or monthly flows was determined for each 
station, and for the season around the end or 
beginning of water years, and they were approxi -
mated by exponential functions, either of the type 

n 
-ct Q = Q e-ct Q = Q

0 
e , or of the type 

0 
, with 

Q
0 

the initial discharge , Q (any discharge of 

recession curve) and t · (time) as variables, and 
c ' or c and n ' as the parameters which charac-
terize the mean flow recession curves. The 

integration of the above functions of mean 
recession curves, from given Q for t = 0 , to 

0 

t = infinity gives the volume of water W, or the 
stored water in a river basin. In this case, Wb 

or W are functions (for given c , or for given e 
c and n) of the discharge Q at the end of a 

0 

water year,. if this end happens to be during a 
recession curve period (for the United States and 
Canada the end was exclusively on the 30 September, 
and the beginning of the next water year on the 
1 October) . In case a flood wave (rising level 
especially) occurs at the end of a water year, a 
special procedure was followed to obtain the stored 
water volume W . 

The illustration of this method of determining 
W is given in fig. 1 (Ashley Creek, Utah). The 
recession curve of monthly flows is a straight line 
in semi-log paper, with the average c-value equal 

-6 -
0. 25 x 1 0 for the simple exponential function. In 
this case the integration of the volume from t = 0 
and Q to t = infinity gives W = Q I c , or in this 

0 6 0 
example W = 4. 0 x 10 Q , with Q =discharge 

0 0 
on the 1 Octobe r. By using eq. (1) for each water 
year, the effective annual precipitation was com-
puted for all .river gaging stations . 

The effective annual precipitation represents 
the net input of water in a river basin for a water 
year, or this is the water volume after the storage 
effects of the surface and underground reservoirs 
and other storage capacities in a river basin were 
excluded. As they represent annual flows without 
a carryover of water from year to year, the inter-
dependence among successive values of effective 
annual precipitations should be smaller than for the 
annual flows, as will be shown later . 

B. DETERMINATION OF TRUE VALUES 
OF EFFECTIVE ANNUAL PRECIPITATION 

The true value of the effective annual precipi-
tation is, however, 

Pt = V
1
. - !:>W. + (E. +I. + H. + G.) 

1- 1 1 1 1 
(2) 

where 

E. 
1 

I. 
1 

random error in annual flows (usually small 
for annual river flows); 

inconsistency or systematic errors, produced 
by measurements and computation techniques, 
in general given as trends or jumps, or their 
combination; 

3 
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In 50 .... 
0 

0 40 

30 

6 Q = Q e-0.25 xiO t 
0 

W = ~0=4.0 X 106 

Months 

Fig. 1. Determination of the mean recession curve of Ashley Creek, Utah, by using 
monthly flows, for the purpose olf compiling the water carryovers from one 

H. 
1 

· 'water year to another. 

non-homogeneity or change in th e virgin flow 
(virgin flow is defined as the flow unin-
fluenced by man's activities), which is 
produced by different man-made influences 
in the river basin (in general this is man-
made depletion or increase of flow, of dif-
ferent type and patterns in time) ; 

G. = error in determining 1:!. W. approximately by 
1 1 

using in this study the average recession 
curves, instead of a recession curve for each 
individual water year and gaging station. 

The experience shows that the influence of 
Ii , Hi , and Gi is relatively large, and that 

these factors and errors cannot be neglected in 
treating the fluctuations of annual flow and of 
effective annual precipitation. 

In some c ases the patterns in fluctuations of 
flows determined as dependence of successive 
values of time series could be explained by the 
inconsistency and non-homogeneity existing in data. 
The sufficient accuracy of computed members of 
the two time series V . and L!.W. should not be 

.1 1 

assumed without a study of it . If the effect of 
errors, inconsistency and non-homogeneity were 
currently neglected, without proving that it is 
justified, the derived dependence in time series 
may be highly biased. 



Iij. PATTERNS IN FLUCTUATIONS, MEASURED BY FIRST SERIAL CORRELATION COEFFICIENT 

A. FREQUENCY DISTRIBUTION 
OF FIRST CORRELATION COEFFICIENT 

1. Procedure 

To determine more clearly the general charac-
teristics of annual flow patterns in the Upper 
Colorado River Basin, the characteristics of some 
river gaging stations in the Upper Colorado and 
around it were compared with the results of gen-
eral characteristics of a much greater sample, 
namely with the results of 140 river gaging sta-
tions (ref. 1), from which 8 5 ·stations are in the 
United States and Canada (included :are the 14 
stations of the Upper Colorado, and around it). 

The first serial correlation coefficient, 
defined as the correlation coefficient of successive 
pairs of annual flows or effective annual precipi-
tations, were used as a measure of dependence of 
successive values in the two time series (flow and 
precipitation), or as an index of the possible flow 
-fluctuation patterns. The unbiased first serial 
correlation coefficient is given in classical 
statistical books as: 

N-i N-1 N-1 
:E U.U .+1 - N-1 :E u1 :E ui+1 1 1 1 1 1 

r1 .. 
(N-2) (3) 

sisi+ 1 

where U. denotes any member of annual flow time 
1 

series (Y . symbol is used here for the effective 
1 

annual precipitations), U. 1 is the next member 1+ 
to U. , so that ( U. , U. 1) represents the succes-1 1 1+ 
sive pairs of members of the time series, N = 
total number of members in a time series, N -1 is 
total number of correlated pairs, s. is the 

1 
standard deviation of (N -1) - first members, and 
si+ l is the standard deviation of (N-1) -last 

members of the time series, with r 1 = first serial 

correlation coefficient. 

The unbiased standard deviation is given in 
standard books of statistics as : 

For si+1 , Ui is replaced by Ui+1 , and as the 

difference between •s . , or s. 1 and (standard 1 1+ 
deviation for all N members) is very small, it is 
justified to write the unbiased standard deviation as: 

However, as the digital computer was used to 
determine the first serial correlation coefficients 
for all140 stations (ref. 1), the Upper Colorado 
stations included, s . and s. 1 through eqs. (3) 1 1+ 
and ( 4) were used in this computation. The 
r 1 -values were determined for both series: U 

(annual river flows), and Y (effective annual pre-
cipitations on the corresponding river basins), with 
U- and Y- series generally expressed as the 
modular coefficients or relative values (absolute 
values divided by the mean), so that all members 
of series oscillate around the unity, as dimension-
less numbers. 

For a pure random time series (fluctuation 
of a random variable), considered as an open series 
(or that N-1 pairs are used for the computation of 
the first serial correlation coefficient) in contrast 
with a circular time ·series for which the last term 
is supposed to be succeeded by the first term of the 
series (in which case there are N pairs), R. L . 
Anderson (ref. 2) gives the expected value with the 
symbol E(r 1) (the mean value of r 1- distribution) 

of the first serial correlation coefficient for cir -
cular time series as: 

E(r 1) = - -N-1 (6) 

and of the variance (square of standard deviation) 
of first serial correlation eoefficient distribution. 

N-2 
var r 1 = . ( N _1) 2 (7) 

which both converge toward zero by an increase of 
N . For N > 40 the open time series gives 
r 1 -values close to those of circular series. As 

the minimum of years is 40 (N . = 40), the rmn 
maximum value of E(r 1) is- 0. 0256, which is 

practically close to zero. The standard deviation 
sr of r 1 is maximum for N minimum, and in 

this case of N . = 40 it is s (max) = 0. 158, m1n r 
whichis a relatively high value. For the maximum 
value of N = 15 0 years in the study of 14 0 sta-
tions (ref. 1), s (min) = 0. 082, also a rather 

r 
large value. Therefore, it is to be expected that 
the values of r 1 for many stations , under the 

. assumption of randum fluctuations, would cover a 
relatively large range, both positive and negative 
values, with the mean close to zero. 

5 
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The 14 river gaging stations were selected in 

the Upper Colorado River Basins ( 4 stations), and 
very close to it in adjacent river basins ( 10 stations) 
for the study of patterns in annual flow fluctuations. 
The basic hydrologic characteristics and t he sta-
tistical parameters for these 14 stations, for both 
annual flows (U -series), and effective annual pre-
cipitations (Y-series), are presented in table 1. The 
position of stations is shown in fig. 3. The data for 
all these stations (and other stations in t he United 
States of America) were obtained from the Basic 
Data Section, Surface Water Branch, Water Resour -
ces Division, U. S. Geological Survey, Washington, 
D. C. 

Table 1 shows many characteristics of 
these 14 stations: the basin areas var y from 1. 0 sq. 
mi. to 6160 sq. mi.; the mean discharge varies from 
0. 563 cfs to 2987 cfs; the specific yields are from 
0. 126 to 1. 51 cfs/ sq. mi. ; the length of period of 
observations vary from 42 to 59 years, with the 
mean length N = 4 7 approximately; the coefficients 
of variation (standard deviation divided by the mean) 
vary from 0. 213 to 0. 70 9 for U-series, and from 
0. 220 to 0. 712 for Y - series; the C -values are v 
always greater for Y - series (effective annual pre-
cipitation) than for U - series (annual flows), because 
the storage in river basins and water carryover 
from year to year act as the attenuators of ex-
tremes for the same mean annual values, or they 
decrease with a decrease of standard deviation. 

The effective annual precipitations and the 
annual flows are connected in a type of moving 
average model (Markov chains) of the type 

with b 
0 

. . . b m _1 being m onotonically 

decreas ing and positive 
m-1 

coefficients, with 

(8) 

t bi = 1, where m theoretically should be 

infinite (recession exponential curve is the reason 
for that) , but practically, m does not pass 10 (the 
case of annual flows of Saint-Lawrence River at 
Ogdensburg, New York) . The properties of eq. (8) 
show that the standard deviation of U -series is 
smaller than that of Y -series under given condi -
tions for b - coefficients, because th e moving average 
attenuates the extremes of Y -series in producing 
U-series . 

The Cv -values for U- and Y -series, and 

their relationship could be used for m easuring the 
long term water carryover factor in a river basin, 
if there would be no other factors causing the 
dependence, but serial correlation coefficients 
are a more convenient tool for this purpose. 

The skew co~fficients C are very change -
able for g iven 14 stations, bec~use N -values are 
relatively small to produce a dependable third 
s tati$tical moment (table 1) . 

The index of variability, Iv , defined as the 

standard deviation of logarithms of modular co -
effi c ients (slope of the cumulative distribution 
curve in log-probability scales, for a distribution 
which could be fitted by log - normal function), shows 
that in all cases Iv for Y -series is greater than 

I for U - series . This result is also derived from 
v 

eq. (8), if Y. - values are assumed to be log -
1 

normally distributed. The relation of Iv -values 

fo r U - series and those- for Y -series could a l so be 
used as a measure' ior water carryover from year 
to year, if the carryover is the main cause for the 
dependence in a time series. 

2. Results 

The first serial correlation coefficients 
(table 1) show that their average value for Y - series 
( 0. 18 approximately) is smaller than the average 
value for U -series ( 0. 22 approximately), which 
m ust be so, when the statistical moving average 
model of eq. (8) and the conditions forb-values 
are applied toY-series to derive U-series. 

The first serial correlation coefficients of 
log U. (or log Y.) show the same patterns , as 
the filst serial cofrelation coefficients of U. (or 

1 

Yi), table 1. The differences between r 1 - values 

for log U.-series and U. - series (or for logY. -
1 1 1 

series and Y. -series) are relatively small, and 
1 

either positive or negative . There is no clear 
pattern to -be distinguished among two sets of 
r 1- values (U. ver&us log U. , or Y . versus 

1 1 1 

log Y.) . 
1 

Table 1 shows also that t::.r 1 = r 1 (U} - r 1 (Y), 

the difference between the first serial correlation 
coeffici ents of U - series and the first serial 
correlation co eficients of Y -series, increases 
with an increase of parameter WI A, given in feet, 
a relative value of basin storage , as the ratio of 
mean annual carryover to the area of river basin, 
for 14 stations in t he Upper Colorado River Basin 
and around it. Generally the greater WI A the 
greater is the difference t::.r 1 . 

A general trend can be also derived, when 
the specific yield of river basins, q in cfs/ sq. mi. , 
is related to the derrease t::.r 1 of the first serial 

correlation coefficients from U - series to the 
corresponding Y - series. The smaller- the specific 



yield, the greater is D.r 1 , on the average. This 

can be easily explained by the fact that for given 
topographical and geological conditions in a river 
basin, for its given area, the available space for 
underground and surface storage of water in re-
lation to average annual runoff is greater in dry 
climates (small specific yields) than in humid 
climates (great specific yields). The relation 
t>r 1 = f( q) is not simple, due to the fact that 

topography, geology, vegetative c~ver, climatic 
conditions vary very much from one river basin 
to another. 

The above conclusion on the relationship of 
statistical parameters reflects the same patterns 
as in the analysis of 140 stations, previously 
mentioned. 

Figure 2 gives the cumulative frequency 
distribution for first serial correlation coefficient, 
plotted on arithmetic-probability paper for the 
following series: 

a. First serial correlation coefficient 
r 1 (U) of U -series for N = 140 stations, selected 

from different parts of the world (ref. 1), as 
line ( 1) ; 

b. First serial correlation coefficient 
r 

1 
(Y) of Y - series for N = 140 stations (ref. 1), 

as line (2); 

c. First serial correlation coefficient r 1 for random time series, with the length of 
series being equal to N = 55, the mean length . m 
of observations for 140 stations (ref. 1) , and 
using eqs . (6) and (7), with the mean first serial 
correlation coefficient r 1 = E (r 1) = -0.018 , and 

standard deviation s = 0. 135, as line (3); 
r 

d. The line (3) shifted parallely to pass 
through the median value of r 1 (U), equal 0.16, 

of the distribution given under line (1), as line (4); 

e. The line ( 3) shifted parallely to pass 
through the median value of r 1 (Y) equal 0. 115, 

of the distribution given under line ( 2) , as line ( 5); 

f. First serial correlation coefficient for 
U -series of the 14 Upper Colorado stations (and 
around it), with the approximate mean value 
r 1 (U) • 0. 220, as line (6); 

g . First serial correlation coefficient for 
Y -series of 14 Upper Colorado stations , with the 
approximate value r 1 (Y) = 0. 18, as line ( 7); 

h. First serial correlation coefficient r 1 for random time series with the length of 
series being N = 4 7, equal to the mean length 

i 
of observation of 1~ stations of the Upper Colorado 
River (and around it), using eqs. (6} and (7} , with 
r = -0 .0217 , and s = 0. 146, as line (8); 1 r 

i. The line ( 8) shifted parallely to pass 
through the approximate median value, equal 0. 220, 
of U -series of the distribution given under line (6), 
as line ( 9), and 

j. The line (8) shifted parallely to pass 
through the approximate median value, equal 0. 18, 
of Y -series of the distribution given under line (7), 
as line ( 1 0). 

3. Discussion of results and conclusions 

From the comparison of the distributions 
represented on fig. 2 the following general dis-
cussion of results and the conclusions may be 
derived: 

a. The cumulative frequency distributions 
of U -series and Y -series either for 140 or 14 
stations (Upper Colorado) are very close to the 
straight lines (extremes excluded) on arithmetic-
probability paper, so that a normal function can fit 
these distrib~tions, or their first serial cor-
relation coefficients are normally distributed. 

b. The slopes of the lines, (1), (2), (6) 
and (7), which represent the standard deviation of 
first serial correlation coefficient distributions 
are also very close (at least for probabilities in 
the range 10-90 percent) to the slopes of cumu -
lative distributions of first serial correlation 
coefficients, lines ( 3) and ( 8), in the case these 
random time series have the same lengths as the 
mean length for U -series and Y -series. In other 
words, the frequency -distributions of first serial 
correlation coefficient's for U- and Y- ·series have 
approximately the same standard deviations as the 
corresponding random time series. 

c. The difference between the frequency 
distribution of first seiial correlation coefficients 
for U- and Y -series, and the frequency distribution 
of random time series is only in the mean values of 
coefficients. The U- and Y -series, lines ( 1), ( 2), 
(6) and (7), have positive mean values of r 1 , 

while the means of random series are negative, 
lines (3) and (8), but practically very close to zero. 
The lines (1), (2), (6) and (7), approximated by 
straight lines (4), (5), (9) and (10), seem as those 
of random time series but shifted for the difference 
of mean of first serial correlation coefficients for 
U- andY-series, and the mean of those for cor-
responding random time series. These differences 
fo~ 140 stations selected from many parts of the 
world, as t>r1 =r1 -E(r 1), are 

u -series: t>r1 (U) = o. 160 + o. 018 = o. 178 

Y-series: t>r1 (Y) = o. 115 + o. 018" o. 133 
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and for 14 stations from t h e Upper Colorado River 
Basin, and around it, they are : 

U - series: .t:.r1 (U) = o. 220 + o. 022 = o. 242 

Y - series : .t:.r1 (Y) = o. 180 + o. 022 = o. 202 

The main problem in detecting the patterns 
in the fluctuations of annual flows and of effective 
annual precipitations by using the . frequency distri-
butions of first serial correlation coefficients as a 
statistical tool is the interpretation and the analysis 
of these differences in the means or medians of 
first serial correlation coefficients, first between 
U- and Y - series, on one side, and the random 
time series, on the other side, and then of dif-
ferences among U- andY-series themselves. 

d. The differences .t:.r1 for the 14 stations 

of the Upper Colorado River Basin and of the areas 
adjacent to it, and for the 140 stations of a larger 
sample are: 

.c:. [ .c:.r-1 (u) } o.o64 

.c:. [ .c:.r-1 (Yl ] = o. o69 

The diffe rence is approximately the same 
for both U- and Y - series. It seems that the semi-
arid and arid regions have the tendency to have 
greater differences Sr 1 , than the humid regions, as 

will be shown later by a discussion of regional 
distributions of the first serial correlation co -
efficient. It seems logical to conclude, that the 
same factors which cause the mean first serial 
correlation coefficients to be greater than zero in 
humid regions, are more pronounced and empha -
sized in the semi-arid and arid regions, so that 
the means of first serial correlation coefficients 
are somewhat greater than in the humid regions . 

e. There are departures at the extre:mes 
of distributions of first serial correlation co -
efficients of lines (1), (2), (6), and (7) from the 
straight line passed through the median values 
with the slopes of corresponding random time 
series. There could be many reasons for these 
departures (i.e. , rivers with glaciers and snow 
carryover from year to year) apart from sampling 
departures, but the use of mean length N of ob:-
served annual flow series in the computation of 
parameters of first serial correlation coefficient 
distributiOJtS for random time series may be 
partly responsible for these departures. 

f. The first serial correlation coefficient 
of annual flows is greater than the first serial 
correlation of the effective annual precipitations. 
In the case of 140 stations the quantity of water 
carried over from year to year in river basins 
increases the first serial correlation coef-
ficient from its m e an value 0. 133 for effective 
annual precipitations to the mean value 0. 17 8 for 
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annual flows. In other words, the mean first 
serial correlation coefficient is increased on the 
average nearly 50 percent by the carryover. Or, 
by excluding the carryover, the mean first serial 
correlation coefficient is decreased by one-third. 
For the 14 stations in the Upper Colorado River 
Basin and the stations around it, the carryover is 
smaller, so that it increases the mean first serial 
correlation coefficient from 0. 202 for the effective 
annual precipitations to 0. 242 for the annual flows, 
or for 21 percent . In other words, by excluding 
the carryover from year to year, the first serial 
correlation coefficient of annual flows is de-
creased by about one - sixth. This is about one-
half as much as for 140 stations from many parts 
of the world. Supposing that the figures for 
U - and Y -series are true values, it can be con-
cluded that the first serial correlation coef-
ficients are decreased by excluding the carryover 
of water from year to year. The carryover is, 
therefore, principally r espons ible for one part of 
tqe greater values of median or mean first serial 
correlation coefficients of U - series than those of 
random time series. 

g. It is important to analyze which could be 
the factors influencing the positive mean first 
serial correlation coefficient for the effective 
annual precipitations, or for both the U- or the 
Y -series. The statistical model given by eq. ( 2) 
points out, that the difference between the given 
values of effective annual precipitation and the 
true values of effective annual precipitations 
could be caused also by four types of errors: 
random errors, inconsistency, non- homogeneity, 
and the errors in determining the carryover from 
year to year, apart from the carryover effect 
( .C:. W). Suppose that a random time series is 
changed by introducing all four types of errors. 
The random errors could only increase the 
standard deviation of the random time series . It 
is easy to prove that random errors in annual 
flows are small and could be practically neglected. 
Any inconsistency (errors in one side which can 
change from place to place in time series or any 
inconsistency in the form of trends or jumps), 
and any non-homogeneity of data, which comes 
from man's activities in the river basin, and any 
error in computing the carryover in a river basin, 
increase on the average the first serial cor -
relation coefficients. If the random time series 
of length N , with normal distribution of first 
serial correlation coefficients and their mean 
close to zero, has any inconsistency, non -
homogeneity, and the errors similar to error in 
the corrections for the carryover, this biased 
series will have on the average the mean value 
of first serial correlation coefficients greater 
than the random time series. 

4. Example of effect of carryover 

As an example of a significant impact of 
water carryover from one water year to another 



10 
on the first serial correlation coefficient the case 
of St. L~wrence River at Ogdensburg, New York, 
is given here. For the period of observations of 
97 years, from 1860 to 1957, for St . Lawrence, 
the first serial correlation coefficient of actual 
annual flows is 0. 705. When the effect of stored 
water in the Great Lakes was taken into considera-
tion by correcting the time series and computing 
effective annual precipitation, the first serial 
correlation coefficient of the effective annual pre-
cipitation was dropped to 0. 094. If the stored 
water in the St. Lawrence River Basin outside the 
Great Lakes, which means in the small lakes, 
rivers and in the underground, would be taken into 
consideration also, then the first serial cor-
relation coefficient of 0. 094 would probably be 
decreased still further. It must be pointed out, 
that the good data on levels and stored water in 
Great Lakes gave a good accuracy in computation 
of the overyear carrying quantity of water. It can 
be concluded, therefore, that in many river basins 
the largest factor in creating dependence between 
the successive values of annual flows is the water 
storage in river basin. 

B. REGIONAL DISTRIBUTION 
OF FIRST SERIAL CORRELATION COEFFICIENT 

1. Procedure and results 

Figure 3 shows the position of 72 river 
gaing stations in the United States, used for a 
general study of patterns in annual flow fluctua-
tions. The solid lines divide 14 hydrological 
regions as designated by the U.S. Geological 
Survey. Figure 4 shows the position of 13 river 
gaging stations in Canada, used as the part of 
140 stations from many parts of the world. Each 
station has an identification number. At the same 
time there are two figures for each station , the 
upper figures giving the first serial correlation 
coefficients for the annual flows, and the lower 
figure giving the first serial correlation coef-
ficients for the effective annual precipitations. 
Taking the effective annual precipitations as a 
measure, all stations having the first serial cor-
relation coefficient greater than +0. 10, on one 
side, and all the stations having the first serial 
correlation coefficients lower than +0. 10, on 
another side, are specially marked. The negative 
first serial correlation coefficient for the effective 
annual precipitations is given also an additional 
sign. 

It could be distinguished clearly that 48 
stations have the first serial correlation coef-
ficient of Y -series above and 3( stations below 
+0. 10. There are 14 stations with negative first 
serial correlation coefficients. About half the 
stations have an r 1 > 0. 15 for the Y -series. 

2. Conclusions and discussion of results 

The general conclusions from the results 
represented in figs. 3 and 4 are as follows: 

1. The humid regions of the East of the United 
States, and the humid regions of the West of the 
United States (fig. 3) more frequently have the 
first serial correlation coefficients for the effec-
tive annual precipitation below +0. 10 than above 
+0. 10. 

2. The dry regions in the Middle West and in 
the Rocky Mountains (fig. 3) more frequently have 
the first serial correlation coefficients of the 
effective annual precipitation above +0 . 10 than 
below +0 . 10. The regions around the Gulf of 
Mexico would be considered as approximately 
having the same nu mber of stations with first 
ser ial correlation coefficients above or below +0 . 1 0. 

3. The same patterns seem to be valid for 
Canada (fig. 4) . 

4. The station inside the Upper Colorado River 
Basin, given as numbers 41, 42, and 44 have r 1 
above 0. 10, and r 1 for station 43 is below 0. 10. 

The stations fo the West of the Upper Colorado 
River, in Utah, nearly all have first serial coef-
ficients greater than 0. 10. The stations to the 
East of the Colorado River Basin have the coef-
ficients both above and below +0. 1 0. 

It can be concluded from the approximate 
analysis, that stations in arid regions are more 
likely to have greater first ser.ial correlation 
coefficients for the effective annual precipitation, 
than stations in humid regions. The main question 
which arises is, what · are the reasons for this 
difference? Could one part of this difference be 
explained by greater errors which come from the 
inconsistency in data, or by non-homogeneity with 
high relative depletion in the river basins du e to 
man's activities, or by the errors in determining 
the carryover in arid regions (the fact is that 
usually the recession curves of rivers in arid 
regions ;fluctuate more around the mean recession 
curve, than it is the case in humid regions)? 

It seems a quite attractive conclusion, 
before any climatic reason is studied for ex-
plaining this difference in first serial correlation 
coefficients between arid and humid regions, or 
before any climatic reason is advanced for the 
positive mean first serial correlation coefficients 
in effective annual precipitation, that the effects 
of inconsistency, non-homogeneity, and errors in 
determining the volumes of carryover should first 
be analyzed. 



Fig. 3 Regional distribution of f irst seria l correlation coefficient for annual flows (upper f igure) and effective annual 
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Table 1. Hydrologic data for fourteen river gaging stations in Upper Colorado River Basin and around it. 
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The analysis of data given in figs. 3 and 4 

shows a regional grouping of the first serial cor-
relation coefficient of the same order of magnitude. 
This areal persistence is the consequence of 
simultaneity of occurrence of dry and wet years 
over small regions. This occcurrence seems to 
follow, however, a random areal distribution from 
one such region to another . If this random distri-
bution is assumed, it means that a small region 
which has had for many stations and on the average 
a large positive value of first serial correlation 
coefficient for effective annual precipitations (say 
around 0. 25) in the past period of observation may 
have a much smaller positive value than that, or 
even a negative value in the future period of ob-
servation. This would correspond to the concept 
of random sampling from one small region to an-
other . This may be proved by dividing the past 
observation period on stations in two parts, by 
computing the first serial correlation coefficients 
for both parts, and by comparing their regional 
distributions. 

If the centers of regions are sufficiently 
distant so as to be considered to having within them 
independent effective annual precipitations, the 
random r egional distribution of first serial cor-
relation coefficient may be accepted. However, if 
all stations between the centers of two such r egions 
would be studied, their first serial correlation co-
efficients would change gradually from the coef-
ficient of one center. to that of another center, if 
both regions are sufficiently hydrologically 
homogenous. 

The regional distribution of first serial 
correlation coefficient of effective annual precipi-
tation may be used as one of criteria for dividing 
an area into homogeneous hydrologic regions. 

The Upper Colorado River Basin may be 
according to fig. 3 considered from the point of 
view of first serial correlation coefficient distri-
bution for effective annual precipitation as fair ly 
homogeneous hydrologic region. 

C. EFFECTS OF INCONSISTENCY, 
NON-HOMOGENEITY, AND ERRORS IN 

DETERMINING THE VOLUMES OF CARRYOVER ON 
THE FIRST SERIAL CORRELATION COEFFICIENT 

1. Inconsistency 

Any inconsistency in measuring or computing 
the annual flows caused by human errors of a 
systematic type, generally as jumps or trends in-
troduced in data (which jumps and trend do not 
exist in true data), increase on the average the 
mean first serial correlation coefficient . 

The analyses presented above are not valid 
for the fourteen river gaging stations in the Upper 
Colorado, if there is any significant inconsistency 
in the data of annual flows. It is assumed that there 

are no such error.s. But it is very probable, due 
to changing techniques and ways of computing the 
annual flows, that small inconsistencies might 
exist in the records of some stations used for this 
study. 

If an inconsistency is introduced into a 
random time series in the form of a jump at the 
position between N 1 and N 1 +1 in time series 

(N 1 + N 2 = N, with N length of series), then the 

second part N2 of series is Yi = (1+i) Yit, where 

Y.t is true value, Y. is inconsistent value, and 
1 1 

i is the relative value of inconsistency (percentage 
of change due to the inconsistency). Designating 
the ratio N /N as q , and neglecting small order 

terms, the expected value of first serial correlation 
coefficient is now approximately , as developed by 
the author of the paper (ref . 1), 

_ 1 q( 1-q) i a 
E(r 1) - c-z- ( 1+qi)l 

v 
(9) 

which is positive. C is the coefficient of variation 
v 

of the time series. 

For-example, if the inconsistency is 
introduced in the middle of a time series, q = 1/2, 
then E(r 1) = iz/C z(2+i)z. For C = 0. 25 and v v 
i = -0 . 10 (10"/o of change in the sense of decreased 
values in relation to true values), the expected 
value of r 1 is 0. 044. Therefore, any jump 
(created by inconsistency and non-homogeneity) 
increases on the average the serial correlation 
coefficients. The same can be proved for in-
consistency trends. 

The general model of inconsistency in data 
of river gaging stations is a combination of jumps 
and trends between the jumps, and it can be proved 
that this model applied to a random time series 
(superimposed on this series) increases on the 
average the serial correlation coefficients in com-
parison with those of random time series 0 

The example of the Nile at Aswan Dam 
shows how inconsistency can introduce a kind of 
fictitious dependenc e in time series of annual flows . 
To explain the meaning an? effect of inconsistency, 
the Nile example will be· here described. 

The Nile River at Aswan Dam has obser-
vations from 1869 to 1955, used in the study 
referred previously as ref. 1. In the period 1869-
1903 there were only stage measurements down-
stream from the place where Aswan Dam was built 
in 1903. After the Aswan Dam was built in 1903 , 
the measurements of the flow were done by sluice 
gate openings . The rating curve (discharge versus 
water level) is derived as the discharge through the 
sluice gates of the Dam versus the downstream level 
at the previous gaging station. This rating curve 
was used to determine the annual flows for the 



period 186 9 to 1903. This period has 25 percent 
more water than the period of 52 years from 1903 
to 1955 . The study of the other 139 stations, used 
in the study of ref . 1, showed that there is no 
station with so large a difference in th e mean dis -
charge between the periods of about 34 and 52 years. 
The occurrence of this difference has very small 
probability. 

Assuming, however, that this difference is 
correct, then the first serial correlation coef-
ficient for U - series and for period of 86 years 
from 1869 to 1955 is 0. 553, while the fir st serial 
correlation coefficient of Y -series is 0. 438. They 
are rather large values, which points out that the 
effective annual precipitations were highly serially 
correlated. The period 1869 to 190 3 taken separa-
tely has the first serial correlation coefficient of 
U - series 0. 381, and that of Y-series 0. 194. The 
period 1903 to 1955, with reliable measurements, 
gave the first serial correlation coefficient of 
U-series 0 . 163, and that of Y-series 0. 099. If 
only the period 1903 to 1955 would be taken into 
consideration, then the low first serial correlation 
coefficient of Y -series would point out clearly, 
that the dependence in the series is low . It is quite 
probable that by the closing of Aswan Dam, all 
sediment being retained in the reservoir, a 
degradation took place, namely a clearing of all 
sediment deposits on or among rocks in the bed 
on the downstream part of the river occurred, and 
so decreased the river stage levels for the same 
discharge . In the same time, the increased 
evaporation from the lake, and upstream irrigation 
development introduced the non- homogeneity in 
data. It is highly probable that both the inconsis-
tency in data for the period of 186 9 to 19 0 3, and 
also the non-homogeneity caused by incr eased 
evaporation losses from the reservoir and from 
upstream irrigated land did create the high 
dependence, or very large first serial correlation 
coefficient of the Y -series for the period 1869 to 
1955. 

2. Non-homogeneity in data 

There is a depletion of the total annual run-
off in many rivers in t he world, in the United States, 
and particularly for the case of this study, in the 
Upper Colorado River Basin and around it. This 
region has been influenced for the last eighty years 
by settlements, by development of agriculture, 
irrigation, and industry, with building of dams and 
reservoirs, water diversions and so on. 

It is clear that any irrigation, evaporation 
from the new reservoirs, or any water diversion 
out of the river basin mean a depletion of the total 
yield of a river basin. It is not, however, so clear 
how much the other factors, as the increase of 
population, changes in agricultural practices, 
building of small dams and pools, general changes 
of biological cover, etc. , influence the depletion 
of water. 

All these man-made measures in the Upper 
Colorado Basin have created a depletion trend, 
which results in non-homogeneity of data. This 
causes a dependence of successive values in a 
time series of annual flow or of effective annual 
precipitations, so that the first serial correlation 
coefficients must be on the average more positive 
than negative. 

As the non-homogeneity of data may be 
described by a general model of jumps and trends 
between the jumps, similar to the general model 
of inconsistency, the same conclusions given for 
inconsistency are valid also for non - homogeneity 
in data. 
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As the example of the effect of non-homo-
geneity in data on the serial correlation coefficients, 
the example of Lee Ferry Station of the Upper 
Colorado will be used here and in subsequent 
analyses .of correlograms. 

3. Non-homogeneity in data of 
Upper Colorado River at Lee Ferry Station 

The non-homogeneity in data of the Upper 
Colorado Riv~r at the Lee Ferry Station, Arizona, 
will be analyzed here as an important character -
istic of Upper Colorado flows. Figure 5 shows the 
virgin and measured (historical) annual flows at 
this station. The data, until 194 7, is from the 
House Document No . 364, Washington, D. C., 1954 
(ref. 3): Colorado River Storage Project, and for 
years 1948-1959 the data is obtained from the U.S. 
Department of Interior, Bureau of Reclamation, 
Regional Office, Region 4, Salt Lake City, Utah. 

It might be that some inconsistency exists in 
datapriorto 1914. Intheref. 3, page 141, itis 
stated: "Although inaccuracies are risked with the 
extension of records prior to 19 14, the Bureau of 
Reclamation made extentions to include the 1896-
194 7 period at Lee Ferry . . . ". 

For the determination of depleti on of the 
water yield, in the same reference on page 143 it 
is stated: "Stream· de_pletions fr om upper basin 
development, therefore, have been estimated only 
at sites of use, and aggregate depletions so deter -
mined are considered representative of the deple -
tion at Lee Ferry," and on the same page: "This 
includes depletions from all causes, such as irri -
gation and uses incident to irrigation, water 
exports to areas outside of the drainage basins, 
domestic and industrial uses , and evaporation from 
storage reservoirs. The estimate allows credits 
for water imporations an d channel salvage ." 

F igure 6 gives for the Lee Ferry Station the 
relationship of three variables: 1) Annual depletion , 

D in 1 o6 
acre -feet; 2) Annual virgin flow, V , in 

6 
10 acre-feet ; and 3) Time (as parameter) . It 
shows c learly, that the depletion has increased fast 
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Fig. 6 . Relation of man-made annual flow depletion in the Upper Colorado River at 
Lee Ferry, Arizona, to its virgin annual flows (historical flow plus deple-
tion) for given time intervals or years, for the period 1896-1957 . 

from the turn of century until the end of First 
World War, then stayed approximately constant 
for t he period 1920-1930, slowly increasing from 
1930 -1950, then increasing faster from 195 0-1954, 
ap.d approximately constant from 1954-195 7. In 
this case, the historical annual flow at Lee Ferry 
Station is an evolutive time series (and not a 
stationary time series). To m~ke the series 
homogeneous (to compensate for depletions), the 
virgin annual flows approximately determined give 
an insight what would be the flow, if the hydrologic 
factors of Upper Colorado River Basin would stay 
unchanged by man's activities. Though the de-
pletions determined have errors (because they 

depend on many factors, on some rough and ap-
proximate evaluations of net consumptive water 
uses, and on net evaporation from the new water 
surfaces), and though the computed virgin flows 
are less accurate than in the case they would 
coincide with historical (measured) flows, both 
these depletions and virgin flows derived give a 
sufficient measure of man-made non-homogeneity 
in hydrologic records of t his river basin. 

The depletion model is defined here as the 
relation of annual depletion to annual virgin flow 
for given inte rval of years of for a year . They are 
approximated by straight lines (fig. 6), because 



Table 2. Annual flows and depletion of the Upper Colorado River at Lee Ferry Station, Arizona 

Annual Annual Annual Homogeneous * Annual Annual Annual Homogeneous ~'-\ 

Water historical historical virgin annual flows re - Water historical historical virgin annual flows re - 1 

year flows depletions flows duced to period year flows depletions flows duced to period 
6 106 ac-ft 6 1954-1 95 7 6 6 6 1954 - 1957 I 

10 ac - ft 10 ac - ft 
1 o6 ac - ft 

10 ac - ft 10 ac-ft 10 ac - ft 6 I 1 0 ac-ft I 

1896 9.8 0. 3 10. 1 8. 16 1928 15 . 3 2. 0 17. 3 14 . 88 
1897 17. 5 0.5 18. 0 15. 53 1929 19. 2 2. 2 21.4 18. 70 
1898 13.3 0. 5 13. 8 11. 61 1930 13. 1 - 1 . 8 --~4. 9 12 . 64 -
1899 15. 2 0. 7 15 .9 13 . 57 193 1 6 . 4 1.4 7 8 6 02 
1900 12. 6 0.6 13. 2 11. 05 1932 15. 3 1.9 17 2 14 78 
1901 12. 9 0. 7 13. 6 11. 42 1933 9 . 7 1. 7 11 . 4 9. 37 
1902 8. 7 0. 7 9. 4 7 . 51 1934 4 . 4 1. 2 5.6 3. 96 
1903 14.0 0. 8 14. 8 12.54 1935 9. 9 1.6 11. 5 9. 47 
1904 14. 7 0.9 15.6 13. 29 1936 12 . 0 1.8 13. 8 11. 6 1 
1905 15. 0 1.0 16. 0 13.66 1937 11. 9 1.8 13. 7 11. 51 
1906 18.0 1. 1 19. 1 16 . 55 1938 15 .4 2. 1 17. 5 15 . 06 
1907 22.0 1.4 23.4 20. 56 1939 9.4 1.7 11. 1 9. 09 
1908 11. 8 1. 1 12 . 9 10. 77 1940 7. 1 1. 5 8 . 6 6. 76 
1909 21. 7 1.6 23. 3 20 ,47 194 1 16 . 0 2. 1 18. 1 15. 62 
1910 13.0 1.2 14. 2 11. 98 1942 17. 0 2. 1 19 . 1 16 . 55 
1911 14 .6 1. 4 16. 0 13.66 1943 11. 3 1.8 13 . 1 10 . 96 
1912 18. 9 1.6 20.5 17 . 86 1944 13 . 2 2. 0 15. 2 12 .9 2 
1913 13.0 1. 5 14. 5 12.26 1945 11. 5 1. 9 13 . 4 11 . 24 
1914 19. 3 1. 9 21. 2 18. 51 1946 8. 7 1.7 10. 4 8.44 
1915 12 .5 1.5 14.0 11. 80 1947 13. 5 2. 0 15 . 5 13 . 20 
1916 17 . 3 1.9 19. 2 16.65 1948 13 . 7 1. 9 15. 6 13. 29 -1949 1917 21. 9 2. 1 24. 0 21. 12 14 . 4 2. 0 1- 16 . 4 14. 04 -1918 13. 6 1. 8 15. 4 13. 10 1950 11. 1 1. 8 12 . 9 10 . 77 
1919 10.9 1. 6 12 . 5 10 . 40 195 1 9. 8 _ i_. j l__ 11. 6 9. 56 
1920 19 . 7 2. 3 22. 0 19 . 26 1952 18 . 0 z. 3 20 . 3 17. 67 
19 21 20 . 7 2. 3 23 . 0 20. 19 1953 8. 0 2. 7 10 . 7 8. 72 
1922 16. 3 2.0 18'. 3 15. 81 _ 1954 6 . 1 _ 1_. 8 1-- u 6 . 11 
1923 16 . 3 2. 0 18. 3 15 . 81 1955 7 . 3 1. 9 9. 2 7. 32 
1924 12.5 1.7 14. 2 11. 98 1956 8 . 8 1. 9 10 . 7 8. 72 
1925 11. 3 1.7 13 . 0 10 . 86 1957 17. 3 2. 7 20. 0 17 . 39 
1926 14. 0 1. 9 15.9 13.57 1958 14 . 2 1- - __l._:_ 3 t-- 1_§ _. 5 __ -· .!.±:_!1_____ - -· - -1927 16.6 2. 0 18. 6 16. 09 1959 6 . 7 1.8 8. 5 6. 67 

Mean 13. 53 1. 64 15. 1 7 12 . 89 

'~ Homogeneous annual flows reduced to period 1954-195 7 is a sample of annual flows which would be experienced if the depletion 
causes in the period 1954-1957 would be prevailing all along the period 1896 -1 959 . 

co 



the complex models would not be justified in view 
of e rrors which are inherent in determination of 
depletions. For the period 1954-1957, the deple-
tion model is 

D = 1. 26 + 0. 0673 V (9) 

Figure 6 shows that both coe.fficients A and 
B in e quation D = A+ B V increase with time. 
This increase of A and B means a greater average 
depletion per year with time, and an increase of B 
m eans that the depletion fluc tuates more in function 
of th e absolete value of virgin flow with time t han 
earlier depletions, as the m ean depletion increases. 
The increase of B means also, that the number of 
factors which affect th e depletion, but are propor -
tional to virgin flow, increases with time (more 
water diverted to irrigations inside the basin or 
more water diverted out of basin in wet years than 
in dry years, more evaporation from small and 
large reservoirs because of larger free surface 
areas in wet years than in dry years, and similar 
factors). 

The historical flows of Lee-Ferry Station 
are a non-homogeneous time series. In statistical 
words, the sample of 64 years of annual flows at 
Lee F e rry (table 2) is derived from a super-
univers e'' (superpopulation), and not from a 
unique universe well defined of all possible annual 
flows. . 

If the causes affecting flows at a river cross 
section do not change with time, their effect in 
form of all possible annual flows (infinite number 
of annual flows) represent a unique universe 
(population), or the samples derived from this 
universe are homogeneous. When the causes 
change with time (changes in consumptive use, in 
evaporation , transpiration, diversion out of the b~sin 
or into it, etc.) , each change produced in form 
of a jump creates a new composition of causes, or 
there i s a new universe of annual flows. If the 
factors affecting runoff change gradually , a universe 
passes gradually to another one. Theoretically 
spe aking , a superuniverse and samples drawn 
from it may be treated statistically or probabili-
stically, if the law of change in time from one 
universe to the next one in the superuniverse would 
be known. Due to the fact that most of the changes 
are introduced by man's activity, and that the laws 
of change with time for runoff are complex and 
mostly unpredictable with sufficient accuracy, the 
approach of treating the superuniverse and samples 
from it in annual runoff is not usually feasible . 
This is the reason why the techniques of correcting 
the non-homogeneous samples into homogeneous 
ones are introduced and practiced currently. It 
would be extremely difficult to project the 

'' Superuniverse (or superpopulation) defined a s a 
s et of all diffe rent universes (or populations) which 
existed in the past, and which passes one to another 
as some causes of runoff ch ange with time. 
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depletion of annual runoff in amount and in time at 
Lee Ferry Station for the next 3-5 decades with 
sufficient accuracy (all future storage reservoirs, 
diversion projects, irrigation schemes predicted 
exactly in runoff amount and in time for the next 
30 -50 years) . If that very approximate projection 
of depletion model would be acceptable for economic 
and engineering studies, it would be possible at 
least theoretic ally to treat future possible samples 
of runoff starting from th e superuniverse . 

The computation of virgin flows for L ee 
Ferry from 1896 -1 959 is a procedure for making 
this sample homogeneous . In other words, the 
computed virgin flow sample is drawn from the 
universe that existed prior to any depletion, und e r 
th e combination of a very large number of natural 
causes affecting the runoff. Practica l problems 
require, however, that computations in engineer -
ing and economics should b e carried out with 
homogeneous samples or with the univers e (in-
ferred from these samples) which ar e valid for 
the momemt of computation, or for the time inter-
val a measure would serve. For the period of 
1954-1957, applying its depletion model, eq. (9), 
to the virgin flows of the sample 1896-1959, a new 
homogeneous sample valid for the period 1954 - 1957 
only is obtained. Assuming that small changes in 
depletion have taken place from 1958-1960 in 
comparison with the period 1954-1957, the new 
homogeneous sample can be considered as if drawn 
from th e universe of annual runoffs at Lee Ferry, 
valid for late fifties. If these new annual flows 
are designated by V n , then V n = V -Dn , or 

v n 0.9327 v - 1. 26 ( 1 0) 

in millions of acre-feet. Applying this equation, 
the new series V n together with other samples 

(historic flow, virgin flow, and real historical 
depletion) is given in Table 2, and also is re -
presented in fig. 5 . 

The average annual flows are, therefore, for 
the period 1896-1959 as follows : 

millions of 
1. Historical flow vh 13. 53 acre-feet 

2. Depletion :0 1. 64 11 11 

3. Virgin flow v 15. 17 11 11 

12.89 11 11 4 . Homogeneous sample, v 
reduced at the n 

period 1954-1957 

5. Mean depletion D =V-V 
for the sampl e n n 

11 11 2.28 

reduced at the 
period 1954 -1957 

Extrapolating the depletion model D = A+ BV 
in the future by computing A and B as functions 
of time , it would be possible to reduce the virgin 
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flow sample 1896-1959 to any future date. T he 
planning of the Upper Colorado River Basin devel-
opment should be able to project th e depletion 
model, if not in function of time , then at least in 
function of different projects to be implemented, 
and even in funct ion of population growth . In this 
case, the new variate V t , the annual flows at 

Lee Ferry, for a given date is 

( 11) 

where At and Bt are parameters of depletion 

model Dt = At+ Bt V , at the date t. Assuming 

that At(t) and Bt(t) are given, then Vt (V, t) 

would also be given. With the probability distribu -
tion of V , as well as the characteristics of 
sequence patterns of V given in analytical form, 
both probability distribution and sequence model 
for V t may be derived as function of t . This 
approach would enable the computations of average 
hydrologic characteristics during a depreciation 
time for a water resources development project. 

The above analysis leads to a conclusion, 
namely that the computation of effects of man-made 
structures and measures in river basins has an 
important bearing on the reliability of hydrologic 
data to be used for further water resources develop-
ments and water project operations. The studies 
and computations aimed to make hydrologic samples 
homogeneous (and also consistent by removing the 
eventual inconsistency in data) through computation 
and analysis of depletion models (or systematic 
errors) is a new and quite important task of hydro-
logic activities. 

The first serial correlation coefficient for 
the annual virgin flows (historical flow plus deple-
tion) for 64 years at Lee Ferry is r 1 = 0. 184, 

while it is for the historical flow r 1 = 0. 218. The 

depletion as non-homogeneity in data has, there-
fore, caused an increase of the first serial cor -
relation coefficient of historical data. The homo-
geneous sample reduced to the period 1954 -1 95 7 
has also the value r 1 = 0. 184. The non-homo-
geneity in data has increased the first serial cor-
relation coefficient by 18 . 5o/o. The average 
increase of serial correlation coefficients of the 
correlogram is still greater than that of the first 
serial correlation coefficient, as it will be shown 
in the next chapter. 

4. Errors in determining the volumes of carryover 

The method of recession curves, and 
especially the mean recession curve of those for 
many dry seasons, was used to determine the 
stored water in the river basin at the end of water 
years. The use of mean recession curve intro-
duces errors in correcting the annual flows to 
obtain the effective annual precipitations. 

It is a known fact, that the rec ess ion curves 
fluctuate from year to year around the mean re -
cession curve, which depends on many conditions 
in the dry season of the year. These departures 
of individual recession curves from the mean re -
cession curve are probably much larger in dry 
regions than in humid regions. T he errors i n 
determination of carryovers is a factor which in-
fluences the dependence between the successive 
values of a time series, so that one part of the 
positive m ean first serial correlation coefficient 
of effective annual precipitations computed in the 
above way can be attributed to these errors. 

It would be very difficult to determine t he 
order of magnitude of this influence without a 
thorough study of each station. In order to deter -
mine the effect of these errors, some stations 
should be studied by determining the carryover in 
two manners: (a) by using the m ean recession 
curve , and (b) using for each individual year its 
recession curve. The difference would give out 
the order of magnitude of these errors . This study 
was not undertaken. 

In some cases , the mean monthly flows in-
stead of the mean daily flows were used to 
determine the total carryover. This probably 
introduced larger errors than in the case the carry -
overs are computed by using mean daily discharges. 
Most of carryovers of 14 stations in the Upper 
Colorado River Basin and around it were computed 
by u s ing the monthly flow r ecession curves. 

5 . Carryover of 
Upper Colorado River at Lee Ferry Station 

The m ethod of determining the water carry -
over from one water year to another, based on the 
mean recession curve and on the index-discharge 
(mean daily or mean monthly) at the end of a water 
year, assumes a time series of virgin annual flows. 
In the case there is an artificial influence on carry-
over by storage reservoirs, diversions, etc. , the 
computation of carryovers and from them deter -
mination of effective annual precipitations becomes 
much more complex than it is the case with virgin 
flows. 

This work has not been carried out in this 
study for the Upper Colorado River at Lee Ferry, 
Arizona, since it was beyond the scope of work 
foresee n for this study. 

The positive first serial correlation coef-
ficients of virgin annual flows, and of homogen eous 
annual flows reduced by the depletion model of 
eq. (9) to 1954-1957 period are affected, therefore , 
by two carryovers: 1) 6 W 1 , carryover resulting 

from the natural storage in river basin (underground 
storage, surface storage, snow storage when 
carri e d from one water year to another) ; and 2) 
6W 2 , carryover resulting from the artificial 



storage and other factors which are subject to 
man's control. It is legitimate to assume here, 
that the accurate computation of both carryovers 
for a 64-year period of observations of the Upper 
Colorado River would reduce somewhat the first 
serial correlation coefficient of effective annual 
precipitations on river basin in comparison with 
r 1 - value for the virgin annual flows. 

Tal:je 1 and fig. 3 show that for the four 
stations (No. 41-44) inside the Upper Colorado 
River Basin the first serial correlation coefficients 
are smaller for effective annual precipitation than 
thos e for annual flows and for these four stations 
respectively: 0. 239 t o 0 . 228 (5"/o difference) ; 
0.164 to 0.122 (34"/o) ; 0.098 to 0. 089 (10%) ; and 
0. 274 to 0. 194 (41%). At the average the difference 
is about 20%. It is justified therefore, also, that 
the first serial correlation coefficient for the Lee 
Ferry Station and for effective annual precipitation 
should be smaller than that for annual flows. 

It is necessary to stress that the effective 
annual precipitation (total precipitation on river 
basin minus total evapotranspiration) applies for 
conditions of virgin flows. The effective annual 
precipitations for the homogeneous sample reduced 
to the 1954-1957 period are to be increased by that 
part of depletion which is evapotranspiration 
(generally it is D-T, depletion minus trans-
mountain diversion out of basin), so that the equa-
tion 

with 

p 
n P -(D -T ) e n n 

P = effective annual precipitations for virgin 
e flows; 

( 12) 

P = effective annual precipitations for homo-
n geneous sample reduced to the period 1954-

1957; 
D = annual depletions from depletion model for 

n period 1954-1957; 
T = annual net diversions out of basin (diversion 

n out of basin minus diversion into the basin) 
for conditions in period 1954-1957. 

Taking that 

P = V- t::, W - t::, W , then e 1 2 

P = V-t::,W -t::,W -D +T = V -!::,W -!::,W +T (13) n 1 2nn n 1 2n 

is the net yield of atmosphere at the status of river 
basin development which corresponds to the period 
1954-1957. Four variates (D , T , 6W 1 , and 

n n 
t::,W 2) should be determinated from the sample of 

river flows and from different depletion factors 
and storage operations in the river basin, as well 
as from transmountain diversions in order to 
compute the effective annual precipitations cor-
responding to homogeneous sample for period 
1954-19~7 . 

The determination of !::, W 1 and !::, W 2 , 

together with D and T , cannot be carried out n n 
for Lee Ferry Station without a substantial error, 
so that the first serial correlation coefficient of 
effective annual precipitation P n would be always 
affected by these errors . 

D. ANALYSIS OF FIRST SERIAL CORRELATION 
COEFFICIENT ON ANNUAL FLOWS FOR UPPER 

COLORADO RIVER AT LEE FERRY STATION 

1. Comparison with random time series 
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The virgin annual flows of the Upper Colorado 
River at Lee Ferry and the homogeneous sample of 
annual flows at Lee Ferry, reduced to period 1956-
1957, have the first serial correlation coefficient 
r 1 = 0. 184. The random time series has the 

expected value of r 1 , eq. ( 6), for N = 64, 

E(r 1) = - - - 0. 016 N-1 

so that the difference is 6r 1 = 0. 20 0. 

Assuming that the taking into account of 
carryover would decrease the first serial correla-
tion coefficient of effective annual precipitations 
by about 30"/o, the difference in r 1 of series of 

effective annual precipitation and random series 
would be approximately 0 . 140 . This estimate is 
rather arbitrary. 

2. Probable reasons for positive coefficients 

The positive coefficient r 1 = 0. 184 for 

annual flows of virgin and homogeneous series is 
probably produced by: a) regional sampling effect, 
because the majority of nearby stations show the 
same trend; b) effect of carryover from one 
water year to another; and c) by systematic 
errors in measured flow and errors in determina-
tion of depletions. 

Figure 3 shows that the most of the dif-
ferences in r 1 between series of annual flows or 

effective annual precipitations and random series 
might be attributed to regional sampling departures 
of r 1 values from the expected value r 1 of 

random time series. The Upper Colorado River 
Basin is close to the Upper Missouri River Basin, 
and other adjacent dry climate regions and river 
ba'sj_ns (Lower Colorado, Western Texas, Utah), 
which have r 1 values generally much above the 

expected values for random time series. This 
especially refers to effective annual precipitations, 
after the carryover influence is excluded. This 
hypothesis of regional sampling with positive de-
viations for Upper Colorado River from the ex -
pected values of r 1 is assumed in this study, 
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with high probability that the next 50-60 years 
would produce regional distribution of r 1 different 
from that given in figs. 3 and 4. 

The actual lack of accurate determination of 

water carryover from one water year to another 
for the Upper Colorado River at Lee Ferry makes 
it difficult to judge which part of positive first serial 
correlation coefficient is a .result of regional samp-
ling, and which part is caused by water carryover . 
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IV. PATTERNS IN FLUCTUATIONS MEASURED BY CORRELOGRAMS 

A. DEFINITION, GENERAL REMARKS AND 
PROCEDURE 

1. Definition 

The correlogram is defined as a graph of 
discrete points relating the serial correlation coef-
ficients and the lag between successive correlated 
pairs of members of a time series. It is expressed 
as rk{k), where rk is k-th serial correlation 

coefficient and k is the lag between correlated 
values. The polygon connecting the successive 
points {rk, k) should be considered as a manner 

of representing the discrete points of the correlo-
gram. For the U- and Y -series the lag k re -
presents the number of years between the correlated 
values. 

2. General remarks 

The correlogram is a measure and an indi -
cator of the type of dependence or independence 
among the members of a time series. If a cosine 
function fits the fluctuations of a correlogram, the 
correlogram indicates that the fluctuations of the 
time series may be either a sine or a cosine func-
tion. The moving average procedure applied to 
random time series {in practical problems either 
caused by physical factors as the storage in river 
basin, or by the moving average procedure of n 
successiv~ values for smoothing the time series) 
creates a correlogram decreasing from r 

0 
= 1 

{r is unity by definition) slowly to r = 0 . A o n 
random time series, if it is sufficiently long, has 
a random sequence of coefficients in correlogram, 
but the serial correlation coefficients are confined 
within the confidence limits of given probability, 
with the exceedence of these limits also with the 
given probability {sum of both is unity). There are 
many possible combinations of these three and 
other basic types of correlograms {see Kendall, 
ref. 4). 

The confidence limits for random time series 
are, according to R. L. Anderson {ref. 2) for 95% 
level approximately. 

-1 ± 1.64 1/ N - k-2 
N-k-1 

( 14) 

with the meaning that 5o/o of the points of correlo-
gram should be on the average outside the 
confidence limits. 

3. Proce dure 

The serial correlation coefficients for the 
annual flows and effective annual precipitation 
for 14 river gaging stations in the Upper Colorado 
River Basin and around it (shown in table 1) were 
compiled by using the following equations similar 
to eqs. {3) and {4), in which r 1 is replaced by rk 

and unity by k {according to classical statistical 
formulae) 

with 

and 

[
N-k 2 1 (N-k )]2 

E U. - N-k E U. 
1 1 - 1 1 

[
N-k (N- k ]2 2 1 1 s =--- E U 2-- E U i+k N-k-1 1 i+k N-k 1 i+k 

The computation of these unbiased serial 
correlation coefficients was carried out up to 

( 15) 

( 16) 

( 1 7) 

m < N/4, where N = l ength of time series, for all 
14 stations, by using a digital computer. 

The confidence limits on 95o/o level for random 
time series were computed by using eq. { 14). 

B. RESULTS 

Figures 7 and 8 give the 14 correlograms for 
14 river gaging stations in the Upper Colorado 
River Basin and around it together with their con-
fidence limits. As N-k-1 in eq. {14) decreases 
with an increase of k , the confidence ipterval 
between the confidence limits incre ases with an 
increase of k, figs. 7 and 8. 

Correlograms for both the U - series and the 
Y -series are represented on these figures. 

C. ANALYSIS OF RESULTS AND CONCLUSIONS 

Due to the relative small carryovers from 
year to year for the most of above 14 river basins , 
the difference between U -correlograms and Y - cor -
relograms are rather small, except for r 1 - values 

for some stations. This means that the carryover 
affects mostly the link of successive values of lag 
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unity. This means also that the carryover from a 
given water year is felt significantly only in the 
next water year, and much less in subsequent water 
years. 

The 14 double correlograms when analyzed 
jointly show that the majority of annual river flows 
and the correpsonding effective annual precipitations 
are close to random time series, because the ma-
jority of correlograms ( 10 out of 14) are confined 
in the confidence limits of 95% level, with no more 
than one serial correlation coefficient exceeding 
these limits. The 4 other stations have these 
characteristics: 

1. Middle Boulder Creek at Nederland, Colorado, 
has 4 coefficients out of 12 above the positive con-
fidence limit, but all 4 are very close to this limit; 

2. Arkansas River at Salida, Colorado, has 2 
points outside the positive confidence limit out of 
11 coefficients; 

3. Fraser River near Winter Park, Colorado, 
has 5 coefficients out of 11 coefficients greater than 
the positive confidence limit, or the correlogram 
is fluctuating around the mean value of about 
r = 0. 22, with no negative value. This correlogram 
deviates from the random patterns more than any 
other of 14 correlogpams . 

4. Virgin River, Virgin, Utah, with 3 coeffi -
cients exceeding the positive confidence limit out 
of 1 0 coefficients. 

There are a total of 20 coefficients exceeding 
the positive confidence limit (none is smaller than 
the negative confidence limit) out of a total of 159 
coefficients for 14 stations, or approximately 13%. 
This is more than 5%, what should be the percentage 
expected in the case of random time series. Ex-
cluding 2 river stations, of Middle Boulder Creek 
and of Fraser, the percentage of exceedences is 
only around 7%. 

The correlograms of 14 stations point out 
that the fluctuations of annual runoff and particu-
larly of effective annual precipitations are close to 
those of random time series. 

The mean serial correlation coefficient of 
each of 14 correlograms has a value which is 
positive and greater than the expected mean coef-
ficient of a random time series. Several known 
factors which might be responsible for this positive 
departure should be examined before this might be 
attempted to be attributed to some general climatic 
or even solar influence. These factors are: 
1 ) regional sampling deviations toward somewhat 
greater coefficients than in the case of random 
time series; 2 ) carryovers determined on an 
approximate basis (monthly flows are mostly used 
for the determination of mean recession curve, and 
as index discharges); 3 ) non-homogeneity in data 

(similar as in t he case of the Upper Colorado River 
at Lee Ferry Station); and 4 ) some inconsisten-
cies in data. All these factors may be sufficient 
to explain, at least in a major part, the difference 
between the Y -series and the random time series. 

The room left for general climatic and solar 
causes in order to explain the above differences is 
rather small. 

D. CORRELOGRAMS OF THE UPPER 
COLORADO RIVER AT LEE FERRY STATION 

Figure 9 gives 2 correlograms for the Upper 
Colorado River at Lee Ferry, Arizona, using the 
historical annual flows, and the virgin annual 
flows . Only the first 1 0 serial correlation coef-
ficients were computed and plotted. The confidence 
limits were determined by using eq. ( 14). 

Two major conclusions may be derived from 
a study of these two correlograms and from a 
comparison between them: 

1. The correction of historical annual flows by 
adding the annual depletions to obtain the virgin 
annual flows shows that all the serial correlation 
coefficients are decreased in virgin flows in 
comparison with those of historical flows. The 
virgin flow correlogram is more confined to the 
confidence interval than the historical flow cor-
relogram. In other words, by removing the 
depletion in the form of a trend created by it, the 
correlogram of time series of virgin flows shows 
less dependence than that of the series of historical 
annual flows. 

2. Though all serial correlation coefficients are 
positive, and 3 of them exceed by a small amount 
the PO(litive confidence limit, the correlogram of 
virgin annual flows is rather very close to a cor-
relogram of random time series. It has been 
stressed previously that the regional. distribution 
of first serial correlation coefficients for the 
Upper Colorado Basin indicates somewhat greater 
coefficients than those of random series. The 
Fraser River, near Winter Park, Colorado, 
(Station No. 41, fig. 7), shows the same aspect of 
correlogram as the Lee Ferry Station. Its cor-
relogram is closer to the positive confidence limit 
than to the value r = 0. This is similar also for 
the Arkansas River at Salida, Colorado, and the 
San Juan River at Rosa, New Mexico. 

3. The conclusion that the correlogram of 
virgin annual flows of Lee Ferry Station is close 
to the correlogram of random time series may be 
reached here after taking into account the regional 
sampling factor, the fact that the determination of 
depletion is subject to errors, and that the cor -
rection for the carryover of water from one water 
year to another would also shift somewhat the 
correlogram of virgin annual effective precipitation 
still closer to that of a random time series. 
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( 1) Correlogram of historical (measured) annual flows; 
(2) Correlogram of virgin annual flows; 
(3) Positive confidence limit on 95% level; 
( 4) Negative confidence limit on 95% level. 

4. for practical purposes, therefore, the fluc-
tuation of effective annual precipitations of the 
Upper Colorado River at Lee Ferry as well as for 
other stations in the river basin itself may be con-
sidered as nearly random. It is important, 
however, to compile the effe ctive annual precipi-
tations (for virgin flows) on the Upper Colorado 
River Basin , taking into account the natural and the 
artificial carryover of water in the river basin 
from one water year to another. In the same time 
it would be useful to determine the statistical model 
of relation between virgin annual flows and their 
corresponding effective annual precipitations in a 
simplified form of eq. ( 8) . Examination of these 
two problems is beyond the objectives of this 
study. 

5. The mean serial correlation coefficient of 
virgin annual flows for 10 first coefficients 

10 
r = ..!_0 I: rk is 0 . 1 35' while that for the 

v 1 1 

historical flows is 0. 1 77. Depletion as factor of 
lion-homogeneity in the data has thus produced an 
increase in the mean coefficient of 10 serial cor-
relation coefficients of historical flows by 30% in 
comparison with that of virgin flows. This 
comparison shows that any inconsistency and non-
homogeneity in data creates an increase in the 
average of the serial correlation coefficients. 

The fluctuation of the serial correlation coef-
ficients of historical annual flows of the Upper 
Colorado River at Lee Ferry around a value of 

0. 180 (or close to the positive confidence limit on 
95% level), fig. 9 , may be thus explained in great 
part by the following three basic factors: 

1. Regional sampling factor, which for the arid 
region in the Upper Colorado Basin or around it 
shows a general trend toward a greater first and 
other serial correlation coefficients of effective 
annual precipitations (and also of annual flows), 
than it is the case with the river stations in some 
other regions, generally more humid than the 
Upper Colorado River region. 

2. Depletion of annual flows, which clearly 
shows that a part of dependence in annual flows 
and effective annual precipitations is created by 
the constantly increasing depletion with time. 

3. Carryover of water from one water year to 
another by both natural and artificial water storage 
in the river basin. This effect is proved by the 
previous analysis, and some correlograms in 
figs. 7 and 8 show this fact (comparison of cor-
relograms for U -series and Y- series). The lack 
of a systematic study in computing the carryovers 
for the Upper Colorado River at Lee Ferry does 
not permit the evaluation of how this third factor 
influences the dependence of successive values of 
historical annual flows, but this effect is certainly 
present . 

The above analysis shows also that the 
room left for any significant persistence or 
regularity of annual flow fluctuations is relatively 
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very small. This W; shown at "least by the study of 
correlograms , after the three above factors are 
taken into consideration, and also after the effect 
of some systematic errors in data is allowed for. 
There is not very much room left in the amount of 

dependence of time series, which can justify any 
conclusion of the existence of hidden periodicities, 
at least with a statistical significance worthy to be 
considered in practical applic ations. 
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V. PATTERNS IN FLUCTUATIONS MEASURED BY RANGE 

A. DEFINITION OF RANGE 

The maximum range for a time series of 
length N and for the period N is defined as the 
difference on the cumulative curve of departures 
of the maximum and minimum values. 

Figure 10 gives the curve of accumulated 
departures for t h e relative values U . (modular 

1 
coeffieicnets) of virgin annual flows of the Upper 
Colorado River at Lee Ferry. The maximum range 
for this time series of N = 64 years is defined as 
Rmax = Smax - Smin , where S represents the 

values of the curve of cumulative departures, 
~LIU. = ~(U . - 1), with unity the mean value of 

1 1 

modular coefficients U .. In this case, according 
1 

to H. E. Hurst (ref. 5), the maximum range can 
be conceived as the maximum accumulated storage 
when there is never a deficit in outflow (outflow 
from reservoir equal to the mean discharge), or 
as the maximum deficit, where there is never any 
storage, or as the sum of accumulated storage and 
deficit, when both storage and deficit exist. 

The basic characteristics for the above 
definition of range is the us e of departures fro m 
the mean value of flows for N -years also for the 
determination of range for shorter periods than N. 

In a broader sense, any constant value U 
0 

different from unity may be used to determine 
departures and the corresponding ranges on the 
cumulative curve of departures so defined. For 
the purpose of this study the values U 

0 
may be 

conceived as a constant draw of flows from a 
reservoir, which is generally smaller then U = 1, 
or smaller than the mean for the period of N -years . 

There is also a definition of adjusted maxi-
mum range, which is defined by W. Feller (ref. 6) 
as the difference of maximum and minimum of the 
cumulative curve of departures, but with the 
changing mean. If the period has a length of 
N -years, the mean of that period is used for com -
puting the departures and the adjusted range. An 
example of this maximum adjusted range is given 
in fig. 10 for two periods of n = 32 years (first 
half and second half of the total period of 64 years). 
The means U 1 and U 2 are plotted, and by using 

lines parallel to them S and S . are ob-max nnn 
tained for both half periods, and then the adjusted 
ranges R' and R z are determined. The use of a a 
the mean U = 1 for determining the ranges for 
both 32-year periods gives the range values R 1 
and R 2 , also shown in fig . 10. 

All these definitions of ranges, based on 
U = 1, or any U 

0 
, or as the adjusted range can 

be used, depending on the type of problem at hanq. 
In using the range as a statistical tool for comparing 
the observed time series of annual flows or the 
derived time series of effective annual precipitation 
with the random time series the range defined on 
the basis of the mean for the period of observation 
of N years will be used here exclusively. 

Using the modular coefficients Ui to com -

pute the range, the range is expressed in a 
dimensionless form as relative value R , and to re 
determine the absolute value of the range Rab , 

the relative value must be multiplied by the mean 
annual flow V , so that R b = R V . a re 

B. DISTRIBUTION OF RANGE OF DIFFERENT 
PERIODS FOR A RANDOM TIME SERIES 

1. General distribution function 

Let a period of length of n-years be fixed for 
study (i.e., five years , ten years, 25 years, etc.). 
Let also the total period of N -years be divided in 
m smaller n -year periods, so that m · n + n 1 = N, 

where n 1 < n is a residual. If the range was deter -

mined for each of m periods on the basis of the 
mean for the total period N , there would be m 
values of the maximum range, one for each of 
n-year periods. The distribution of thes e maximum 
ranges (which are in fact the sum of storage and 
deficit of flow , if it is assumed that always the 
mean discharge should be available) is an important 
statistical tool for designing and operating large 
storage reservoirs . 

Figure 11 shows for the homogeneous annual 
river flows (flows reduced on depletion conditions 
of 1954 -1 957 and expressed in modular coeffi c ients) 
of the Upper Colorado River at Lee Ferry the eight 
values of R 8 for n = 8 years . There is a 

distribution of R 8 -values, in this case ranging 

from 0. 82 to 1. 65 . This corresponds to a fixed 
value 8 of n , and for a mean discharge as basic 
reference for computing the departures. Assuming 
n as a variable, the reference discharge in modu -
lar coefficient as Uo also as a variable , there is 
a general four variables function 

F (R, p, n, U
0

) = 0 ( 15) 

with p = probability of the range R for given n 
and given U

0 
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The availability of a reliable function of the 
type of eq. (15) for a large storage project would 
help substantially to solve the problems of planning, 
design and operation of large reservoirs. This 
function can be determined either analytically (by 
using some approximations), or by numerical 
procedures in the case of a random time series, 
for a variable normally distributed, with given 
mean and standard deviation. It is also possible to 
develop that function for some other time series, 
derived from random time series by some proces -
ses, and also when the random variable is skew 
distributed (but with a known distribution function). 
Probably only the numerical integration of some 
basic probability distributions c ould be used in this 
last case. 

2. Distribution of ranges of random series 
as yardstick distribution 

The range distribution theoretically developed 
for random time series was used here, as in a 
recent study (ref. 1) , as a yardstick to compare 
the range distribution of time series of annual flows 
and of effective annual precipitation with this yard -
stick. 

The range distribution for both random and 
observed or derived time series was defined here 
by t hree statistical parameters : mean, coefficient 
of variation and skew coefficient. If the three types 
of parameters for given n and U = 1 (mean of the 
time series) do not differ for the compared random 
and observed (or derived) time series in a signifi -
cant manner, then it could be assumed t hat observed 
or derived time series are close either to random 
time series , or to some time series which are 
derived by simple proce sses from random time 
series. AB an example of this derived time series 
eq. ( 8) may be used. If Y. -series is a random 

l 

time series , and b-values are given coeffi cients , 
then U. -series is that derived time series. 

l 

3. Distribution of range for a random 
time series for large n 

The asymptotic values for expected m ean and 
for variance of the range of random series is g iven 
by W. Feller (ref. 6) 

R 1. 5958 . . . s rn ~ 1. 6 s rn n 
( 16) 

and 

( 17) 

where s = standard deviation of time series of 
length N; n = length of period for which the mean 
range and variance of range are determined , R n 
is the expected mean of range for period of l ength 
n , and S z is the variance of the range distribu-
tion. n 

It follows from eqs. (16) and (17) that the 
asymptotic value of the coefficient of variation of 
range distributions is a constant equal to 0. 292. 

The condition for the application of eqs. ( 16) 
and ( 17) i s the large value of n (the period for 
which the maximum range is considered). As the 
regulation periods are generally small (some 
years), the practical application of eqs. ( 16) and 
( 1 7) is restricted in the case of small n. The 
asymptotic value of R and S z mean that by an 

n n 
increase of n to infinity, the mean and variance 
of the range would converge to the values of eqs. 
(16) and (17). The use of eqs . (16) and (17) for 
small values of n shows, however, an upper 
limit for these statistical parameters, and they 
will be used here in this aspect. 

The analysis of ranges in hydrology can be 
carried out from two points of view: a) as a 
statisti cal tool of comparing the observed or from 
it derived time series with random t ime series , or 
with series derived from random series; b) as a 
tool for studying and computing the storage reser-
voir capacities in the case of an overyear regula -
tion. Both these views should be appled for the 
Upper Colorado River, the first t o compare t he 
series among them , and the second to study the 
potential use of large storage reservoirs (Lake 
Mead, Glen Canon Reservoir, etc.) on the border 
between the Upper and Lower Colorado River. 

For the adjusted range, the asymptotic ex -
pected mean, according to H. E. Hurst (ref. 5) is 

3 1 

Rn = sff = 1.25 s Vn (18) 

and the variance is according toW. Feller (ref. 6) 

7r ) z z - T s n = 0. 0741 s n 

4. Distribution of range 
of a random time series for small n 

In case the random variate is normally 
distributed, then the mean range for n = 1 is 

00 

( 19) 

J lf2 -Rt/ 2 

0 
y --;- R 1 e dR 1 = 0. 80 (20) 

s 

and variance of R 1 

00 

J (R1-R1)z p1(R1)dR1 
0 

2 
= ( 1 - -) = 0 . 36 3 

7r 
( 21) 

where R/s and st/sz represents the mean and 

variance of a standardized variate, with variance 
unity. When eqs. (20) and (21) are applied to 
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modular coefficients, with mean unity and variance 
s z , then 

R. 1 = 0. 80s; and s: = 0. 363 sz 

The range is a truncated distribution of half 
the normal distribution, with a skew coefficient 

C = (2- _::_\{_2. )z/3 ~ 0. 995 
s 2) 7r-2 

The distribution of R 1 is given in fig. 12., 
and its statistical .parameters in table 3. 

For n = 2 the prooability of range RZ is 
according to author's study {ref. 1) 

a. or--------r--------~------~ 

?.OH---·----f-------1------1 

0.2 0.4 0.6 

z [ Rz ! (T -t z/2 
(R ) = _2_ e -R/4 1 e dt 

p 2 2 ('if" 0 l("tif' 

-R z/4 R 
+(2 e 2 fo 2 

+ 

(22) 

where t = a standardized variate ; R2 = any range 

for n = 2; p 2(R2.) = probability of a given range RZ. 

The distribution or R 2 and its statistical 
parameters are computed by numerical inte-
gration of eq. (22), the distribution is shown in 
fig. 12 , and the statistical parameters in table 3. 

Fig. 12 . Probability density distribution of ranges 
for n = 1, 2, 3, 4, and 5 for random 
time series of standardized normal 
variate . 

Proba ility d nsity 
0.8 1.0 1.2 1.4 
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Table 3. Statistical parameters of distribution of ranges for small n 

Parameters n = 1 n = 2 

R1 R2 

-R 0 . 79789 1. 36257 
n 

Median range 0. 6725 1. 2367 

Mode range 0. 00 0 . 99 

sz 0 . 36439 0. 59992 
n 

s 0 . 60365 0 . 77455 
n 

c 0 . 75722 0. 56844 
n v 
c 0 . 98793 0 . 91 143 

n s 
R.'" 0. 79789 1. 36208 

n 
6R =R - R' -0 . 00067 0. 00049 

n n n 
10MR -0. 084 0 . 036 n 

Rn 

The distributions and statistical parameters 
for R 3 , R 4 , and R 5 are also expressed in 

similar forms as eq. ( 22), then numerically inte-
grated or computed, and the distributions are 
shown in fig. 12, and parameters in table 3. 

The statistical parameters of ranges for 
standardized variate: mean, coefficient of varia-
tion and skew coefficient for n = 1 , 2 , 3, 4, and 5 
are given in fig. 13, and median, mode, variance, 
and standard deviation for n = 1 , 2, 3, 4, and 5 
are given in fig. 14 , taken from author's study 
(ref. 1). 

A. A. Anis and E. H. Lloyd (ref. 7) have 
developed the expr ession for the mean value of the 
range for finite small n as 

- r-r; n -1/2 R = - ~ i 
n 1T i=-1 

( 23) 

with i integers from 1 to n . * 
* The authors of ref. 7 give the coefficient of eq. 
( 23) both as -rzTir , and 1/-v'liT. and A . A. Anis in 
two successive papers, Biometrica vol. 42, 1955, 
pages 96 -101 , and Biometrica vol. 43, 1956, pages 
79-84, gives always the value of coefficient as 
1 1-v-z;i . The author of this paper has found out, 
that to his approach the value of -rz7; of eq. (23) 
was correct. 

n = 3 n = 4 n = 5 

R3 R4 R5 

1. 84085 2. 2806 1 2.69751 

1. 696 2 2. 217 3 2. 6916 

1. 39 1. 73 2. 10 

0. 84694 1.11765 1. 41536 

0. 92027 1.05719 1. 18969 

0 . 49991 0.46356 0. 44103 

0. 88916 0. 85106 0. 79232 

1. 82272 2 . 22166 2. 57846 

0 . 0181 3 0. 05895 0 . 11905 

p:985 2. 580 4 . 420 

For n= 4, R.4 =H ~+ ~+ 
+ -rr-+ ~) = 2. 22166 

The values R1 ..... R5 computed by eq. (23) 

are given in table 3 as 
fig . 13, as curve (3). 

R', n and represented in 

The comparison of the mean values of the 
range distribution for different sniall n is given 
for three types of values: a) asymptotic values 
according to eq. ( 16); b) values obtained by 
numerically integration of exact distributions, eqs . 
(20), (21), (22), and similar; and c) values ob-
tained from analytical expression of eq. (23). 
Though there are some departures among the 
curves (b) and (c), it could be assumed that 
eq. ( 23) approximates closely the exact values 
given by curve (b), but for very small n . The 
asymptotic values, curves (a), depart greatly from 
the exact values for very small n , and should not 
be used in practical computations . For n = 1 the 
asymptotic value is double the exact value for the 
mean range. Table 3 gives the difference of means 
for (b) and (c) and also the departure in per-
centage of the R' from R The formula of eq . n n 
( 23) should be used with caution for middle values 
of n . 
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( 2) Exact values of mean range, obtained by numerical integration 
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( 4) Exact values of coefficient of variation 
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C. DISTRIBUTION OF MAXIMUM RANGE OF 
EFFECTIVE ANNUAL PRECIPITATION FOR 

14 RIVER GAGING STATIONS OF THE UPPER 
COLORADO RIVER BASIN AND AROUND IT 

1. Procedure 

The sums of departures 1::> Ui = Ui - 1 for 

modular coefficients of annual flows, and sums of 
departures 1::> Y. = Y. - 1 for modular coefficients 

1 1 

of effective annual precipitations were computed for 
14 river gaging stations in the Upper Colorado River 
Basin and around it (stations listed in table 1) on a 
digital computer. 

The cumulative curves of 1::> Y. -departures 
1 

were plotted, and the ranges for n = 1, 2, 3, 4, 5, 
7, 10, 15, 20, 25 were determined for as many 
periods m of length n as they may be included in 
the total length N of series for each station, with-
out overlapping of periods of length n . Thus series 
of the corresponding values R 1 , R 2 , ... .. R 25 
were obtained for each station. While the number m 
of R-values were greater for R 1 (equal to N-1) 

the number m decreased with an increase of n , 
so that for R 25 this ,number was either one (N <50) 

or two (N z 50) for each station. 

After the values R
1 

, R 2 , ..... R
25 

had 

been computed for each station, they were divided 
by the standard deviation of Y -series of the corres-
ponding station, so that all values R/ s for all 
stations refer to a unique standardized variate with 
the variance sz = 1 . This procedure enabled the 
pulling together of values R for given n of all 
14 stations in one large sample. In this way, the 
total number of R-values was: 

n = for R1 m1 646 

n 2 II 
R2 m2 327 

n = 3 II 
R3 m3 221 

n = 4 II 
R4 m4 164 

n = 5 II 
R5 m5 132 

n = 7 II 
R7 94 m7 

n = 10 II 

RIO 65 m10 

n = 15 II 

R15 43 m15 

n = 20 II 
R2 0 29 m20 

n = 25 II 

R25 28 m25 

For each of these 10 distributions of the mean, 
coefficient of variation, and skew coefficient were 
computed. 

2 . R esults 

The distributions of ranges for 14 stations, 
with all corresponding values pulled together , are 
given in fig. 15, and for the first 5 values of n 
( 1, 2, 3, 4, 5) the distributions of ranges of random 
time series (fig . 12) are plotted also in order to com-
pare the distributions of range of Y-series for 14 
stations with them. 

The computed values of mean, coefficient of 
variation, and skew coefficient are plotted in fig . 16. 
The corresponding statistical parameters for random 
time series are plotted in this figure also, and 
specifically: a) mean and coefficient of variation 
of R-distribution for asymptotic range values; 
b) mean, coefficient of variation and skew coef-
ficient for 5 values of n , computed by numerical 
integration of range distribution; and c) the mean, 
computed by eq . ( 23). 

3 , Comparison of Y-series and random series 

Figure 15 shows that the distributions of ranges 
for 14 river gaging stations for small n are very 
close to distributions of ranges of random time 
series . This is especially valid for values R 2 , and 

R 3 , but a little less valid for R 1 , R 4 and R 5 

Though the values m (sample sizes for 
R-distributions) are relatively large for R 1 to R

5 
, 

the sampling stability of range is, however, relatively 
small. This is mainly due to the fact that the con-
current values of Y-series (values for the same 
water year) of 14 stations in the Upper Colorado 
River Basin and around it have been pulled together 
in order to increase the sample sizes . The concur-
rent annual flows and the derived concurrent effec-
tive annual precipitations of 14 stations are not 
independent. There is a simultaneity of occurrence 
of wet and dry years in a large region, which creates 
the dependence among the concurrent annual flows 
and derived effective annual precipitations of 14 
stations . It means that m - values given above are 
fictitiously large, or that the effective size of 
samples (under assumption that the reduced size 
takes care of that dependence) are much smaller 
than given above. This fact may partly explain why 
there is a relatively large variation of frequencies 
for different range intervals in range distributions 
of Y-series. 

It can be also seen from the comparison of 
distributions in fig. 15, that both the mean and the 
standard deviation of range distributions of Y- series 
increase constantly with the increase of n , as it is 
t he case with a random time series . 
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Fig. 16. Comparison of statistical parameters of range distributions for effective annual precipitations 
(Y-series) of 14 river gaging stations in Upper Colorado River Basin and around it, with those 
of random time series: 

( 1) Asymptotic values ( 1· 6 Vnl of the expected mean of random series; 
( 2) Exact values of means for random series; 
( 3) Values of means for random series computed by eq. ( 23); 
( 4) Means of range distributions for 14 river gaging stations; 
(5) Exact values of coefficient of variation for random series; 
( 6) Asymptotic constant value for coefficient of variation for random series ; 
(7) Coefficient of variation of range distributions for 14 river gaging stations; 
(8) Exact values of skew coefficients for range distributions of random series; 
(9) Skew coefficients of range distributions for 14 river gaging stations . 



Taking into consideration the following factors: 
a) regional sampling; b) errors in computing the 
carryovers from one water year to another (which 
are determined by an approximate method); and 
especially c) non-homogeneity ofdata '(created by 
man-made changes in river basin~, it can be assumed 
here that the distributions of range of the effective 
annual precipitations in the Upper Colorado River 
Basin are very c lose to t hose of random time series. 

The comparison of statistical parameters of 
dis tributions of ranges of Y-series for 14 rating 
gaging stations in the Upper Colorado River Basin 
and around it, with the statistical parameters of 
range distributions of random series s hows that the 
mean values of ranges of Y-series are near ly 
identical wit h mean values of range of random time 
series, because the curves ( 2) and ( 4) of fig. 16 
are very close, at least for values n = 2 - 15 . 

The mean range for R 1-distribution of 
Y -series is 1 . 00, while t hat for random time series 
is 0. 80 (fig . 16) . The R 1 - distribution of Y- series 
(fig . 15) has smaller values of maximum probability 
than that of random series. The reason for this 
difference may be mainly the approximate deter-
mination of carryovers , but the presence of non-
homogeneity in data may be responsible partly for 
differences . 

The asymptotic values of mean range, curve 
(1) in fig . 16, are muc h larger than the values of the 
mean ranges of Y-series . Therefore , they should 
not be used in practical applications for small n . 
It is also evident that the mean ranges computed by 
eq . ( 23) approximate well the computed mean ranges 
of .Y-series . 

The comparison of the coefficients of variation 
of distributions of ranges of Y -series with those of 
random time series shows that t he departures between 
them are not too great, curves ( 5) and ( 7) , fig. 16, ' 
while the asymptotic constant value of t he coefficient 
of variation, curve ( 6) , is much smaller than the 
observed values, and therefore, should not be used 
for practical purposes in the case of a small n . 

The comparison of skew coefficients of 
distributions of ranges of Y -series with those of 
random time series shows , in the limits of the 
sampling instability of the t hird statistical moment 
of distributions of Y - series, that the closeness of 
two curves, ( 7) and ( 8), fig. 16, is sufficiently good 
to derive the conclusion that even the skew coef-
ficients are nearly identical for two range distribu-
tions. 

The general comparison of curves in fig . 16 
points out that the differences between range distri-
butions of Y-series and those of random series are 
small and could be neglected for practical purposes . 

D. DISTRIBUTION OF MAXIMUM RANGE 
OF ANNUA L VIRGIN F LOWS OF UPPE R 

COLORADO RIVER AT LEE FERRY 

1 . Procedure 
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The values of maximum ranges for U- series 
(given as modular coefficients) of t he virgin annual 
flows of the Upper Colorado R iver at Lee Ferry 
station, Ar izona, were computed from the cumulative 
curve of departures b. U. = U . - 1 , according to 

1 1 

definition of the range, and for n = 1-10 . For 
each group of R - values the mean, and coeffic ient of 
variation were also computed . 

2. Results 

The distribution of ranges for n = 1-5 is 
given in fig. 17, and the distributions of random 
series ar e plotted also for comparative purposes . 
For t his comparison of distributions the values of 
ranges of U - series were divided by s = 0 . 278, 
the st_?.ndard deviation of that series, and frequency 
density for each range - interval is c omputed, in 
order to arrive at a comparable distribution with 
the probability distribution of range of random series, 
given in fig. 12. 

The values of the mean and of the coefficient of 
variation for ranges of U-series for n = 1-10 
are plotted in fig. 18, and the same values for 
asymptotic range, numerically determined distribu-
tions of range , and also for the mean values obtained 
by eq . (23) are plotted in fig. 18 for comparative 
purposes. 

3 . Comparison of ranges of U-series of L ee 
Ferry Station with those of random series 

Regardless that the U- series is compared 
with random time series in figs . 17 and 18, instead 
of comparing the Y-series (which was not available 
for Lee Ferry Station) with random time series , the 
differences between compared ranges are relatively 
small . 

The distributions of ranges of U- series for 
n = 1- 5 , fig. 17, show a very clear trend of their 
approaching the theoretical probability distributions 
of random time series , of a variable normally dis -
tributed . The sampling stability of the range distri -
butions of U-series is small, mainly because the 
sample sizes are small (R 1 with m = 63 ; 

R 2 with m = 32; R 3 with m = 21; R 4 with m = 16; 

and R 5 with m = 13) . 

The skew coefficient of virgin annual flows at 
Lee Ferry is very small, Cs = 0 . 092, so that it can 

be assumed that these flows are nearly normally 
distributed , and that the skewness does not play a 
significant role in the differences of range distribu -
tions . 
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( 5) Coefficient of variation, exact values; 
(6) Coefficient of variation of virgin annual flows of Upper Colorado River. 
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The comparison of the basic statistical para-
meters of distributions of ranges of U-series for 
Lee Ferry with t hose of random series, fig . 18 , 
shows t hat the means and coefficients of variation of 
range of U -series are very close to those of exact 
distributions of range of random series, except for 
R and 1c , for which (n = 1) the mean and t he 

1 v 
coefficient of var iation of range of U- series are dif-
ferent than those of random series . The reason for 
this departure may be the water carr yover from one 
water year to the next, apart from possible sampling 
deviations . 

Both figures , therefore , suggest the conclusion 
that the virgin annual flows for the Upper Colorado 
River at L ee Ferry Station follow fluctuations 
which are very close to fluctuations of random 

time series . The departures bet ween the distribu-
tions of range , though small , may be first explained 
by the water carryover , errors in computing the 
depletions , and by some pr obable systematic errors 
in data, before a ny other cause (from the atmosphere 
or beyond it) should be consider ed . 

For the practical purposes, the fluctuation of 
virgin annual flows , or of t he homogeneous annual 
flows (i . e . , t he historical sample of Lee Ferry 
Station , 1896- 1959 , reduced to depletion conditions 
of 1954- 1957) of the Upper Colorado River at Lee 
Ferry , may be considered as near ly random . It can 
be also concluded that the fluct uations of effective 
virgin annual precipitations at L ee Ferry are still 
closer to fluctuations of random time series , than is 
t he case with fluctuations of annual flows. 
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VI. GENERAL HYDROLOGICAL CHARACTERISTICS OF THE UPPER COLORADO 
RIVER BASIN AT LEE FERRY STATION, ARIZONA 

The previous analysis of some general aspects 
of fluctuations of annual runoff in the Upper Colorado 
River Basin permits one to point out hydrological 
characteristics cif the Upper Colorado River Basin at 
the Lee Ferry Station. These characteristics will 
be discussed as frequency distributions, patterns in 
sequence of annual flows, and some other character-
istics of flow . 

A. FREQUENCY DISTRIBUTION OF ANNUAL FLOWS 

Four different annual flows may be distin-
guished at Lee Ferry Station for practical applica-
tions: 1) historical or measured annual flows (data 
supplied by the U.S. Geological Survey); 2) virgin 
annual flows, assuming that these flows would occur 
in the past, if there were no man-made changes in 
the river basin, or these would be the flows with no 
depletion in the runoff; 3) actual homogeneous 
sample of annual flows, defined as the reduced virgin 
annual flows to the conditions of depletion, which are 
valid for t he actual river basin development and 
man-introduced changes; and 4) expected homo-
geneous samples in the future, obtained by reducing 
the virgin flows from the past records to the condi-
tions of depletion which will prevail at different 
stages of t he future river basin development. 

The c lassical hydrological analysis of data 
of historical flows is not valid, when the samples 
are non-homogeneous as is the case of the Lee Ferry 
Station. The historical flow data should be considered 
in that case only as the basic material for computa-
tion of virgin flow or of homogeneous flow samples . 

As t he computation of depletion involves the 
study of all losses of water produced by river basin 
development and mean's aCtivity ; and as many of 
these losses are di.fficult to determine accurately 
without a great effort, the precision of data in the 
computed homogeneous samples of annual flows 
depends highly on the accuracy of computed deple -
tion. 

It would be very useful to develop standard 
procedures for the computation of annual depletions 
in the Upper Colorado River Basin on rigorous 
hydrological principles and methods. 

Figure 19 shows the distribution of annual 
flows for the Upper Colorado River at Lee Ferry 
Station, and for three types of annual flows: 
historical flows, virgin flows, and homogeneous 
sample reduced to the conditions of depletion in 
the period 1954-195't . The coefficients of 

variations are respectively 0.297, 0.278, and 
0. 305 , and corresponding skew c oefficients are 
0. 018, 0. 092, and 0. 100. The skew coefficients are 
ldw, and this fact justifies the application of normal 
function for the frequency or probability distribu-
tions of annual flows at this station. 

B. FREQUENCY DISTRIBUTION OF 
10- YEAR MEAN ANNUAL FLOWS 

Having in mind that the distributions of virgin 
annual flows , or of homogeneous annual flows are 
close to a normal distribution, the distribution of 
10-year means may be derived theoretically' as it 
was shown by L. Leopold {ref. 8) . The distribution 
of 10-year means determined from a small sample 
of available observations (say six periods of 10 years 
in a sample of 64 years ) is not reliable because of a 
very small sample size of six values . 

C. SEQUENCE OF ANNUAL FLOWS 

The previous analysis has shown that the 
sequence of effective annual precipitations in the 
Upper Colorado River Basin and around it is very 
close to a random sequence. This general conclusion 
may be applied to annual flows at Lee Ferry Station 
also . 

If the carryovers from one water year to 
another would be determined for the L ee Ferry 
Station, on the basis of both natural storage and 
artificial storage at the end of each water year, it 
would be possible to determine the time series either 
of effective virgin annual precipitations, or of the 
homogeneous effective annual precipitations 
(reduced to the conditions of depletion valid for the 
period 19 54-19 57 or any other period). 

The sequence of effective annual precipitation 
thus will be closer to the random sequence than is 
the case with the annual flows . The difference 
between two sequences, of virgin annual flows and 
virgin effective annual precipitations at the Lee 
Ferry Station, enables the determination of a statis-
tical model which relates the U- series and Y-serie~_, 

on the basis of eq. (8). Assuming further that the 
effective annual precipitations are random in 
sequence, and applying the statistical model relat-
ing effective annual precipitations and annual flows' 
it is possible to derive theoretically both the distri-
butions of range of annual flows, and the annual flow 
distributions for any period of n- years, starting from 
normal distribution of e ffective annual precipitations, 
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This probability method enables the analysis 
of flow sequence at L ee F erry Station without using 
either the small sample m ethod (historical method) 
or the synthetic hydrology method (in generating 
artificially the sequences of annual flows) . 

D. HYDROLOGICAL CHARACTERISTI CS FOR 
OPE RATION OF LARGE RESERVOIRS BETWEEN 

UPPER AND LOWER COLORADO RIVER 

The previous analysis shows that the proba-
bility methods based on the properties of random 
time series may be and should be used for predict -
ing the expected future flow characteristics and the 
expected future needs for storage capacities of the 
Upper Colorado River Basin. These probability 
methods may be used for carrying out the operation 
of large reservoirs , especially of Lake Mead and 
Glen Canyon Reservoir . 
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If the l 0- year period is selected as the unit for 
considering the future expected flows , the probability 
distribution of 10-year mean flows, and the distribu-
tion of range for the period of 10 years are two basic 
probability distributions to be used in probability 
methods. The simultaneous occurrence of a given 
10-year mean flow and of a given 10-year range 
needs, however, the computation of a joint bivariate 
probability distribution: simultaneous occurrence of 
both a given 10-year mean and a given 10-year range. 
This joint distribution may be computed by using 
random series of normal distributed variates of 
annual flows, under condition that the following infor -
mation was available: 1) Mean of the effective 
annual precipitation of homogeneous sample; 
2) Standard deviation of distribution of these effec -
tive annual precipitations; and 3) The statistical 
model which relates the effective annual precipitation 
and annual river flows . 



46 

VII. GENERAL CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSION 

The analysis of hydrological characteristics 
in fluctuation of annual river flows in the Upper 
Colorado River Basin which was made in this study 
leads to the following conclusions: 

l. Distribution of first serial correlation coef-
ficient, correlogram analysis, and distribution of 
maximum range have shown that the sequence of 
effective annual precipitation of the Upper Colorado 
River Basin is very close to random sequence. 
This is shown by comparison of fluctuations of effec-
tive annual precipitation on river basins (conceived 
as precipitation minus evapo-transpiration) with the 
fluctuation of random time series. The sequence of 
effective annual precipitations is, therefore, 
governed by a chance process, with no significant 
regular fluctuation patterns. 

2. Most of the dependence between the successive 
values of annual flows in the Upper Colorado River 
Basin can be explained: a) by changing of water 
carryover from one water year to another in the 
form of different water storage in a river basin; 
b) by non-homogeneity in data; c) by some syste-
matic errors in compilation of annual flows; and 
d) by regional sampling. After these factors are 
taken care of, the room left for the causes of this 
linkage, which come either from the atmosphere or 
solar activities, remains small . 

3. There is no statistical evidence that the 
fluctuations of annual flows may be composed of 
hidden periodicities, or of some regular patterns in 
the fluctuations, which can be extrapolated in the 
future with a reasonable expectancy that they would 
occur and would be verified by future flow records. 

4. Reliable forecasts of future annual flows (of 
order 2-15 years , or more) by methods which are 
based on extrapolation of regular patterns in annual 
flow fluctuations (for instance, of hidden periodici-
ties, or sun-spot cycles) do not seem possible . 

5. For periods longer than one year, probability 
methods are the best techniques for computing the 
chances of occurrence in the near future of given 
flows . Due to the fact that the randomness domi-
nates the sequence of annual flows in the Upper 
Colorado R iver, the use of properties of random 
series, or of series derived from random series 
by some known process, is feasible for the hydro-
logic analysis of annual flows of the Upper Colorado 
R iver Basin for purposes of planning, design, and 
operation of water resources projects. 

6. Long-term forecasts of annual flows of the 
Upper Colorado River Basin (for periods longer 
than one year) will be possible only if based on a 
relationship of physical factors, linked as causes 
and effects, but where there is a time lag between 
the occurrence of causes and the occurrence of 
their effect . Eventual linkage between effective 
annual precipitations on river basins with some vari -
ables of atmospheric circulations, or with some 
factors of ocean, or even solar activity, may be 
related in such a manner that the observation of 
these variables or factors precedes the occurrence 
of the effective annual precipitations for a sufficient 
time lag. Forecasts then may be based on observa-
tions of some quantities prior to the occurrence of 
river flows. 

7 . Non-homogeneity in data of annual flows for 
some gaging stations in the Upper Colorado River 
Basin, especially at the Lee Ferry Station, is an 
important hydrological characteristic of this river 
basin. This non-homogeneity , defined as the man-
made changes in the flows in the form of runoff 
depletion, affects substantially the characteristics 
of available records of river flows. This non-
homogeneity should be determined through depletion 
studies with the best available hydrologic methods 
and with sufficient accuracy, and removed from 
data. 

8. Carryover of water from one water year to the 
next in the Upper Colorado River Basin is also an 
important hydrological characteristic which greatly 
affects the linkage between successive values of 
annual flows . If the carryover was to be deter-
mined for the Lee Ferry gaging station of the Upper 
Colorado River , the effect of carryover on the link-
age could be evaluated, and a statistical model for 
the relation of annual flows and annual effective pre-
cipitations could be derived. This would enable the 
use of probability properties of random variables for 
deriving _the probability characteristics of annual 
river flows. 

9. Average flow of historical annual flows at 
Lee Ferry Station for the period 1896- 1959 is 
13. 53 million acre-feet, while the average value for 
the virgin annual flows is 15. l 7 million acre - feet. 
The average depletion in that period of 64 years was 
l. 64 million acre-feet , or 10.8 per cent of the virgin 
flow of that period ( 12. l per cent of historical flows) . 
If the depletion conditions which are valid today were 
to be applied throughout the period of 64 years, the 
average annual flow in the past for 64 years would be 
12 . 89 million acre-feet, or depletion would be 
2 . 28 million acre-feet ( 15 per cent of the virgin flow). 
The expected mean of actual annual flows in the 



Upper Colorado River at Lee Ferry Station is, there-
fore, 12. 89 million acre-feet, or 15 per cent less 
than the average virgin annual flow. 

10. A depletion model for Lee Ferry, defined as 
the annual depletion versus the virgin annual flow, 
may be approximated by a straight line which changes 
with t ime. The extrapolation of the depletion model 
in the future will permit t he study of the Upper Colo• 
rado River projects on the basis of probability of 
occurrence of future annual flows. 

B. RECOMMENDATIONS 

To understand better the hydrological 
characteristics of Colorado River flows, and for 
forecasting the future runoff at different places, 
continued hydrological and hydrometeorologica l 
studies are necessary and useful. Some recom-
mended studies are: 

1. Development of methods sufficiently accurate 
for current use in determining depletion of river 
flows by man-made changes in t he river basin. This 
would improve the accuracy of derived virgin annual 
flows , or of any other homogeneous sample of annual 
flows. 

2. Determination of carryovers of water from 
one water year to another at the important river 
gaging stations in the Upper Colorado R iver Basin 
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by computing natural and artificial water storage 
at the beginning of each water year. This would 
permit the computation of effective annual precipi-
tations, which is closer to random fluctuations 
than annual flows. This would enable the design of 
statistical models for linkage between annual pre-
c ipitations and annual flows. This would furnish the 
basic material for rational application of probability 
methods in the analysis of Colorado River flows . 

3. Selectio-n, improvement, or development of 
probability methods to be used in hydrological stu -
dies of the Upper Colorado River Basin. This study 
would bring a replacement of current historical 
hydrologic methods , or of the synthetic hydrology 
method by the more reliable probability methods. 

4. Forecasts of future flows by analysis of rela-
tionships between physical factors. Future fore -
casting studies should be directed toward searching 
for relat ionships between such factors as ocean 
temperatures, variables connected with activities in 
the lower and upper atmosphere, and with solar 
activity . 

5. Selection and maintenance of some river gag-
ing stations in the Upper Colorado River Basin as 
virgin flow stations (benchmark stations). This 
would permit the study of changes in hydrological 
conditions in the Upper Colorado River Basin with 
time. 
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